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Background

Pandemic influenza HIN1 (H1N1pdm) virus of swine-ori-
gin causes mild disease, but occasionally is associated with
acute respiratory distress syndrome and death."? Tt is
important to understand the pathogenesis of this new dis-
ease. Previously we showed a comparable virus tropism
and host innate immune responses between HIN1pdm and
seasonal HINI influenza virus in the human respiratory
tract,” however HINIpdm virus differed from seasonal
HIN1 influenza virus in its ability to replicate in human
conjunctiva, suggesting subtle differences in receptor-bind-
ing profile and highlighting the potential role of the con-
junctiva as an additional route of infection. We now
compare the tropism and host responses elicited by pan-
demic HIN1 with that of related swine influenza viruses
and a pandemic-swine reassortant virus in ex vivo and in
vitro cultures of the human respiratory tract and conjunc-
tiva. We have used recombinant virus to investigate the
role of the hemagglutinin (HA) and neuraminidase (NA)
of HIN1pdm virus in its conjunctival tropism. These find-
ings are relevant for understanding transmission and ther-

apy.

Materials and methods

Fragments of human conjunctiva, bronchi, and lung tissues
were cut into 2-3 mm fragments within 2 h of collection

and infected with influenza A viruses at a titer of 10°
TCIDsy/ml.  Viruses investigated included HINIpdm
(A/HK/415742/09), swine HIN2 virus (A/swine/HK/
915/04), which shares a common derivation for seven
genes with HIN1pdm, a natural swine reassortant HIN1
(A/swine/HK/201/10), which has acquired the NA gene
from HINlpdm and other swine influenza HIN1 viruses.
Reverse genetics derived recombinant viruses with HA and
NA gene segments of seasonal HIN1 and pandemic HIN1
swapped were also studied. Lung fragments were cultured
at 37°C in culture plates; conjunctival and bronchial biop-
sies were cultured in air-liquid interface at 33 and 37°C
respectively. Tissue fragments were infected for 1 h and
incubated for 1, 24, and 48 h post infection. Infectious viral
yield was assessed by titration in MDCK cells. The infected
tissues were fixed with formalin and analyzed by immuno-
histochemistry for influenza antigen. Cytokines profiles
induced by influenza virus infected respiratory epithelial
cells in vitro were measured by quantitative RT-PCR and
ELISA.

Results

We found comparable replication in seasonal and pan-
demic HINI viruses in human respiratory tract, while the
swine influenza A/swine/HK/4361/99 (HIN1) virus and
A/swine/HK/915/04 (HIN2) virus failed to infect and
replicate in human lung ex vivo culture, but it replicated
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Figure 1. Ex vivo organ cultures of lung infected with 10° TCIDso/ml of
influenza virus of (A) A/HK/54/98 (HIN1); (B) A/HK/415742/09
(HIN1pdm); (C) rg/A/HK/54/98 with HA/HA of A/HK/415742/09 and
(D) rg/A/HK/415742/09 with HA and NA of A/HK/54/98. Viral
replication in lung biopsies infected with influenza viruses was determined
by TCIDs. The chart showed the means of duplicate assays at various
times after infection.

productively in human bronchus ex vivo. Interestingly, the
swine reassortant influenza HINI (A/swine/HK/201/10)
virus (with the NA from HIN1pdm) infected and produc-
tivity replicated in lung ex vivo and in vitro. Pandemic
HINIpdm virus, but not seasonal HIN1 virus, was able to
infect ex vivo cultures of human conjunctiva, suggesting
subtle differences in receptor binding profile in HIN1pdm,
seasonal viruses, and the swine related HIN2 viruses. Using
reverse genetics derived recombinant viruses, we were able
to demonstrate that the HA and NA segments of
HINl1pdm, but not the polymerase genes, were required
for the conjunctival tropism of HINIpdm (Figure 1). In
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contrast with highly pathogenic influenza H5N1 virus,
which induced high cytokine and chemokine decretion, the
related swine viruses, A/swine/HK/915/04 (HIN2), as well
as the swine pandemic reassortant virus, A/swine/HK/
201/10 (HIN1) we studied were similar to HINIpdm and
seasonal influenza viruses in their intrinsic capacity for
cytokine dysregulation.

Discussion

Collectively, our results suggest that pandemic HINIpdm
virus differs in modest but subtle ways from seasonal
HINI virus in its intrinsic virulence for humans, findings
that are in accord with the epidemiology of the pandemic
to date. The HA and NA gene segments are key to the con-
junctival tropism manifested by the HINI1pdm virus. The
pandemic reassortant influenza HIN1 (A/swine/HK/
201/10) virus isolated from swine with the NA from
HINlpdm shares with HINlpdm the capacity for
productive replication in lung ex vivo and in vitro. These
findings are relevant for understanding transmission and
therapy.
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Abstract

Growth characteristics of different influenza viruses in vari-
ous human and animal cell cultures were tested, and their
influence on cell culture growth was evaluated. It was

shown that pandemic influenza viruses replicated poorly in
almost all cultures tested. Still, though they didn’t induce
cytopathic effect, the replication of the virus could be
detected by de novo NP synthesis. These viruses, as well as
those which replicated efficiently in cell cultures, induced

© 2011 Blackwell Publishing Ltd, Influenza and Other Respiratory Viruses, 5 (Suppl. 1), 54-59 55 |



| Danilenko et al.

apoptosis. Moreover, low doses of viruses had a stimulating
effect on cell proliferation in monolayer and suspension cell
cultures.

Introduction

Isolation of influenza viruses from specimens is tradition-
ally performed in two classical systems: embryonated
chicken eggs and MDCK cell culture. Nevertheless, several
publications are dedicated to the theme of alternative cell
culture systems, which may be used for influenza virus
isolation and cultivation.'™ This is in part because
MDCK cells are of animal origin, which means that they
cannot be used as a proper model for estimating interac-
tions between a human virus and a human cell culture as
a host.

A variety of human monolayer and suspension cell cul-
tures have been tested on their capability to support influ-
enza virus replication. Among them, some support
influenza A virus growth as well as MDCK cells do,* others
support replication of a virus, but do not enable the forma-
tion of mature viral particles,” whereas others show only a
weak level of replication or are not permissive at all.”
CaCo-2 cells, for example, represent a good substitute for
MDCK cells, because it has been shown that the rate of
viral isolation in CaCo-2 cells is as effective as in MDCK,
and sometimes is even better.°

The success of viral replication is determined not only
by the cell culture type, but also by the virus itself. Despite
the accepted view that it is the type of receptor that defines
the interaction between the virus and the host cell, there is
evidence that it is not the only factor that predetermines
the fate of the cell.”

The fate of the infected cell can also differ. A series of
articles show that apoptosis is the most probable mecha-
nism of cell killing by influenza viruses.*” Influenza A
viruses of different subtypes induce apoptosis to a differ-
ent extent (e.g. H3 viruses provoke more strong apopto-
tic response than HI viruses do 19) " Nevertheless, it has
been demonstrated that CaCo-2 cells do not follow the
apoptotic pathway and die through necrosis.'"' The SJPL
cell line also dies through necrotic pathway and not
apoptosis.'?

The aim of our work was to compare growth character-
istics of different flu viruses (e.g. avian, swine, and human)
in various human and animal cell cultures and to evaluate
their influence on cell culture growth. The parameters mea-
sured in the study were as follows: cytopathic changes of
cell cultures following virus infection, hemagglutinin pro-
duction, NP synthesis, the dose-dependent effect of infec-
tion on cell proliferation, and the ability of viruses to
induce apoptosis.

Materials and methods

Influenza viruses
Influenza viruses used included: highly pathogenic avian
H5N1 A/Kurgan/5/05, low pathogenic avian H5N1 A/
Gull/Kostanai/7/07, swine HIN1 A/Swine/1976/31,
human HINlv A/California/07/09, human HINlv A/
Saint-Petersburg/5/09, human HIN1 A/Brisbane/59/07,
and human H3N2 A/Brisbane/10/07.

The viruses were propagated in 10-days embryonated
chicken eggs, the allantoic fluid was collected, the aliquots
were made and stored at —70°C for further use.

Cell cultures

Fourteen cell lines were used, all from Cell Culture Collec-
tion of the Research Institute of Influenza. Monolayer cell
cultures were cultivated in alpha-MEM+2% of bovine fetal
serum. Suspension cell cultures were cultivated in RPMI
1640 + 2% of bovine fetal serum. These cell cultures com-
prised two animal cell cultures: MDCK (canine kidney)
and SP (in-house culture of porcine kidney); and twelve
human cell cultures: eight monolayer cultures — A-549
(lung carcinoma), ECV-304 (endothelial line), L-41 (mono-
cytic leukemia), FLECH (human embryo lung fibroblasts),
RD (rhabdomyosarcoma), T-98G (glioblastoma), A-172
(glioblastoma), Girardi-Heart (auricle cells) — and 4 sus-
pension cell cultures: Jurkat (hemablastoid T-lymphocytes),
NC-37 (B-lymphoblastoid line), Raji (B-lymphoblastoid
line) and U-937 (histiocytes).

Infection of monolayer cell cultures

To evaluate TCID50 for each virus on all cell cultures, 96-well
plates were used. The cells were seeded 0-2 ml per well (con-
centration of 1-1-5 X 10 cells/ml). The confluent 24-h old
monolayer was used for viral inoculation. The cells were
washed twice with serum-free medium, then 0-05 ml of ten-
fold viral dilutions from viral aliquots were added and left for
45 min for contact at 37°C. The cells were then washed to
remove the non-attached particles, and the wells were filled
with TPCK-trypsin (2 pg/ml)-containing medium without
bovine fetal serum. The plates were observed daily for cyto-
pathic effect, and the results were evaluated at 72 h after
infection for cytopathic effect and by reaction of hemaggluti-
nation with suspension of chicken erythrocytes (0-75%).

Infection of suspension cell cultures

Infection of suspension cell cultures was done in centrifuge
tubes. Cells (concentration 3-5 x 10°) were inoculated with
viral dilutions (MOI = 1-10). After 45 min of contact, cells
were washed, resuspended in RPMI with trypsin and fetal
serum, and seeded in 24-well plates (1 ml in each well).
The results were fixed after 72 h, calculating the number of
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cells grown and estimating the rate of apoptosis by Hoe-
chst-33258 staining."?

Influence of viral infection on monolayer cell
cultures proliferation

Cells were grown in 24-well plates with seeding concentra-
tion 1 X 10 cells/ml. One millilitre of cell suspension was
placed in each well, inoculated with viral dilution
(MOI = 1-1000) and left for 72 h. After, the cells were
detached from plastic with versene and calculated in Fuks-
Rosental camera to evaluate the number of cells.

Immunofluorescence with use of monoclonal anti-
bodies

The monoclonal antibodies obtained in Research Institute
of Influenza towards viral nucleoprotein NP were used fol-
lowing the standard protocol described in."?

Results

Influenza A virus reproduction in animal cell cul-
tures

For all viruses tested, MDCK turned out to be more per-
missive than SP cell culture. Avian viruses, independently
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of their pathogenicity, replicated efficiently on both animal
cultures tested. Human HIN1 and H3N2 viruses demon-
strated weaker replication in SP cells. The most significant
differences were seen for swine influenza and pandemic
HIN1v viruses which replicated in MDCK cells at the rates
comparable with other viruses, but showed poorer growth
in SP cell line (see Table 1).

Influenza A virus replication roduction in human
cell cultures

Human cell lines displayed clear differences in their suscep-
tibility to viruses of various origins. Avian influenza viruses
replicated in all cell lines except Girardi Heart, and the
most intense replication rate was observed for ECV-304,
L-41, and RD lines. A-549 and A-172 were poorly infected,
as well as all suspension cell lines tested.

Seasonal human HINI, as well as H3N2 viruses, repli-
cated in all cell cultures tested, but the rate of infectivity
was rather low in practically all cultures tested with the
exception of RD and T-98G cell lines.

Strikingly, swine influenza virus and human pandemic
HIN1v viruses didn’t replicate well in any of human lines
tested. A weak replication rate was observed in ECV-304,
RD, and T-98G, but in general, human cell lines were

Table 1. Titres of influenza virus at 72 h post—infection in different cell cultures. The numbers represent the log;, TCI-
Ds5o/0-1 ml calculated by Reed-Muench method as described in'”

Influenza viruses

Avian
A/Chicken/ A/Gull/
Kurgan/5/05 Kosta- nai/7/07
Cell culture/Influenza
virus (subtype) H5N1** H5N1*
Animal cell cultures
MDCK 55 63
SP 55 55
Human cell cultures
A-549 2 1
ECV-304 4.5 4
L-41 2:5 4
FLECH 2'5 1
RD 3 4
T-98G 145 35
A-172 1 1
Girardi-Heart - <05

/Brisbane/  A/Brisbane/
59/07 10/07
H1N1 H3N2

5-2
4-7
1
1
1
5 1-8
4
36
1-5 15

The titers produced by swine and pandemic influenza viruses are shaded in grey.

*low-pathogenic avian influenza virus;
**highly-pathogenic avian influenza virus
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poorly susceptible to pandemic HINIlv. Swine influenza
virus differed because it infected weakly A-172 and Girardi
Heart cell cultures, which was not the case for HINlv
viruses.

Induction of apoptosis

Our study has shown that all influenza viruses were able to
induce apoptosis in the cell cultures tested. The degrada-
tion of chromatin found in the nucleus with Hoechst-
33258 staining was seen before the first symptoms of cyto-
pathic effect (CPE) in monolayer of cells. In cell cultures
where the CPE was not visible, high doses of virus still
induced apoptotic response.

The process of apoptosis is rather well studied in MDCK
cells and some other cell types, so we've focused on three
human monolayer cell cultures that are relatively poorly
studied: A-549, ECV-304, and FLECH. These cell cultures
are less susceptible to viral infection, and besides, it was
interesting to find out whether the viruses that do not
cause any CPE do infect these cultures. A-549 turned out
to be most sensitive to apoptotic response, while FLECH
turned out to demonstrate weak reaction. Time needed for
apoptosis induction by different flu viruses also varied. The
earliest apoptosis was noted for H5N1 and H3N2 viruses
and HIN1 viruses induced apoptosis at about 20 h post-
infection.

It is well-known that apoptosis can be induced only by a
reproducing virus, and that UV-kills viruses that are not
capable of it. We tested whether swine and pandemic
HIN1v viruses (that do not show CPE in these cultures)
do replicate in them and induce apoptosis with the help of
monoclonal antibodies against viral NP. The obtained data
show that they indeed do replicate in these cell cultures, as
we observed NP fluorescence, and that they also induce
apoptosis (see Table 2).

Stimulation of cell culture proliferation

We've shown earlier * that influenza A viruses can stimu-
late proliferation and apoptosis in T- and B-lymphoblas-
toid lines and histiocytes when infected with low MOL.
Thus, we've tested the ability of swine and pandemic
HINlv viruses in this aspect. It was shown that these
viruses were comparable with the effect seen for seasonal
HINI1 virus. Moreover,
stronger apoptotic response in hemablastoid cell lines in

swine influenza virus induced

comparison with pandemic HIN1v viruses, which also have
a swine origin.

We also checked the ability of flu viruses to influence
monolayer cell cultures growth. The data clearly indicated
that only ECV-304 endothelial line and T-98G glioblastoma
line displayed cell proliferation in response to low MOL.
Apoptosis wasn’t registered in these stimulated cultures,
apparently because the MOI was very low. All the other
monolayer cultures didn’t respond to low MOI by stimula-
tion of their proliferation.

Discussion

Interaction between an influenza virus particle and a host
cell can follow several scenarios. CPE seen in infected cells
is accompanied with high rates of viral particles production
and leads to cell death. The death itself may be through
apoptotic or necrotic pathways.*® Also, infection process in
low doses can stimulate cell proliferation — the effect seen
for hemablastoid lines, histiocytes, peripheral blood cell
lines,'*> and in glioblastoma and endothelial cell lines as
it was described here. Considering the origin of ECV line,"®
these cells bear all the antigenic, biochemical, and physio-
logical traits of umbilical cord and are actively used in
pharmacological tests as well as glioblastoma cells; they also
are of special interest for oncogenesis studies.

Table 2. Replication, apoptosis induction, and NP synthesis of influenza viruses in A-549, ECV-304 and FLECH cell
cultures. The numbers represent the log;, TCIDs,/0-2 ml calculated by Reed-Muench method as described in.'” The (-)
symbol means that no CPE could be observed in any dilution and no hemagglutination could be registered. The (+)

symbol means that apoptosis was observed with Hoechst-33258 staining

A-549 ECV-304 FLECH

Apop Ig TCID NP Apop Ig TCID NP Apop Ig TCID NP
Virus/Cell culture tosis 50/02 ml fluorescence tosis 50/02 ml fluorescence tosis 50/022 ml fluorescence
A/Brisbane/10/07 (H3N2) (+) 15 Yes (+) 2 Yes (+) Yes
A/Brisbane/59/07 (HIN1) (+) [IE5 Yes (+) 2 Yes (+) [IE5 Yes
A/Chicken/Kurgan/5/05 (H5N1)  (+) 2 Yes (+) 4.5 Yes (+) 2:5 Yes
A/S.-Petersburg/5/09 (H1IN1v) (+) (=) Yes (+) 1 Yes (+) Yes
A/Swine/1976/31 (HIN1 swine) (+) (=) Yes (+) 1 Yes (+) (=) Yes
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Though the productive replication and production of
progeny viruses in human cell lines was generally low, it is
evident that viral infection does occur in these cells, even
for swine and HINlv viruses. It can be demonstrated by
the presence of NP de novo synthesis and by stimulation of
virus-induced apoptosis.

In fact, we observe a contradiction: avian influenza
viruses actively reproduce in human cell lines, but we do
not see their vast spreading in human population, while
HIN1v viruses that hardly replicate in all human cultures
tested have caused the latest pandemic.
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Introduction

Influenza viruses continue to cause problems globally in
humans and their livestock, particularly poultry and pigs,
as a consequence of antigenic drift and shift, resulting fre-
quently and unpredictably in novel mutant and reassortant
strains, some of which acquire the ability to cross species
barriers and become pathogenic in their new hosts.

Long-term surveillance of influenza in migratory water-
fowl in North America and Europe have established the
importance of Anseriformes (waterfowl) and Charadriifor-
mes (gull and shorebird) in the perpetuation of all known
subtypes of influenza A viruses. The available evidence sug-
gests that each of the 16 hemagglutinin (HA) and nine
neuraminidase (NA) subtype combinations exist in har-
mony with their natural hosts, cause no overt disease, and
are shed predominantly in the feces."?

In this study we determined the subtypes and prevalence
of low-pathogenic influenza A viruses present on the terri-
tory of Kazakhstan in 2004-2006 and further analysed the
HA and NA genes of these isolates in order to obtain a
more detailed knowledge about the genetic variation of
influenza A virus in their natural hosts.

Materials and methods

Virus isolation and characterization

Virus isolation (A/mute swan/Aktau/1460/2006(H5N1),
A/common pochard/Aktau/1455/2006(H4N6), A/coot/
Aktau/1454/2006(H4N6), A/great black-headed gull/Aty-
rau/743/2004(H13N6), A/great black-headed gull/Atyrau/
744/2004(H13N6), A/great black-headed gull/Atyrau/767/
2004(H13N6), A/great black-headed gull/Atyrau/773/2004
(H13N6)) was performed in a laboratory of ecology viruses
at the Institute of microbiology and virology, Almaty,
Kazakhstan (expect for A/swan/Mangystau/3,/2006(H5N1)

(Institute for Biological Safety Problems, Gvardeiskiy,
Zhambyl Oblast, Kazakhstan)). Samples that were identified
as influenza A virus positive by matrix rRT-PCR were
thawed, mixed with an equal volume of phosphate buffered
saline containing antibiotics (penicillin 2000 U/ml, strepto-
mycin 2 mg/ml, and gentamicin 50 pg/ml), incubated for
20 minutes at room temperature, and centrifuged at 1500 g
for 15 minutes. The supernatant (0-2 ml/egg) was inocu-
lated into the allantoic cavity of four 9-day old embryo-
nated hens’ eggs as described in European Union Council
Directive 92/40/EEC.> Embryonic death within the first
24 hour of incubation was considered as non-specific, and
these eggs were discarded. After incubation at 37°C for
3 days the allantoic fluid was harvested and tested by hae-
magglutination (HA) assay as describe in European Union
Council Directive 92/40/EEC. In the cases where no influ-
enza A virus was detected on the initial virus isolation
attempt, the allantoic fluid was passaged twice in embryo-
nated hens eggs. The number of virus passages in embryo-
nated eggs was limited to the maximum two to limit
laboratory manipulation. A sample was considered negative
when the second passage HA test was negative. The sub-
types of the virus isolates were determined by conventional
haemagglutination inhibition (HI) test and neuraminidase
inhibition (NI) test, as describe in European Union Coun-
cil Directive 92/40/EEC.”

RNA extraction and PCR with specific primers

RNA was extracted from infective allantoic fluid using
RNeasy Mini Kit (QIAGENE, GmbH, Germany) according
to the manufacturer’s instructions. The RNA was converted
to full-length ¢cDNA using reverse transcriptase. The RT
mix comprised 25 ul of DMPC water, 5 ul of 5x First
Strand buffer (Invitrogen), 0-5 ul of 10 mm dNTP mix
(Amersham Biosciences), 2 ul of 50 mm UNil2 primer,
32 U of RNAguard (Amersham Biosciences), 200 U of
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MMLV reverse transcriptase (Invitrogen) and 5 ul RNA
solution in total volume of 25 ul. The reactions were incu-
bated at 42°C for 60 minutes followed by inactivation of
the enzyme at 95°C for 5 min.

PCR amplification with HA and NA gene specific prim-
ers was performed to amplify the product containing the
full length NS gene. Twenty-five microliter PCR-mix con-
tained 1x Platinum Taq buffer (Invitrogen), 200 um dNTP,
2'5 mm MgCl,, 240 nm each of Fw primer and Rw primer,
1 U Platinum Taq DNA Polymerase (Invitrogen) and 3 ul
cDNA. Reactions were placed in a thermal cycler at 95°C
for 2 min, then cycled 35 times between 95°C 20 seconds,
annealing at 58°C for 60 seconds, and elongation at 72°C
for 90 seconds and were finally kept at 8°C until later use.

Phylogenetic and sequence analysis

Sequences of the purified PCR products were determined
using gene specific primers and BigDye Terminator version
3:-1 chemistry (Applied Biosystems, Foster City, CA),
according to the manufacturer’s instructions. Reactions
were run on a ABI310™ DNA analyzer (Applied Biosys-
tems). Sequencing was performed at least twice in each
direction. After sequencing, assembly of sequences, removal
of low quality sequence data, nucleotide sequence transla-
tion into protein sequence, additional multiple sequence
alignments, and processing were performed with the Bioedit
software version 7-:0-4:1 with an engine based on the Custal
W algorithm. The phylogenetic analysis, based on complete
gene nucleotide sequences were conducted using Molecular
Evolutionary Genetics Analysis (MEGA, version 4-0) soft-
ware using neighbor joining tree inference analysis with the
Tamura-Nei y-model, with 1000 bootstrap replications to
assign confidence levels to branches.*”

HA and NA sequences obtained from GenBank

The HA and NA gene was analyzed both with selected number
of influenza isolates and in comparison with virus genes
obtained from GenBank were used in phylogenetic studies [22].

Nucleotide sequence accession numbers

The nucleotide sequence data obtained in this study has been
submitted to the GenBank database and is available under
accession numbers FJ434373, F]436942-1, FJ434369, FJ434370,
GU982281- GU982284 for HA and FJ434374, FJ436943°1,
FJ434371,FJ434372,GU982285- GU982288 for NA.

Results and discussion

Avian influenza prevalence

In our study H4, H5, and H13 influenza A virus subtypes
were found to circulate at the same time, in the same
geographic region in the Kazakhstan. This finding most
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likely indicates the existence of a large reservoir of different
influenza A viruses in Kazakhstan.

Phylogenetic analysis

We analyzed the HA and NA gene sequences of the eight
influenza A viruses isolated in Kazakhstan together with
selected number of isolates, reported between year 1941 to
2008, and previously published in the GenBank.®

Phylogenetic analysis of the H4 HA gene showed that all
viruses separated into the American and Eurasian lineages
(Figure 1). An evolutionary tree suggests that North Ameri-
can isolates have diverged extensively from those circulating
in other parts of the world. Geographic barriers which
determine flyway outlay may prevent the gene pools from
extensive mixing. The lack of correlation between date of
isolation and evolutionary distance suggests that different
H4 HA genes co circulate in a fashion similar to avian H3
HA genes and influenza C genes, implying the absence of
selective pressure by antibody that would give a significant
advantage to antigenic variants.

Analysis of phylogenetic relationships among the HA5
HA genes reported in this study clearly shows that viruses
belong to the western Pacific flyway, one of the major
migratory flyways in this region that have subsequently
spread throughout Eurasia.” These findings provide further
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gull-Astrakhan-226-1984-H13N6

Larus ichthyaetus-Astrakhan-44-1988-H...
LDC4-2006-H13N9

—
52{
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Figure 1. Phylogenetic relationships of the HA genes of representative
influenza A viruses isolated in Kazakhstan. Analysis was based on
nucleotides 22-1032 of the HA gene.
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Figure 2. Phylogenetic relationships of the neuraminidase (NA) genes of
representative influenza A viruses isolated in Kazakhstan. Analysis was
based on nucleotides 7-1400 of the NA gene.

evidence of the dynamic influenza virus gene pool in this
region. Along the western Pacific migratory flyway, the
influenza virus gene pool in the domestic waterfowl of
southern China has ‘mixed’ longitudinally with viruses iso-
lated from Japan, Mongolia, and Siberia. However, it
appears that there has also been ‘mixing’ latitudinally
through overlapping migratory flyways, thereby facilitating
interaction between the influenza virus gene pool in
domestic waterfowl in the eastern and western extremities
of the Eurasian continent. This helps to explain the latitu-
dinal spread of the Qinghai-like (clade 2-2) H5N1 virus in
the last 2 years, while H5N1 outbreaks in Korea and Japan
may represent the longitudinally transmitting pathway."°
HA of subtype H13 so far has been found exclusively in
shorebirds, such as gulls, and in a pilot whale (potentially a
spillover from shorebirds), but not in other avian species
that are natural hosts of influenza A virus, such as ducks
and geese; therefore the study of the evolution of these
viruses is very interesting. Phylogenetic analysis H13 HA
gene revealed three significantly different evolutionary lines:

an American line, a European line, and a line comprising
the isolates from America and Eurasia.''

Further we analyzed NA genes of influenza viruses (Fig-
ure 2). The NA gene is important both because of its func-
tional role in promoting the dissemination of the virus
during infection, and because, like HA, it is a principal tar-
get of the immune system. It was shown that phylogeny of
NA genes of influenza have the same properties as hemag-
glutinin. NA genes of kazakhstanian viruses belong to Eur-
asian lineage of virus evolution.

Obtained data are important for surveillance and diag-
nostics because some of the LPAI viruses examined in this
study can infect and be shed by chickens and turkeys and
may have epidemiology potential during further recombi-
nation with other influenza viruses.
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Introduction

Influenza virus is divided into different subtypes based on
hemagglutinin (HA) and neuraminidase (NA) on the virus
surface. Within each subtype, HA continues to mutate and
produce immunologically distinct strains, as antigenic drift.
The continuous mutation of influenza virus (IV) is impor-
tant for annual epidemics and occasional pandemics of dis-
ease in humans. Antigenic drift requires vaccines to be
updated to correspond with the dominant epidemic strains.
In humans, IVs show both antigenic drift frequently. In
contrast, IVs from birds are in evolutionary stasis,' and they
show little amino acid changes.”” The reason is that IVs in
bird intestine are not subjected to strong immune selection.
Hemagglutinin (HA) gene of influenza A virus encodes
the major surface antigen, which is the target for the pro-
tective neutralizing antibody response that is generated by
infection or vaccination. In humans, influenza A viruses
show antigenic drift with amino acid changes in the globu-
lar head of the HA so as to evade herd immunity of the
population. On the contrary, avian influenza A viruses
show evolutionary stasis in wild birds. H6 AIVs have
occurred frequently in chicken farms in the world.*
Although vaccination is not permitted, H6N1 AIVs have
circulated in Taiwan for a time.” The seroprevalence in
chicken flocks reaches about 50% in the field. H6N1 AIVs
invades internal organs, such as kidney and lung.® Thus,
viruses in chicken flocks are pressured into antibody selec-
tion. Here, we report that H6N1 AIVs in the field have
showed evolutional changes instead of evolutional stasis.

Materials and methods

Virus isolation

In response to requests from poultry farmers for diagnostic
investigations of illness in poultry flocks, the authors did
necropsy at the pen-site. After careful examination, tracheae
were taken and kept in cold for virus isolation in the labo-
ratory. For avian influenza virus isolation, trachea was
homogenized 1:10 in TPB with antibiotics. The homogenate
was frozen and thawed three times and then centrifuged at
1157 g for 15 minutes. The supernatant was passed through

a 045 um filter. The homogenate was examined for the
presence of virus by inoculation into five 9- to 11-day-old
specific-pathogen-free (SPF) chicken eggs for two passages.
Thirteen H6N1 AIVs were isolated in this laboratory during
2000 and 2008 from different parts of Taiwan.

Virus strains from the GenBank

Besides the viruses isolated in this laboratory, the HA
sequences of 27 chicken H6NI1 AIVs were from the
GenBank. The accession numbers of hemagglutinin of
AIV reference strains included in this study were as the
following: G2/87, DQ376619; G23/87, DQ376620; 0824/97,
DQ376621; na3/98, DQ376622; 165/99, DQ376626; 0705/99,
DQ376624; ns2/99, DQ376623; SP1/00, DQ376628; 0329/01,
DQ376633; 1205/01, DQ376630; 1212/01, DQ376631; 1215/01,
DQ376632; 0208/02, DQ376641; 0408/02, DQ376642; PF1/02,
DQ376635; PF2/02, DQ376636; PF3/02, DQ376637; A37/02,
DQ376639; 0320/02, DQ376638; 0107/02, DQ376640; 0222/02,
DQ376634; 0706/03, DQ376644; 1203/03, DQ376645; ch1006/
04, DQ376649; 0114/04, DQ376647; A342/05, DQ376653
and 0204/05, DQ376652.

Virus growth and RNA extraction

The viruses isolated were propagated in the allantoic cavi-
ties of 10-day-old embryonated SPF eggs for 72 hour. The
virus RNA was extracted using QIAamp Viral RNA Mini-

prep Kit (Qiagen).

Molecular cloning and sequencing

Viral RNAs were reverse-transcribed, and full-length HA
cDNAs were amplified by PCR using P5(+): atg att gca atc
att gta ata gc and p4(—): tta tat aca tat cct gca ttg cat. PCR
products were cloned in yT&A (Yeastern, Taipei) and
sequenced.

Sequence and structure analysis

DNA sequences were compiled and edited using Lasergene
sequence analysis software package (DNASTAR). Sequence
alignment analysis was performed with the MegAlign pro-
gram using the Clustal W multiple alignment algorithm.
The 3D-structure of HA were modified using UCSF Chi-
mera (University of California).
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Monoclonal antibodies (mAbs)

Six-week-old BALB/c mice were injected emulsion intra-
peritoneally with 100 pg of purified and concentrated
A/chicken/Taiwan/2838V/00 (H6N1) virion with complete
Freund’s adjuvant. Every two weeks, the mice were boosted
supplementary five times with 50 pg of virion in incom-
plete Freund’s adjuvant. When the mice were boosted,
blood was collected from tail vein and tested by the wes-
tern blot assay to check the antibody titers. The mice were
then injected intraperitoneally with 50 ug of virion at week
8. Five days after the last injection, the splenocytes in the
mice were fused with myeloma cells (SP2/0-Agl4). One
week before fusion, the myeloma cell line was expended in
DMEM medium (HyClone Laboratories, Logan, UT) with
10% fetal bovine serum at 37°C to ensure they were in the
exponential growth phase. The spleen cells from immu-
nized mice were washed, harvested, and mixed with the
previously prepared myeloma cells and fused by gradually
adding 50% polyethylene glycol-1500. The resulting pellet
was plated into 96 well tissue culture plates. Only the fused
cells grew in medium with hypoxanthine- aminopterin-thy-
midine (HAT). With fresh medium replacement over
2 weeks, the hybridomas were ready for screening. High-
titer monoclonal antibody (mAb) preparations
obtained from the ascetic fluid of mice injected with the
selected hybridoma clones. The antibody from mouse asce-
tic fluids was purified by precipitation with ammonium
sulfate, then aliquoted and frozen at -70°C, avoiding

were

repeated freezing and thawing. Eventually, six mAbs were
obtained and named CH11-D10, EB2-B3, EB2-E5, EB2-F9,
FF9-F5, and FF9-F7, respectively.

Hemagglutination inhibition test

The HI test was performed following a standard method.
All the viruses were diluted twofold and reacted with 1%
chicken erythrocytes in the v-bottomed microtiter plate by
the hemagglutination test. After agglutination, four hemag-
glutinating units of A/chicken/Taiwan/2838V/00 (H6N1)
and ascetic fluids from the immunized mice of the six
mAbs were prepared for HI test. HI titers of 2* or more
were regarded as positive.

Results

Clinical characteristics

The cases submitted for diagnosis from chicken farms had
respiratory signs, increase in mortality, or drop in egg pro-
duction (e.g. egg production dropped from 10% to 40%).
The extent of drop in egg production depended on the
chicken ages. For example, the age of case 3511 was 27 weeks,
a stage of increasing egg production. However, after H6N1
AIV infection, the egg production decreased 1% instead of

increasing and then stayed at 65% for a week. The infected
chickens showed signs of decreasing activity, anorexia from
150 g per bird to 90 g per bird, and respiratory signs. Case
2829 showed infection in the second floor first and then
transmitted to third and fourth floor, indicating that the virus
transmitted by air or human movement. However, most cases
showed air borne transmission from one flock to another in
spite of enforcing restrictions of persons entering the poultry
pens and changing clothes and booths. In most cases, males’
mortality was higher than that of female pen mates.

Amino acid changes in HA protein

By comparing the sequences of HA of those H6N1 viruses,
we found that amino acid changes in HA1 were higher than
those in HA2, showing that antigenic changes on the globu-
lar head of HA molecule rather than randomly on the whole
HA protein, indicating that H6N1 viruses in Taiwan had
been selected in the presence of antibody pressure. The aa
residues and changes that showed yearly trends were the fol-
lowings: A-5S, 119S, V301, N35S, E39K, L45M, E54D, Q66K,
A94V, or T, S127N, S128R, K133N, Y138D, N139T, S140I,
G141D, L149V, 1152V, GI55E, T188N, G226S, A285V,
K304E, D386N, 1533M, and M5351. However, their signifi-
cance on antigenic variation was previously unknown.

Hemagglutination inhibition of monoclonal
antibodies to viruses

By hemagglutinination inhibition (HI) assays, except mAb
CH11-D10, all other monoclonal antibodies elicited from
2838V/00 showed different HI titers with the different
H6N1 viruses (Table 1). However, those 5 mAbs showed
negative HI to 2829 and 2831, the early H6NT1 strains. This
indicated that the epitopes recognized by those mAbs were
undergoing antigenic drift.

Table 1. Hemagglutination inhibition titers of different
monoclonal antibodies to different HON1 AIV strains

HI titers of monoclonal antibody

Virus

strain CH11-D10 EB2-B3 EB2-E5 EB2-F9 FF9-F5 FF9-F7

2829/00 0
2831/00 O
2838V/00 3
2896/01 3
3072/03 3
3115/03 2
3127/03 3
3152/03 3
3153/03 3
3511/08 4

O N 00 00 0 00 00 00 W W
N N0 N0 N W W
N OO N NN NN W
o U1 Oy O) UTOY OOy O O
U OOy O O = —

| 64 © 2011 Blackwell Publishing Ltd, Influenza and Other Respiratory Viruses, 5 (Suppl. 1), 60-78



Discussion

Although some H6N1 AIVs have been isolated from wild
birds, no related virus was detected in domestic poultry in
Taiwan. The sequences of H6N1 AIVs from wild ducks are
different from those originated from chickens.” The trans-
mission of AIVs from wild birds to domestic poultry is low
because most poultry farms in Taiwan are located away
from migratory flyways.

Many H6N1 AIVs have circulated in chicken farms in Tai-
wan since 1972. About 50% of chicken flocks have anti-H6
AIV antibody in Taiwan.® The present results indicated that
the viruses mutated more frequently on the globular head
than HA2 because they face antibody pressure from chick-
ens. This phenomenon is similar to the viruses in humans.
Human IVs show antigenic drift by antibody selection in the
human population. These mutations are clustered at the five
epitopes, A, B, C, D, E, of globular head of HA protein (H3
reference). On the contrary, avian viruses in wild birds show
evolutionary stasis because the viruses grow in the intestine
and induce no antibody to the hosts. Thus, the mutations
are randomly distribution through HA1 and HA2.
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Unlike AIVs in wild birds, the H6N1 AIVs in chickens
have showed mutation in the presence of antibody selection
pressure in chickens.
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Introduction

Aquatic birds are recognized as the natural reservoirs of the
influenza A virus as all known subtypes (H1-H16, N1-N9)
have been found in them. Phylogenetic analyses of influ-
enza viruses found in other animals revealed that all were
directly or indirectly derived from viruses resident in aqua-
tic birds." However, the prevalence, movement, and evolu-
tionary dynamics of influenza viruses in these avian hosts
have not been well defined.

Southern China was hypothesized to be an ‘epicenter’
for the generation of human pandemic influenza viruses as
all major influenza pandemic viruses in the 20th century
emerged from this region.” The ecological background that

facilitates the occurrence of these pandemic influenza
strains has not been fully explored.

In the past two decades, four lineages, belonging to
H5N1, HON2, and H6NI1 viruses, have become established
and long-term endemic in different types of poultry in this
region.”™ Some of these viruses were disseminated to many
countries in Eurasia and Africa and have continued to
cause sporadic human infection, posing a persistent pan-
demic threat to the world.® In the mean time, the endemic
influenza lineages have undergone extensive genetic reas-
sortment events giving rise to many variants, dramatically
increasing the genetic diversity of the influenza virus in this
region.
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Table 1. Prevalence of AIV from migratory and sentinel ducks in Poyang Lake during 2002-2007

Migratory duck

Sentinel duck

Year Sample No Isolates No Isolation rate (%) Sample No Isolates No Isolation rate (%)
2002 153 1 0-65% 739 91 12:31

2003 1080 13 1-20 5265 100 1-90

2004 2951 14 0-47 8026 439 5-47

2005 5925 38 0-64 8308 489 5-89

2006 1140 15 1-32 8385 350 417

2007 259 9 3-47 5752 212 3-69

Total 11 508 90 0-78° 36 475 1681 461

“Isolates No/Samples No.
PTotal isolates No/Total samples No.

Questions remain as to how and where these viruses
emerged, and what were the sources of the gene segments
incorporated within the novel reassortant variants of the
H5N1, H9N2, and H6N1 virus lineages. To address these
questions, surveillance of influenza in migratory and
domestic (sentinel) ducks has been conducted since 2002 at
Poyang Lake, the biggest fresh-water lake and the major
migratory bird aggregation site in southern China. The aim
of this study is to identify the prevalence, seasonality, and
movement of virus between migratory and domestic ducks.

Materials and methods

Sampling

Migratory ducks were captured during over-wintering, from
November to March. Cloacal swabs and blood samples were
collected from each individual bird. All birds were released
after sampling. To observe the interaction between migratory
ducks and domestic birds, we also sampled domestic ducks
from two duck farms (designated as sentinel ducks) sur-
rounded by rice fields and inaccessible to other types of
poultry, but accessible to migratory birds. That is, the senti-
nel ducks share the same water body with migratory ducks
and have the chance to spread viruses to each other.

For sentinel ducks, sampling was conducted fortnightly,
all year-round, on the two farms from August 2002
onwards. Cloacal swabs and fresh fecal droppings were
taken. About 200 birds were randomly sampled fortnightly
from these farmed ducks. All swabs were soaked in vials
containing 1-5 ml transport medium with antibiotics and
kept on ice-packs during sampling and immediately stored
in —80°C freezers for further use.

Serum treatment, virus isolation, and
identification

Blood samples from migratory ducks were treated accord-
ing to methods previously described.” Serological survey

and virus subtyping in migratory and sentinel ducks used
hemagglutination inhibition (HI) and neuraminidase inhi-
bition (NI) tests as previously described.” For isolates that
were not identified by reference antisera, subtypes were
determined by RT-PCR using subtype specific HA and NA
diagnostic primers.

Results

Prevalence and seasonal patterns of influenza virus
in migratory and sentinel ducks

During 2002-2007 a total of 11 508 cloacal swabs from
migratory ducks and 36 475 cloacal or fecal swabs from
sentinel ducks were collected at Poyang Lake. From these
specimens, 90 influenza isolates were obtained from migra-
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Figure 1. HA subtype distribution from migratory ducks (A), and sentinel
ducks (B) at Poyang Lake during 2002-2007.
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tory ducks and 1681 from sentinel ducks; isolation rates of
0-78% and 4:61%, respectively (Table 1).

It was noted in sentinel ducks that virus occurrence
formed a seasonal peak from November to February, which
completely overlapped the over-wintering months of migra-
tory ducks. This suggests that virus movement or transmis-
sion between migratory and sentinel ducks occurred during
this period at Poyang Lake.

Distribution of influenza virus HA subtypes in
migratory and sentinel ducks

Eleven HA subtypes, from H1 to H11, of influenza viruses
were detected from migratory and sentinel ducks (Fig-
ure 1). The most frequent HA subtypes from migratory
ducks were H4, H6, H10, and H3, followed by H1 and H5,
while H11, H7, H2, and H9 were only sporadically
detected. There were seven H5 subtype isolates detected
from migratory ducks, including one LP H5 virus and six
HP H5N1 viruses. These H5N1 viruses were isolated on
two sampling occasions in early 2005 and are phylogeneti-
cally related to the endemic H5N1 virus in domestic poul-
try in southern China.® No H8 subtype virus was detected
from migratory ducks during the survey period.

For sentinel ducks, H3, H4, H10, and H11 were the most
common HA subtypes, followed by H5, H7, and H6, while
H1, H2, H9, and H8 were rarely detected. All H5 viruses
isolated from sentinel ducks belonged to the LP H5 viruses.
Only one H8 subtype virus was detected from sentinel
ducks during the survey period.

NA subtype distribution and antigenic
combinations in migratory ducks

Six NA subtypes were detected in migratory ducks, N1, N2,
N3, N5, N6, and N8. Among these isolates, N6 was the
most common subtype found followed by N1, N2, and N3,
while N5 and N8 were only sporadically detected.

There were 27 HA and NA antigenic combinations
found in migratory ducks. H4N6 was the most common
combination and was found in 28 (>30%) of isolates.
H5N1, H6N1, H6N2, and H10N6 were found in five to six
isolates, while 11 antigenic combinations (e.g. H4N3,
H10N3) had two to four isolates, and another eleven com-
binations (e.g. HIN6, H2N8) had only one isolate.

Serological surveys in migratory ducks

Thirty positive samples (HI titer 220) were identified from
715 blood samples collected during November and Decem-
ber in 2004. Among these, 15 samples were positive to H6,
8 were positive to H9, 5 were positive to HI, and 2 were
positive to H4. One serum sample was positive to both H4
and H6, which suggested co-infection of influenza virus in
migratory ducks might occur in natural conditions.
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Discussion

Poyang Lake, which is located in the northeastern part of
Jiangxi province, is the largest freshwater lake in China and
is part of the Eastern Asia-Australia migration route.” Every
year, hundreds of thousands of migratory ducks congregate
at Poyang Lake during the migration season.’

Recent farming practice involves raising domestic water-
fowl in dense populations in the Poyang Lake region. Farm-
raised domestic waterfowl are allowed to feed in and share
the same water body with migratory birds, thereby facilitat-
ing direct interactions between domestic waterfowl and free-
ranging migratory birds. This makes Poyang Lake an ideal
site to observe the dynamics of influenza virus interactions
between migratory and sentinel ducks in southern China.

In our longitudinal surveillance during 2002-2007, the
overall virus isolation rate from migratory ducks was less
than 1%, which suggests a low prevalence of viral infection
during the birds’ southern migration. Similar results have
been observed in Taiwan, which is also an important stop-
over site for migratory birds along the Eastern Asia-Austra-
lia migration route during 10 years of surveillance.'” The
overlap in seasonal patterns of virus infection between
migratory and sentinel ducks found in our study suggests
that virus movement or transmission between migratory
and sentinel ducks occurred during the period of time
migratory birds were at Poyang Lake.

The HA subtypes harbored in migratory and sentinel
ducks were similar in our study. For migratory ducks, H4,
H6, H10 were the predominant subtypes, while H3, H4, and
H10 were the major subtypes in sentinel ducks. HPAI H5N1
was only detected from migratory ducks in early 2005 on two
sampling occasions. From phylogenetic analyses the H5N1
viruses isolated from migratory ducks were closely related to
the viruses endemic in domestic poultry in southern China.®
Therefore, it appears that H5N1 viruses endemic in domestic
poultry could be transmitted to migratory ducks via close
contact in southern China. Only LP H5 viruses were detected
from sentinel ducks at Poyang Lake during this period.
Whether H5N1 virus infection was absent from sentinel
ducks at Poyang Lake needs further investigation.

Serological surveys provided further evidence for the
prevalence of AIV in migratory ducks at Poyang Lake. The
serological results in 2004 did not match well with the epi-
demiological results during 2002-2007, which suggests that
influenza virus infection in migratory birds could be influ-
enced by multiple factors, such as host immune status,
population size, spatial and temporal variations, and migra-
tion routes.

Southern China has the biggest domestic duck popula-
tion in the world. Our study demonstrates that dynamic
interactions between migratory ducks and sentinel ducks
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occurred frequently throughout the surveillance period.
Thus, sentinel ducks could be treated as intermediate hosts
between the “real gene pool” from migratory ducks and
domestic poultry in the whole influenza virus ecosystem.
A sentinel duck sampling system may be a feasible method
to represent the viruses in the natural gene pool and a
baseline for virus or gene interactions between migratory
and domestic ducks.'' Further investigations and surveil-
lance are required to better understand the role of the
domestic duck population in facilitating virus interactions
and the generation of genetic diversity.

Acknowledgements

This study was supported by the Li Ka Shing Foundation,
the National Institutes of Health (NIAID contract
HHSN266200700005C), and the Area of Excellence Scheme
of the University Grants Committee (grant AoE/M-12/06)
of the Hong Kong SAR Government.

References

1 Webster RG, Bean WJ, Gorman OT et al. Evolution and ecology of
influenza A viruses. Microbiol Rev 1992; 56:152-179.

2 Shortridge KF. Is China an influenza epicenter? Chin Med J (Engl)
1997, 110:637-641.

3 Li KS, Guan Y, Wang J et al. Genesis of a highly pathogenic and
potentially pandemic H5N1 influenza virus in eastern Asia. Nature
2004; 430:209-213.

4 Xu KM, Li KS, Smith GJ et al. Evolution and molecular epidemiology
of HIN2 influenza A viruses from quail in southern China, 2000 to
2005. J Virol 2007; 81:2635-2645.

5 Cheung CL, Vijaykrishna D, Smith GJ et al. Establishment of influ-
enza A virus (H6N1) in minor poultry species in southern China. J
Virol 2007; 81:10402-10412.

6 Neumann G, Chen H, Gao GF et al. H5N1 influenza viruses: out-
breaks and biological properties. Cell Res 2010; 20:51-61.

7 Chen HX, Shen HG, Li XL et al. Seroprevalance and identification of
influenza A virus infection from migratory wild waterfowl in China
(2004-2005). J Vet Med B Infect Dis Vet Public Health 2006;
53:166-170.

8 Chen H, Smith GJ, Zhang SY et al. Avian flu: H5N1 virus outbreak
in migratory waterfowl. Nature 2005; 436:191-192.

9 Takekawa JY, Newman SH, Xiao X et al. Migration of waterfow! in
the East Asian flyway and spatial relationship to HPAI H5N1 out-
breaks. Avian Dis 2010; 54(1 Suppl):466-476.

10 Cheng MC, Lee MS, Ho YH et al. Avian influenza monitoring in
migrating birds in Taiwan during 1998-2007. Avian Dis 2010;
54:109-114.

11 Huang K, Bahl J, Fan XH et al. Establishment of an H6N2 influenza
virus lineage in domestic ducks in southern China. J Virol 2010;
84:6978-6986.

Continuing evolution of HIN2 influenza viruses endemic

in poultry in southern China

Ying Cheung Chu,® Chung Lam Cheung,® Connie Yin Hung Leung,® Leo Lit Man Poon,?
Honglin Chen,?® Joseph Sriyal Malik Peiris,®? Yi Guan®®

State Key Laboratory of Emerging Infectious Diseases, Li Ka Shing Faculty of Medicine, The University of Hong Kong, Hong Kong SAR, China.
®International Institute of Infection and Immunity, Shantou University Medical College, Guangdong, China.

Keywords H9N2 influenza viruses, endemic, evolution, poultry, phylogenetic.

Please cite this paper as: Chu et al. (2011) Continuing evolution of HIN2 influenza viruses endemic in poultry in southern China. Influenza and other

Respiratory viruses 5 (Suppl. 1), 60-78.

Introduction

Two distinct lineages of HIN2 influenza viruses represented
by A/Chicken/Beijing/1/94 (Ck/Bei-like) and A/Quail
/Hong Kong/G1/97 (G1-like) have become established and
endemic in poultry in southern China.' These established
HIN2 lineages continue evolving to generate many differ-
ent reassortant variants (or genotypes) “* and are causing
sporadic cases of human infection.™*

Studies of HIN2 viruses isolated from pigs in Hong Kong
and Shandong Province have also raised the possibility of
reassortment with human-like viruses from pigs.”® In addi-
tion, HIN2 viruses isolated beyond the late 1990s had prefer-
ential binding with «-2,6-NeuAcGal human-like receptors.”

These observations suggest that the HO9N2 influenza
viruses still have pandemic potential. Unlike highly patho-
genic H5N1 influenza viruses that have been rarely detected
in the live-poultry markets in Hong Kong since 2002,
HIN?2 viruses are still frequently isolated in our surveillance
program. Therefore, we try to understand the continuing
evolution of HIN2 viruses through genetic characterization
and phylogenetic analyses of the viruses isolated in Hong
Kong live-poultry markets from 2005 to 2009.

Materials and methods

A total of 47 421 terrestrial poultry were sampled at differ-
ent live-poultry markets in the Hong Kong SAR between
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January 2005 and December 2009. Of those samples,
29 691 were from chickens and the others were from minor
poultry species including chukar, pheasant, guinea fowl,
silky chicken, and pigeon. Fecal droppings, cloacal and tra-
cheal swabs, drinking water, and environmental samples
from cages were collected into transport medium. Viruses
were isolated in 9- to 1l-day old embryonated eggs as
described previously.®

Virus isolates from positive sampling occasions were
selected for sequence analysis. RNA extraction, cDNA syn-
thesis, and PCR were carried out as described previously.®
DNA sequencing was performed using BigDye Terminator
v3-1 cycle sequencing kit on an ABI 3730 DNA analyzer
(Applied Biosystems) following manufacturer’s instruc-
tions.

All sequences were assembled and edited with Lasergene
7-0 (DNASTAR, Madison, WI) software. Sequence align-
ment and residue analysis were performed with the BioEdit
sequence alignment editor, version 7-0.° All eight gene seg-
ments of sequenced viruses were characterized and analyzed
phylogenetically together with virus sequence data available
in public databases. Maximum-likelihood trees were con-
structed using Garli 0-96."° Estimates of the phylogenies
were calculated by performing 1000 neighbor-joining boot-
strap replicates using PAUP*4-0."!

Results

Prevalence of HIN2 viruses in chickens and minor
poultry species

Systematic surveillance of live-poultry in Hong Kong from
2005 to 2009 resulted in 1088 HIN2 isolates from 47 421
samples (overall isolation rate, 2:3%) (Table 1). There were
966 strains isolated from 42 253 chicken samples (isolation
rate, 2:3%). Of these viruses, four were isolated from 1556
tracheal swabs (isolation rate, 0:3%), while 541 isolates
were isolated from 29 030 cloacal or fecal swabs (isolation
rate, 1'9%). An additional 421 isolates were collected from
6926 drinking water samples (isolation rate, 6:1%).
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There were 122 strains of HIN2 viruses isolated from
5168 minor poultry samples (isolation rate, 2-4%)
(Table 1). Of these viruses, only one was isolated from
1209 tracheal swabs (isolation rate, 0:1%), whereas 72
strains of viruses were isolated from 3610 cloacal or fecal
swabs (isolation rate, 2:0%). The isolation rate in drinking
water in minor poultry was again higher when compared
with other sampling methods with 49 strains isolated from
297 drinking water samples (isolation rate, 16%).

Taken together, these findings suggest that the HIN2
viruses mainly replicated in the intestinal tract of chickens
and minor poultry species. Also, the high isolation rate in
drinking water samples could be a sensitive indicator for
monitoring the prevalence of HON2 viruses in the field.

Phylogenetic analysis of surface genes
To better understand the evolutionary pathway of HIN2
viruses in southern China, 50 representative viruses, isolated
from Hong Kong live-poultry markets from 2005 to 2009,
were sequenced and genetically characterized. Phylogenetic
analysis of the H9 HA gene revealed that Ck/Bei-like
viruses were predominant and one chicken isolate had a
Gl-like HA gene (Figure 1). This is the first time the G1-
like H9 HA gene has been detected in chickens from live-
poultry markets in Hong Kong. The Ck/Bei-like lineage is
further divided into two subgroups as previously described."
Subgroup 1 is represented by Qa/ST/243/00 and subgroup
2 is represented by Dk/HK/Y280/97. All HON2 viruses in
this study belonged to subgroup 2 of the Ck/Bei-like line-
age except for the virus with the G1-like HA gene.
Phylogenetic analysis of the NA gene also showed a simi-
lar evolutionary pattern to the HA gene with all viruses
clustered within the Ck/Bei-like lineage. These results
revealed that Ck/Bei-like viruses are predominant in both
chickens and minor poultry.

Phylogenetic analysis of internal viral genes
All of the PB1, PA, NP, NS and M genes clustered with
those of HIN2 lineage viruses previously prevailing in ter-

Table 1. Prevalence of HIN2 viruses from chickens and minor poultry species in Hong Kong live-poultry markets from

2005 to 2009

Chicken Minor Poultry
Year Total samples Positive samples Isolation rate (%) Total samples Positive samples Isolation rate (%)
2005 11 019 235 21 1540 2 01
2006 10 689 223 21 1054 4 04
2007 9062 387 4-3 828 16 19
2008 6889 105 1-5 1017 99 97
2009 4794 16 0-33 729 1 01
Total 42 253 966 2-3 5168 122 2:4
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Figure 1. Phylogenetic relationship of HA genes of representative
influenza viruses isolated in southern China. Viruses characterized in this
study are underlined.

restrial poultry in southern China. Phylogenetic analysis of
the PB2 gene revealed three different lineages; Gl-like
(n=1), Ck/SH/E/98-like (n = 15), and Unknown avian
(n = 34). The SH/F/98-like lineage (or F/98-like) was
previously reported in eastern China '
previously for vaccine production in an intensive vaccina-
tion program."” This PB2 gene lineage was also distinguish-
able from the Ck/Bei-like lineage and its presence in the

and was used

viral genome may be due to reassortment between the vac-
cine strain and field isolates, followed by selective establish-
ment in terrestrial poultry.

Genotyping

Gene constellation analyses of the 50 viruses revealed six
genotypes. Thirty-four of the viruses analyzed belonged to
two genotypes, B14 and B15, which were also the prevailing
reassortants found in other provinces in southern China
since 2005.” The remaining sixteen viruses belonged to four
novel genotypes that have not been identified before in this
region.

Discussion

Characterization of HIN2 influenza viruses isolated from
live poultry in Hong Kong markets from a 5 year surveil-
lance program revealed that Ck/Bei-like viruses were
predominant in southern China and were continuing to
evolve. Two recognized and four novel genotypes were
identified in this study.

One characterized virus, Ck/HK/NT499/07, had a GI1-
like HA gene (the first time this has been detected in Hong
Kong poultry markets) that showed a close relationship
with two human HIN2 strains isolated in 2009. Gl-like
viruses were usually detected and caused outbreaks in
chickens of Middle Eastern and European countries,'*"°
and minor poultry, mainly quail, in southern China.'
Whether the Gl-like virus was transmitted from China to
Middle Eastern and European countries, as the highly path-
ogenic H5N1 virus did in the last five years, or vice versa,
is still unknown. Since the Ck/HK/NT499/07 strain clus-
tered with other Gl-like strains isolated previously in
minor poultry in southern China, the Gl-like viruses in
chicken may be due to interspecies transmission from
minor poultry species.

Genetic studies demonstrated that reassortants with
genotypes B14 and BI15 persistently occurred in either
chickens or other minor poultry species from 2005 to 2009.
Other genotypes that were prevalent in southern China
might be being gradually replaced and four novel genotypes
were identified in this study. These novel genotypes were
generated through reassortment of viruses with different
lineages. A newly emerged F/98-like lineage originating
from eastern China is responsible for generation of some of
the novel genotypes found in this study.'* The Ck/Bei-like
lineage is gradually being replaced by E/98-like lineages
which are becoming dominant in northern and eastern
China.''” Animal experiments have also demonstrated that
F/98-like viruses are more effective in replication and trans-
mission in chickens compared with Ck/Bei-like viruses.'®

Since the F/98-like lineage of the PB2 gene has been
introduced into southern China, this newly emerged lineage
may have a higher tendency to replace the RNP genes in
the circulating Ck/Bei-like viruses and subsequently
become the endemic virus in terrestrial poultry.
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Introduction

In Vietnam, the modelling of the pandemic HIN1 progres-
sion estimates that 460 000 (260 000-740 000) pigs might
be exposed to the virus on the basis of 410 000 cases
among swine owners (220 000-670 000)." A poor level of
biosecurity, high animal densities, and a mix of species
could increase the risk of influenza virus flow, persistence,
and emergence on swine and poultry farms. This study was
set up in the Red River Delta, where a third of the national
pig husbandry is produced.” The aims are to give prelimin-
ary information of the epidemiological state of swine influ-
enza and in order to further assess the risk of infection of

SwlV, through cross-species transmissions from poultry to
pigs. This paper will present the preliminary results on
SwIV and the risk factors of pig seropositivity in Vietnam.

Materials and methods

A cross-sectional study was conducted in two provinces of
the Red River Delta in April 2009. Pig farms were randomly
selected from nine communes representative of at risk area
of avian H5NI1. In each farm, pig and poultry were sampled
and collected to virological and serological analyses. Inter-
views were conducted in all farms by trained interviewees.
Questionnaires included closed and open questions on
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livestock husbandry/management and household character-
istics, such as herd size and structure, health history and
vaccination, pig housing, watering and feeding system,
reproduction, purchasing of animals, biosecurity measures,
pig contact with poultry, and environmental factors.

The virological detection assay was performed on pools
of nasal swab specimens from pigs. We investigated
whether real-time RT-PCR assay could detect gene M on
pools of nasal swab specimens before attempting virus iso-
lation from individual nasal swab specimens. The poultry
and pig sera were tested against influenza type A with an
Enzyme-like immunosorbant assay (ELISA) competition
test IDVETO. This commercial kit is designed to specifi-
cally detect antibodies directed against the NP protein anti-
gen of influenza type A viruses. The positive serum
samples were examined in hemagglutination inhibition
(HI) to determine antibody titers and subtypes. The HI test
was tailored for H1, H3, and H9 subtypes in pigs and H6
and H9 subtypes in poultry. Seroneutralization tests by
pseudo particles were used to test the presence of antibod-
ies directed against H5 subtype.

We analysed the data for relationships between Influenza
A serological status (the outcome variable) and possible
risk factors using R version 2:11-1 (R Development Core
team). The statistical unit was the individual. Initially, the
quantitative variables were encoded into categorical vari-
ables according to the quartiles or median. Descriptive sta-
tistics (e.g., means or medians, proportions, standard
deviations) were calculated for all herd-level and commune
level predictors to assist in the subsequent modeling pro-
cess. We also performed the independence test among all
variables to determine if variables were dependant. Then,
univariate analysis of potential risk factors for the pigs
being positive for SWIV and estimation of odds ratios were
performed using generalised linear mixed models with bin-
ary outcome and logit link function for each herd-level and
commune-level variable to determine which variables were
individually associated with influenza A seropositivity at a
significance level of P < 0-30. Herd and commune of resi-
dence were included as a random effect to account for the
correlation of observations at the herd level.

The third stage of the analyses included the four herd-
level variables found to be significantly (P < 0-30) associated

Table 1. Typology of farming system

with Influenza A seropositivity. An automatic process using
all possible associations between the selected variables was
computed into a mixed logistic regression models, with ran-
dom effects. When two variables were collinear, as deter-
mined before, only one variable was likely to enter the
multivariable model, and therefore, the selection of which
collinear variable to enter the model was guided by biologi-
cal plausibility and statistical significance.

Results

All of the 146 pools of nasal swabs were RT-PCR negative.
The maximal possible prevalence considering perfect diag-
nostic tests would be of 2:03% at a confidence level of
95%, in an infinite population within these regions (Win-
Episcope 2-0).

Six hundred-and-nine pig sera were tested in 76 non-
vaccinating farms. The herd seroprevalence of swine influ-
enza in the commune previously infected by the avian
H5NI1 in the Red River Delta raised by 17:1% [8:7; 25:6] in
April 2009. But among 13 seropositive farms, only four
had at least two seropositive pigs. The within-herd seropre-
valence is very low, and no seropositivity was detected in
the majority of farms. Estimates had large confidence inter-
vals due to small sample sizes. The individual seropreva-
lence raised 3-62% [198; 5-27]. The subtyping of
seropositive sera is still in process.

Descriptive statistical analyses on five major risk factors
of SwWIV: farm size, breeding vs. fattening, purchasing, per-
centage of family income, and poultry production, were
conducted. Based on this analysis, three types of farming
systems were identified and included in mixed models
(Table 1). Percentage of family income by pig production
and poultry production were not differentiating factors for
this typology. Whereas types 1 and 2 seem to be specialized
in fattening, the type 3 produces and might sell piglets on
the farm site.

The exploration of the different variance components
indicated that the random effect variances were mainly asso-
ciated with the herd, while the commune did not seem to
have any effect. Therefore we included in all models only
the herd as a random effect. The random effect term for
herd was modelled, assuming a normal distribution with a

Type 1: Large fattening farms
Type 2: Small fattening farms

Type 3: Medium breeding-fattening farms

Largest scale production, with more than 40 pigs per year
Specialized in fattening, and purchase more than 20 pigs per year
Small scale of production, with less than 20 pigs per year
Specialized in fattening, and purchase less than 20 pigs per year
Medium scale of production, with less than 40 pigs per year
Breeding and fattening piglets, with rare purchase
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Table 2. Seroprevalence of SwIV and univariate analysis
with typology as fixed effect and herd as random effect

Seroprevalence (%) 1C95% OR P-value
Type 1 1-93 0-53-4-87 1 -
Type 2 476 1-77-10-08 311 0-39
Type 3 6-47 3:00-11-94 526 018

common variance [~N(0,02herd)].”> The univariate analyses
were conducted on 22 variables and typology variables, with
herd as random effect. Some coefficient or confidence inter-
vals were inconsistent because of small effectives, especially
for the percentage of self-product culture or the pig free-
grazing because of the lack of positive results in the dataset.
The only one significant (P value < 0-1) parameter was the
percentage of pig sales in the familial annual income. Sur-
prisingly, common risk factors of swine influenza infection,
such as farm size, animal movements, and sanitary parame-
ters got low odds ratio individually (without being signifi-
cant); the typology provides the hypothesis of complex
interactions effects that increase the risk of infection. As
shown in Table 2, the farming system type 3 got a higher se-
roprevalence of 6:47% [3-00-11-94] and a higher risk indica-
tor, with OR = 526 (P-value = 0-18) in comparison with
type 1. This finding was not significant. In the multivariate
mixed model, the percentage of familial income provided
by pig production was the only one significant variable,
with OR = 0-22 [0-04-1-25].

Discussion

The focus on diseased animals in the winter-time is usually
required in order to increase the likelihood to isolate the
virus, although the isolation rate on healthy or clinical
samples never exceed 6%." The season and the lack of dis-
ease reports might explain the difficulties to detect influ-
enza viruses. Additionally, the pooling method tends to
decrease the isolation rate because of a dilution effect,
potential presence of PCR assay inhibitors, or uneven dis-
tribution of virus in the sample.’

Our seroprevalence results must be confirmed and the
subtypes identified, especially because we found only one
positive animal in a few farms that could be attributed to
false positive results of the ELISA test (performances are
not known). These preliminary results are in favor of a
virus circulation at low level in the spring, but must be
completed by further surveys in the winter and before the
New Year (Tét celebration) when pig production, trade,
and movement increase at their maximum.

No clear prior information on the expected prevalence
of swine influenza in Vietnam, tests sensitivity, and speci-
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ficity could be obtained from literature or reliable sources.
Bayesian methods will be carried out in the future in order
to compute prevalence and/or to estimate the probabilities
of freedom.

The risk factors analysis was limited by the lack of positive
results. Further studies are necessary to identify the at-risk
season and type of farming systems at risk of swine influenza
infection. However, this investigation of risk factors leads to
the hypothesis that medium size breeding-fattening farms
had a higher risk than large or small size fattening farms.
Further investigation are needed to precise this typology.
The risk of SwIV infection increases with a combination of
three major factors. Poultry production does not seem to
play any role on swine infection. The generalized linear
mixed model afforded to take into account all the non
investigated parameters at the herd level. Although we inves-
tigated the most common risk factors of swine influenza
infection covering different kind of fields, the herd random
effect might explain risk variations. Mixed models have
become a frequently used tool in epidemiology. Due to soft-
ware limitations, random effects are often assumed to be
normally distributed. Since random effects are not observed,
the accuracy of this assumption is difficult to check.’®

Further studies, such as case-control or cohort studies
could help to identify more precisely risk factors of swine
influenza seropositivity, as these study designs are more
adapted than cross-sectional studies.
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Introduction

The concept that swine are a mixing-vessel for the reassort-
ment of influenza viruses and for the emergence of pan-
demic influenza viruses has been re-enforced by the
emergence of the recent pandemic.' The pandemic HIN1
virus of 2009 (HINlpdm) is believed to have emerged
through the reassortment of North American triple reassor-
tant and Eurasian avian-like swine influenza viruses.> Since
the immediate precursor of this pandemic virus has not yet
been identified, it is not possible to be definite whether the
reassortment leading to the pandemic occurred in swine,
but swine influenza viruses are the nearest known ancestors
of each gene segment of HIN1pdm."?

The mechanisms of pandemic emergence are not clear. It
is believed that the pandemics of 1957 and 1968 arose
through reassortment of the pre-existing human seasonal
influenza virus with avian influenza viruses, and swine have
been proposed to be a possible intermediate host where
such reassortment between human and avian viruses may
take place.® The 2009 pandemic was the first to arise for
over 40 years and the first to occur after the understanding
that pandemics arise from animal influenza viruses.” Sys-
tematic studies of influenza virus ecology and evolution in
swine are, therefore, important in order to understand the
dynamics of pandemic emergence. Furthermore, since
swine are the likely host within which HINIpdm virus
originated, it was predicted that this virus would readily
infect swine and may reassort with endemic swine influenza
viruses. These predictions have now been confirmed with
reports of HINIpdm being detected in pigs in many coun-
tries and reassortment with endemic swine influenza virus
being confirmed.” While HIN1pdm has been genetically
and antigenically stable in humans, reassortment between
HINlpdm, which is well adapted to transmission in
humans, and other avian or swine viruses may lead to the
origin of novel viruses posing a threat to public health. In

addition to endemic swine virus lineages, avian influenza
viruses such as HON2 and highly pathogenic avian influ-
enza (HPAI) H5NI1 have also been occasionally identified
in pigs in parts of Asia.®” It has been shown that
HINIpdm readily reassorts with H5N1 to generate viable
progeny in vitro.® It is therefore essential to monitor the
ecology, evolution, and biological characteristics of swine
influenza viruses so that their continued evolution and
zoonotic and pandemic potential can be monitored. There
is however, a paucity of surveillance data on swine influ-
enza viruses worldwide. This is in part related to the nega-
tive commercial consequences that may arise from
detection of influenza in a swine herd leading to a major
economic loss to the producer.

Here we outline a surveillance system that has been in
place in Hong Kong for the last decade, based on sampling
animals arriving at an abattoir in Hong Kong. We demon-
strate the feasibility of such surveillance in an abattoir set-
ting and compare methods used for detection influenza
viruses in swine.

Materials and methods

Specimens

A central abattoir in Sheung Shui in Hong Kong slaughters
approximately 4000 pigs per day, 5-20% of which are
raised in Hong Kong, the remainder being imported from
mainland China. As part of a systematic virological surveil-
lance of pigs slaughtered at this abattoir since 2002 to date,
we collected approximately 252 swabs (152 tracheal swabs
and 100 nasal swabs) every month for virus isolation, sur-
veillance being further enhanced since May 2009.

Virus isolation

Virus isolation was carried out by inoculation into MDCK
cells and by allantoic inoculation in embryonated eggs
as previously described.® Virus isolates were subtyped by
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haemagglutination inhibition tests using specific antisera
and genetically characterized by sequencing and phyloge-
netic analysis of the haemagglutin gene.®

Virus detection by RT-PCR

A subset of 1154 recent specimens was tested in parallel by
Real Time PCR using the BioRobot Universal System
(Qiagen) that enables fully-automated viral nucleic acid
extraction and downstream reaction setup in a 96-well
plate format. Total viral nucleic acids were extracted in a
96-well plate format with the QIAamp Virus BioRobot
MDx Kit (Qiagen) on the BioRobot Universal System
(Qiagen) according to the manufacturer’s instructions.
Briefly, 140 ul of sample was lysed in 280 ul buffer AL,
supplemented with 56 ug carrier RNA in a S block (Qia-
gen), which placed the samples into a 96 well plate format.
After protease digestion, samples were transferred to silica
based membrane in 96 well plate format for binding. Fol-
lowing two washing steps, RNA was eluted in 80 ul of elu-
tion buffer (buffer AVE) into a 96 well elution microplate
CL (Qiagen).

For the synthesis of cDNA, 10 pl of purified RNA was
used in a 20 ul reaction containing 4 pl of 5x buffer,
075 nm of each deoxynucleotide triphosphate (dNTP),
10 mm dithiothreitol, 3 pg random primer, 40 U of
RNaseOut Recombinant Ribonuclease Inhibitor, and 200 U
of Superscript III Reverse Transcriptase (all from Invitro-
gen). Reactions were performed in the GeneAmp 9700
Thermocycler (Applied Biosystems) with the following
parameters: 60 minutes at 50°C, 15 minutes at 72°C, and
soak at 4°C. Subsequent to the reactions, 20 ul of cDNA
was diluted 1/10 by adding 180 ul of AE buffer (Qiagen).

Real-time PCR was performed using the Power SYBR®
Green PCR Master Mix (Applied Biosystems) according
to the manufacturer’s instructions. Briefly, 5 ul of 1/10
diluted ¢cDNA was amplified in a 25 ul reaction contain-
ing 12:5 pl of 2x Power SYBR Green PCR Master Mix,
800 nm of forward primer M52C (5-CTT CTA ACC
GAG GTC GAA ACG-3’) and 800 nm of reverse primer
M253R (5-AGG GCA TTT TGG ACA AAG/T CGT
CTA-3’). The primers have been designed to amplify the
sequences in the conserved region of influenza A virus
matrix gene, thereby detecting viruses from different spe-
cies including swine influenza viruses.® Real-time PCR
was performed in the ABI 7500 Fast System (Applied Bio-
systems) with the following cycling conditions: 10 minutes
at 95°C once, 30 seconds at 95°C, and 1 minutes at 50°C
for 40 cycles, followed by melting curve analysis with
15 seconds at 95°C, 1 minutes at 50°C, and 15 seconds at
95°C. In each assay, serially diluted plasmids containing
the full length M gene cloned from A/Vietnam/1204/
2004 (H5NI1) were included as standards to perform
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absolute quantification. A manual baseline was set from
cycles 3—15 and a manual cycle threshold (Ct) was set at
0-2.

Samples that were positive or unequivocal results from
the real-time PCR were confirmed by performing gel elec-
trophoresis on the PCR products. Positive visual identifica-
tion was made in the presence of the target PCR product
at 244 bp in length.

Results

A total of 16 566 tracheal and 11 100 nasal swabs were
processed during the years January 2002-April 2010 and
yielded 393 influenza virus isolates, an overall virus isola-
tion rate of 1-4%. Of these, 352 were subtype H1 (Classical
swine, Eurasian avian-like swine, and triple-reassortant), 25
were human-like H3 viruses, and 16 were Eurasian avian-
like swine H3N2 viruses.

Culture in MDCK cells yielded 95% of HI1 subtype
viruses, 100% of the human seasonal-like H3N2 viruses,
and 68:8% of the avian-like Eurasian swine H3N2 viruses.
Culture in embryonated eggs yielded 17-9% of the H1 sub-
type viruses, 0% of the human seasonal-like H3N2 viruses,
and 62:5% of Eurasian avian-like swine H3N2 viruses
(Figure 1).

Tracheal and nasal swabs each gave comparable overall
isolation rates (14%). However, isolation rates
for human-like H3N2 viruses were 4-8 fold higher in nasal
swabs (0-17% versus 0-036% respectively; P = 0-002)
(Figure 1).

virus

A parallel evaluation of RT-PCR and culture was carried
out in 1154 specimens. RT-PCR detected 10/12 (83%) of
the culture positive specimens. RT-PCR was also positive
in 8/1154 (0-7%) culture negative specimens, but all these
specimens had very low virus load in the RT PCR tests.
Virus could not be cultured from these culture negative
specimens even by attempts at virus re-isolation from the
frozen specimen.

Discussion

Surveillance in an abattoir setting provides an acceptable
yield of influenza viruses and is a feasible method of swine
influenza surveillance. Sampling in a large abattoir setting
allows surveillance to be carried out anonymously with no
negative consequences to the supplier. The supply-chain of
pigs to the Hong Kong abattoir involves pigs being trucked
in over long distances and may provide opportunity for
virus amplification during transport. Thus, virus isolation
rates may be lower in more vertically integrated and
homogenous production and slaughter systems where less
mixing of pigs occurs.
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Figure 1. The percentage of (A) H1 (n = 352); (B) H3
(A/Sydney/5/1997-like) (n = 25); and (C) H3 (A/Victoria/75-like)

(n = 16) viruses isolated using MDCK cell cultre, allantoic inoculation of
embryonated chicken eggs from nasal and tracheal swab samples.

Our results indicate that MDCK cell culture is essential
for optimizing virus isolation during swine influenza sur-
veillance. Allantoic inoculation of embryonated eggs by
itself is sub-optimal for isolation of swine influenza viruses.
It is however possible that inoculation of embryonated eggs
by the amniotic route may lead to better isolation rates
than allantoic inoculation. RT-PCR detection is an alterna-
tive method for virus detection. But the additional speci-
mens detected by RT-PCR did not yield culturable virus,

even following attempts at re-isolation and sequential
passage. The RT-PCR positive/virus isolation negative spec-
imens had very low virus load, and this may be the expla-
nation for the inability to isolate such viruses. In addition,
RT-PCR did not detect all viruses isolated by culture.

Tracheal and nasal swabs gave comparable isolation rates
with the exception of human-like H3N2 viruses which were
more frequently isolated from nasal swabs. This may sug-
gest that, in contrast to endemic swine influenza virus lin-
eages, these human-like H3N2 viruses are less adapted to
replication in the lower respiratory tract.

In summary, collection of nasal or tracheal swabs in an
abattoir setting together with virus isolation in MDCK cells
provides a feasible approach to surveillance of swine influ-
enza viruses.
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Introduction

Wild waterfowl are the natural reservoir of influenza A
viruses (AIV), and they play an important role in the gene-
sis of pandemic influenza. It is suggested that the 1918
pandemic virus was purely derived from avian virus, which
adapted to humans and caused efficient human-to-human
transmission,’ while the pandemics of 1957 and 1968 had
acquired the viral haemagglutinin, PB1 polymerase, and in
1957, the neuraminidase gene segments from the avian
gene pool.” The major regional outbreaks of highly patho-
genic avian influenza (HPAI) H5N1 in Asia, Europe, and
Africa highlight the potential role played by migratory
waterfowl in disseminating highly pathogenic influenza
viruses.” Therefore defining the influenza virus gene-pool
in wild birds is of vital importance.

Material and methods

Surveillance was carried out 2-3 times weekly from 2003 to
2010 during the winter months of October to April in the
Hong Kong Mai Po Nature Reserve and Lok Ma Chau,
Hong Kong. The Hong Kong Mai Po Nature Reserve and
Lok Ma Chau are along the East Asia-Australian flyway
where a peak of more than 30 000 ducks and grebes con-
gregate every winter.® Fecal droppings were collected and
transported in vials containing 1-0 ml of VIM, which was
prepared from M199 (9-5 g/1), penicillin G (2 x 10° U/),
Polymyxin B (10 x 10° U/, gentamicin (250 mg/1), nysta-
tin (0-5 x 10° U/1), ofloxacin HCL (100 mg/1), and sulfa-
methoxazole (1 g/1). An aliquot of 100 ul from each swab
sample was inoculated into the allantoic cavity of a 9- to
11-day-old chicken embryonated egg, and incubated for
3 days at 37°C. Positive HA isolates were subtyped using
standard antisera > and RT-PCR was performed with the
used of one-step RT-PCR assay (Invitrogen) described
earlier,” followed by sequencing on ABI PRISM 3730xl
DNA analyzer. The determination of species of origin was
performed by DNA barcoding of the mitochondrial cyto-

chrome oxidase I gene from DNA extracted from the fecal
droppings.®

Results and discussion

During the 7-year surveillance period, a total of 193 influ-
enza viruses were isolated from 39 354 samples collected,
an overall isolation rate of 0-49%. A total of 192 isolates
were obtained from 39 152 specimens collected during the
winter period coinciding with the southern migration of
waterfowl along the East Asian Flyway and one isolate
obtained from 202 samples collected in spring during the
period when northern migration of waterfowl took place
along the East Asian-Australasian Flyway. The isolation in
Hong Kong was slightly lower than a similar study con-
ducted in South Korea in which the isolation rate of migra-
tory birds was 0-8% in 2003-2008.° This suggested a
slightly lower prevalence of influenza virus present in Hong
Kong as the birds migrated southwards. The viruses iso-
lated in Hong Kong, representing hemagglutinin (HA) sub-
types of H1-H12 and neuramidinase (NA) subtypes of N1-
N9, were all from wild waterfowl (Table 1). Out of the
twelve HA subtypes isolated, H10 and H6 were the two
subtypes that were isolated frequently every year for H10
and in six out of seven years for H6, respectively. H10 and
H6 viruses accounted for 16:7% and 22:4% of all virus iso-
lated, respectively. On the other hand, H3, H9, and HI12
were the least prevalence (0-5%) and were only isolated
once in 7 years. Of the NA subtypes, N1 and N2 were iso-
lated most often (24-4% and 19-2% of all isolates, respec-
tively) and N5 was the least (0-5%). November was the
month that had the highest prevalence of influenza virus
(0-83% of samples being positive) compared to only 0-3%
in March. The subtype’s variation was the most diverse in
December during our 7 years of surveillance. This sug-
gested that more of these wild migratory birds may be car-
rying influenza virus when they arrive in Hong Kong.
However the continued isolation of viruses suggests contin-
ued circulation of these viruses in the vicinity of Mai Po.
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Table 1. The number of different hemagglutinin and
neuraminidase subtypes isolation from wild migratory
birds in Hong Kong September 2003—April 2010

Hemagglutinin No. of Neuraminidase No. of
subtype isolates subtype isolates
H1 11 N1 47

H2 2 N2 37

H3 1 N3 24

H4 17 N4 10

H5 26 N5 1

H6 43 N6 16

H7 33 N7 32

H8 16 N8 8

H9 1 N9 18
H10 32

H11 10

H12 1

The study of DNA barcoding for the mitochondrial cyto-
chrome oxidase I gene retrieved from fecal droppings
revealed that the isolates originated mainly (89-2%) from
birds of the Order Anseriform, Family Anatidae including
Eurasian Wigeon, Northern Shoveler, Northern Pintail,
Common Teal, and Garganey. Non-Anseriformes which
were found to have shed AIV viruses were Cormorant,
Grey heron, and Stint. None of the water samples collected
from the ponds where these birds congregate were found
to be positive for the virus.

Phylogenetic analyses of the HA gene of the LPAI H5
viruses isolated in this study clustered with that of the
other LPAI H5 viruses isolated from Hokkaido, Mongolia,
and Siberia and were not closely related to the HPAI
H5NI1. Satellite tracking of 47 Eurasian Wigeons and
Northern Pintails in Dec 2008 and 2009 revealed their fly-
way from Hong Kong to as far north as Eastern Russia,
Eastern Mongolia, and Northern China. No HPAI H5N1
viruses were isolated in this study from apparently healthy
birds. However, as part of the surveillance of dead wild
birds carried out by the Department of Agricultural, Fisher-
ies and Conservation of the Government of Hong Kong
during this same period, over 50 dead wild birds were
tested positive for HPAI H5N1 and has been reported else-
where. "’

Conclusions

Our influenza surveillance in Hong Kong has revealed a
diversity of influenza virus subtypes the migratory water-
fowl infected within the region. The result of the phyloge-
netic analysis correlated with the findings from satellite
tracking that viruses isolated in Hong Kong were closely
related to those isolated in areas along the migratory route.
No healthy bird was isolated with HPAI H5N,1 although
dead wild birds have been regularly found to have HPAI
H5NI1 virus, suggesting that infected birds might not live
for a long period.
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Introduction

A novel swine-origin HIN1 influenza virus emerged in
Mexico in April 2009 and rapidly spread worldwide, caus-
ing the first influenza pandemic of the 21st century." Most
confirmed human cases of HIN1/2009 influenza have been
uncomplicated and mild, but the increasing number of
cases and affected persons worldwide warrant optimal pre-
vention and treatment measures. Today, almost all of the
pandemic HIN1/2009 viruses tested are resistant to M2-
blockers.? Therefore, only the neuraminidase (NA) inhibi-
tors are currently recommended for treatment of this pan-
demic influenza. For the control of influenza infection, the
clinical use of oseltamivir has increased substantially dur-
ing the 2009 pandemic. To date, the majority of tested
clinical isolates have remained susceptible to NA inhibi-
tors, oseltamivir and zanamivir,> but oseltamivir-resistant
variants with H275Y NA mutation (N1 numbering) have
been isolated from individuals taking prophylaxis, from
immunocompromised patients, and from a few community
clusters.> In view of the high prevalence of oseltamivir-
resistant seasonal HIN1 influenza viruses in 2007-2008,
the isolation of resistant HIN1/2009 viruses without
known oseltamivir exposure raised great concern about the
transmissibility and fitness of these resistant viruses. Here
we studied the transmissibility of a closely matched pair of
pandemic HIN1/2009 clinical isolates, one oseltamivir-sen-
sitive and one resistant, in both direct contact and respira-
tory droplets routes among ferrets. Viral fitness was
evaluated by co-infecting a ferret with both the oseltami-
vir-sensitive and -resistant viruses. The viruses were also
characterized by full genome sequencing, susceptibility to
NA inhibitors, and growth in MDCK and MDCK-SIAT1
cells.

Materials and methods

Oseltamivir-resistant influenza A/Denmark/528/09 (HIN1)
virus (A/DM/528/09) was isolated from the throat swab
of a patient who had influenza-like symptoms and
received post-exposure oseltamivir prophylaxis (75 mg
once daily).” Wild-type influenza A/Denmark/524/09
(HIN1) virus (A/DM/524/09) was isolated from a patient
in the same cluster of infection as the A/DM/528/09
virus. To assess growth kinetics of viruses, confluent
MDCK or MDCK SIAT1 cell monolayers were infected
with viruses at a multiplicity of infection (MOI) of
approximately 2-0 PFU/cell (single-step) or 0-001 PFU/cell
(multi-step). Supernatants were collected every 2 h or
12 h p.i. for 6 time points. A modified fluorometric assay
using the fluorogenic substrate 2’-(4-methylumbelliferyl)-
o-d-N-acetylneuraminic acid (MUNANA) was used to
determine viral NA activity.® The drug concentration
required to inhibit 50% of the NA enzymatic activity
(ICso) was determined by plotting the percent inhibition
of NA activity as a function of compound concentration
calculated in the GraphPad Prism 4 (La Jolla, CA) soft-
ware from the inhibitor-response curve. NA enzyme kinet-
ics were determined by measuring NA activity every
60 seconds for 60 minutes under the same conditions as
above, when all viruses were standardized to an equivalent
dose of 10°° PFU/ml. The K,, and V., were calculated
by fitting the data to the appropriate Michaelis-Menten
equations using nonlinear regression in the GraphPad
Prism 4 software. Young adult ferrets (4—5 months of age)
were obtained from the ferret breeding program at St.
Jude Children’s Research Hospital. All ferrets were sero-
negative for influenza A HIN1 and H3N2 viruses and for
influenza B viruses. For transmission studies, the donor

© 2011 Blackwell Publishing Ltd, Influenza and Other Respiratory Viruses, 5 (Suppl. 1), 79-89 79 |



| Duan et al.

ferrets were lightly anesthetized with isoflurane and inocu-

lated intranasally with 10° TCIDs, virus in 1-0 ml sterile £ 5 ﬁ% =
PBS. After the donor ferrets were confirmed to shed virus 2 § § S| 3=
on day 2 p.i., each donor was then housed in the same W = veE | = g
cage with two naive direct-contact ferrets. Two additional o g >
recipient ferrets were placed in an adjacent cage isolated 53 5;
from the donor’s cage by a two layers of wire mesh 5 EE% o< g gg
(approximately 5 cm apart) that prevented physical con- .t._j £ £
tact but allowed the passage of respiratory droplets. Ferret E 2 |la g %
weight and temperature were recorded daily for 21 days. 2 9 g§ E N (Eﬁ >
Nasal washes were collected from donors and recipients = S s£ | >52 g S
on day 1, 2, 4, 6, 8, 10, 12, and 14 p.i. by flushing both _g " o g
nostrils with 1-0 ml PBS, and TCIDs, titers were deter- > 5 = E
mined in MDCK cells. Serum samples were collected ’3 % P = E g
3 weeks after virus inoculation, and were tested for sero- s 2 T2 | o 3 =
convention by HI assay. @ %] 28 |~s52 é 3
>
o3| 33
Results g |2=| g
25 833 a2
Full genome sequencing revealed that the pair of i GE |ZEEE| 2
HIN1/2009 viruses differed only at NA amino acid posi- E) o % e
tion 275, where the pandemic A/DM/528/09 virus had an 5 5 £ o £
H275Y amino acid mutation caused by a single T-to-C g c = 5.3 we | 2F
. . . . ] = . . O o =
nucleotide substitution at codon 275. The wild-type 3 -% IR I = E
A/DM/524/09 was susceptible to oseltamivir carboxylate = g o | . _ 835
(mean ICsy: 50 nm), but the A/DM/528/09 carrying the g ° w3 @ E = g =
H275Y NA mutation had ICs, values approximately 200— g E E % S S S < _§
300 times of the wild-type viruses (mean ICsy: 972 nm). '_g » %g
The ICs of zanamivir was comparable for both viruses and 2 8 a < —%
were uniformly low (mean IC5y < 1-3 nm). The H275Y NA Ts) § @ - cmal| EE
mutation confers resistance to oseltamivir carboxylate but 2 I S ) BOE | EBL
. T .. QA = £ o 4 N NN v £
did not alter susceptibility to zanamivir. To understand the =l & S =6 [J_aN]| €3
impact of the H275Y mutation on the NA enzymatic prop- g _ % ﬁ
erties, NA enzyme kinetics was determined. The NA of the 'z EL | o o a
.. . . . . o e 0 O O o ¥
oseltamivir-resistant virus had a slightly higher K, £ gz |33 =%
(mean = 55 um) and lower V.., (mean = 101 U/sec) than § % %
NA of the sensitive virus (K,, mean = 80 um; Vmax, ?g - =§ g <
mean = 86 U/sec). The results suggested that the H275Y = . ® :g g}f)
NA mutation reduced NA affinity for substrate and NA &) & 338 |vwo gg
catalytic activity, although the function of NA was not .5 8 . @:g
severely impaired. To further evaluate the impact of the 3 § " £ qg— 1
H275Y NA mutation on virus growth in vitro, single- and ?;)n 2 2 E "o~ = g
multi-cycle growth studies of both viruses were performed o > S B 2z
in MDCK and MDCK-SIATI cells. In the both single- and = @ S §
multiple-cycle growth curves, the two viruses reached com- ; 2 =5
parable levels eventually, but the initial growth of the resis- Eo 5 = %', {:J §
tant virus was significantly delayed by at least 1-2 logs in _: § 5 g’ g - kS é
comparison to that of wild-type virus (P < 0-05). 2 =y
The donor ferrets inoculated with wild-type A/DM/ 5 88 s 8 s
524/09 or oseltamivir-resistant virus shed virus produc- r é § § § = i)
tively until day 6 or day 8 p.i., with a peak virus titer © s |ssé8| ¢ g
comparable to that of A/DM/524/09 virus (Table 1). In < Z |293%| ¢5
=~ T << << U [

A/DM/524/09 virus group, two of 2 direct-contact ferrets
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and 1 of 2 respiratory droplet-contact ferrets were infected
through virus transmission, as indicated by the virus titers
and inflammatory cell counts in their nasal washes and also
by sero-conversion. Under identical conditions, in
A/DM/528/09 group, only 2 of 2 direct-contact ferrets
were infected through virus transmission, but neither respi-
ratory droplet-contact ferrets was infected, as confirmed by
the absence of sero-conversion (Table 1). Virus shedding in
the direct-contact ferrets was lower and peaked after a
longer interval in this group than in the oseltamivir-sensi-
tive A/DM/524/09 group (Table 1), but the resistant
viruses appeared to cause a similar disease course in ferrets
without apparent attenuation of clinical signs. These results
showed that an oseltamivir-resistant H275Y mutant of pan-
demic HIN1 virus, A/DM/528/09 virus could be only
transmitted efficiently by direct contact.

To compare the relative fitness, growth capability, and
transmissibility of the sensitive and resistant HIN1/2009
viruses within host, a donor ferret was co-inoculated with
a 1:1 ratio of the sensitive and resistant viruses, and
another two naive ferrets were housed with the donor to
test direct contact. During co-infection, the pattern of virus
shedding and the clinical signs were similar to those in fer-
rets  inoculated  with  either A/DM/524/09  or
A/DM/528/09 virus (Table 1). In the inoculated donor fer-
ret, the virus population in the nasal washes remained
mixed but wild-type viruses outgrew the resistant virus
progressively (Figure 1). Two of 2 direct-contact ferrets
through virus
wild-type virus was detected
ferrets (Figure 1). In summary, oseltamivir-sensitive
A/DM/524/09 virus possessed better growth capability in
the upper respiratory tract than did resistant
A/DM/528/09 virus, and thus had an advantage in direct-
contact transmission.

were infected transmission, but only

in both direct-contact

Discussion

Our study determined the comparative transmissibility of
two naturally circulating oseltamivir-sensitive and -resistant

Donor Direct contact-1  Direct contact 2

-
(=]
o

a N
o o

N
o o

Proportion of wild-type
in the total (%)

24681 01 2
t  Daysp.i 1

Note. The arrow indicates the day when donor ferret was housed with contact ferrets.

01246 01 4 6 8 10

Figure 1. The proportion of wild-type virus in the total virus population
recovered from nasal wash samples in the donor ferret and two direct-
contact ferrets after co-infection. Note. The arrow indicates the day when
donor ferret was housed with contact ferrets.
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pandemic HIN1/2009 viruses; we demonstrated inefficient
respiratory-droplet transmission of an oseltamivir-resistant
H275Y mutant of pandemic HINI virus among ferrets,
although it retained efficient direct-contact transmission.
We suggest that the lower fitness of resistant virus within
the host along with its reduced NA function and delayed
growth in vitro may in part explain its less efficient trans-
mission. Notably, the H275Y mutant of HIN1/2009 used
in this study was the first oseltamivir-resistant HIN1/2009
isolate from a patient on oseltamivir prophylaxis to be
characterized for transmissibility. Our observation in the
animal model is consistent with the epidemiological data
collected from humans, which showed no evidence of pre-
dominant or continued circulation of oseltamivir-resistant
viruses.* As this study was undertaken, additional H275Y
mutants of HINI1/2009 viruses have emerged in the
absence of oseltamivir use.”® The emergence of these
viruses should raise concerns as to whether resistant
HIN1/2009 viruses will acquire greater fitness and spread
worldwide as the naturally resistant HIN1 viruses did dur-
ing the 2007-2008 season. Two independent studies have
evaluated the pathogenecity and transmission of other osel-
tamivir-resistant pandemic H1N1/2009 clinical isolates in
the animal models.”'® One of the studies,” which also used
an oseltamivir-resistant virus isolated from a patient under
oseltamivir prophylaxis, observed similar results as ours:
although the respiratory-droplet route of transmission was
not investigated, it was shown that the resistant isolate was
transmitted though direct-contact route and was as virulent
as wild-type virus in ferrets.” In another study,'® two osel-
tamivir-resistant isolates were transmitted through the
respiratory-droplet route in ferrets, and the dynamics of
transmission were different between the two isolates.
Apparently, these two oseltamivir-resistant isolates were still
unequal in their transmissibility and were disparate from
the resistant isolate in our study. The isolation history of
the two resistant isolates was unclear in this study, and this
would be an important factor to understand the fitness of
drug-resistant viruses. Further studies with more clinical
isolates of diverse isolation background are warranted to
identify how these novel H275Y mutants of pandemic
HIN1/2009 virus have changed to retain their full trans-
missibility. Taken together, all these related studies under-
line the necessity of continuous monitoring of drug
resistance and characterization of potential evolving viral
proteins.
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Introduction

Pigs have been considered as hypothetical “mixing vessels”
facilitating the genesis of pandemic influenza viruses."* The
pandemic HIN1/2009 virus (pHIN1/09) contained a very
unique genetic combination and was thought to be of
swine origin, as each of its eight gene segments had been
found to be circulating in pig populations for more than a
decade.” However, such a gene constellation had not been
found previously in pig herds all around the world. Only
after its initial emergence in humans has this virus been
repeatedly detected in pigs, and found to further reassort

with other swine influenza virus.>> A primary question
remaining to be answered is whether the pHIN1/09-like
and their genetically related viruses could become estab-
lished in pig populations, thereby posing novel threats to
public health.

Despite the fact that pHIN1/09 first appeared in Mexico
and the United States, and six of its eight gene segments
were derived from the established North American triple
reassortant swine influenza virus (TRIG), its neuraminidase
(NA) and matrix protein (M) genes belonged to the Eur-
asian avian-like swine lineage (EA), which had never been
detected in North America previously.”® Likewise, the
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TRIG-like viruses were never reported in Europe.® In con-
trast, both lineages of virus were frequently detected in
Asia, and reassortants between them have also been docu-
mented in recent years.> This has given rise to a compli-
cated ecological situation, i.e. the simultaneous prevalence
of multiple genotypes of HINI and HIN2 viruses in
pigs.>® Among them, two representative reassortants
showed the most similar genotypic characterization to the
pHIN1/09 virus, the Sw/HK/915/2004 (HIN2) and
Sw/HK/201/2010 (HIN1), which respectively harbor seven
and six gene segments closely related to the pandemic
strains.””

To understand their in vivo characteristics and zoonotic
potential, these two viruses, together with a human proto-
type strain and a swine pH1N1/09-like isolate, were chosen
for a study of their pathogenicity and transmissibility in
domestic pigs, ferrets, and mice.

Materials and methods

Viruses

The prototype pHIN1/09 virus, A/California/04/2009
(CA04), was provided by the World Health Organization
Collaborating Centers for Reference and Research on Influ-
enza (Atlanta, GA, USA). Three pHIN1/09-related swine
influenza viruses were isolated through our surveillance
program in South China as previously described. The
A/Swine/Guangdong/106/2009 (HIN1, GD106) virus was
a  pHIN1/09-like  swine isolate. =~ A/Swine/Hong
Kong/915/2004 (HIN2, HKO915), the closest pandemic
ancestor known to date, possesses an M gene derived from
the EA lineage, with the other gene segments from TRIG
viruses.? A/Swine/Hong Kong/201/2010 (H1IN1, HK201),
a recent pandemic reassortant progeny, had a pHIN1/09-
like NA gene (also belonging to the EA lineage), an EA-like
hemagglutinin (HA) gene, and six TRIG-like internal
genes.” All viruses were propagated in Madin-Darby canine
kidney (MDCK) cells for three passages, and their titers
were determined by plaque assays. All experiments with live
viruses were conducted in biosafety level 3 (BSL-3) con-
tainment laboratories.

Animal experiments

Pigs (4-6 week old, n = 5-6) and ferrets (5 month old,
male, n =3) were intranasally infected with 10° PFU of
each virus, and mice (8-9 week old, female BALB/c,
n=10) with a dose of 10* PFU. Naive uninfected pigs
(n = 2) were co-housed in the same cage with the inocu-
lated ones from each group. Body weights and clinical signs
were recorded daily. Virus replication was determined by
titration of the virus in nasal and rectal swabs (pigs), nasal
washes (ferrets), as well as from lungs and other organs
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(pigs and mice). Seroconversion was tested by hemaggluti-
nation inhibition (HI) assays. Histopathological and immu-
nohistochemical analysis were performed as previously

described.”

Statistical analysis

Statistical analysis was performed by Mean Analysis with
Pasw Statistics 18 (SPSS Inc., Chicago, IL, USA). The prob-
ability of a significant difference was computed using anova
(analysis of variance). Results were considered significant at
P < 0:05.

Results

Pathogenicity and virus replication in mice

The pathogenicity of the four viruses tested differed signifi-
cantly in inoculated mice. Animals infected with 10* PFU
of HK915 experienced the most severe body weight loss
(251 *+ 47%) but started to recover after 8 days post-infec-
tion (dpi). HK201 caused similar peak body weight loss
(169 £ 4:6% on 8 dpi) in mice as did CA04 (17-3 + 2-4%,
on 7 dpi), but the onset of clinical signs and weight loss
(on 4 dpi) was 1 day later than those caused by the other
three viruses. The GD106-infected group suffered the least
body weight loss (6:9 £ 1:9%, 5 dpi) and was the earliest
to recover.

Although all four viruses were detected in the lungs with
comparable virus titers on 3 dpi (P > 0-05), mice inocu-
lated with GD106 consistently showed the lowest lung
index (lung weight/body weight, %) on 3, 6, and 14 dpi
(P < 0-01), suggesting the slightest injury and consolidation
of the lungs. In concordance with the body weight change,
the lung index from the HK915 group was higher than that
from any other groups on 6 and 14 dpi, indicating the
marked virulence of HK915 in mice. Notably, virus titer of
HK201 in the nasal turbinate was lower than the other
groups both on 3 and 6 dpi (P < 0-01), but virus replica-
tion in the lower respiratory tract was either higher (in the
trachea) or similar (in the lungs).

Pathogenicity and virus shedding in ferrets

Observations of the body weight changes caused by infec-
tion of pHIN1/09 or its genetically related swine viruses in
ferrets have come to a similar conclusion as that for the
mouse experiment. After nasal inoculation with 10° PFU of
each virus, all groups of ferrets experienced transient body
weight loss for 2-3 days, except for those infected with
GD106, which showed no significant weight loss
(P > 0-05). Although ferrets from the CA04-infected group
reached their peak weight loss (6:2 * 0-8%, 2 dpi) one day
earlier than those from the HK201 and HK915 groups,
they began to regain body weight quickly thereafter.
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HK201-infected ferrets also recovered rapidly and their
body weights reached the same level as those of the
GD106-infected group at 6 dpi. Comparatively, ferrets
inoculated with HK915 had the most retarded body weight
recovery, which did not get back to the baseline level until
11 dpi. HK201 was only detectable in the nasal wash on
2 dpi, whereas the duration of virus shedding for GD106,
HK915, and CA04 was 4-6 days. By combining the data
obtained from the virus titration in the mouse turbinate
and ferret nasal washes, a possible conclusion can be made
that HK201 may have lower transmissibility than the other
three viruses.

Pathogenicity and transmissibility in domestic
pigs

After inoculation or exposure by direct contact (physical
contact) with the pHIN1/09 virus and its close relatives,
most pigs experience no or mild symptoms, such as slight
loss of appetite and inactivity. Body weight loss was only
recorded in pigs inoculated with HK915 during the second
week post-inoculation, but not in their contact pigs or in
the other groups.

Diarrhea was observed intermittently in each of the inoc-
ulated or contact groups throughout the experiment, and
viruses could be recovered in the rectal swabs, saliva, drink-
ing water, and environmental swabs (inner cage walls
accessible to the pigs) at various time points. However,
virus titers in the positive rectal swabs were just slightly
above the detection limit, while those from the environ-
ment sometimes could be higher. Whether these viruses
can replicate in the digestive tract or were just carried-over
by contaminated foods and water requires further investi-
gation.

Although virus could be detected in the nasal swabs of
all infected or contact animals, the lowest peak titer was
from pigs inoculated or in contact with HK201 (0-5-1-5 log
TCID50/ml lower than the other groups), suggesting unfa-
vorable replication in the nasal cavity for this virus. Post-
mortem examination on 4 and 7 dpi revealed that pigs
infected with HK915 had the most extensive gross lesions
in the lungs, and histochemical staining of viral nucleopro-
tein (NP) in lung tissues on 4 dpi also suggested the best
replication for HK915 in the lower respiratory tract. On
11 days post-contact (dpc), all pigs exposed to the inocu-
lated animals developed sero-conversions (HI = 80-160)
except for one from the GD106 contact group. However,
on 17 dpg, its HI titer reached 40, indicating slower sero-
conversion.

Conclusions

This study revealed that both the 2009 pandemic HIN1
and its genetically related swine viruses could readily infect
mice, ferrets, and pigs causing mild to moderate clinical
symptoms. They could also transmit efficiently between
pigs. When compared with the pandemic stains and its re-
assortant progeny (HK201), the HK915 (HIN2) virus con-
taining the EA-like M gene in the genetic context of the
TRIG virus showed consistently higher virulence in all
three mammalian models tested, but it is still unknown
what might happen if such a virus further reassorts to
obtain the pandemic-like or EA-like NA gene. However,
our findings suggest that pigs could likely maintain the
prevalence of different genotypes of pandemic-related influ-
enza viruses, and highlight the zoonotic potential of multi-
ple strains of swine influenza virus.
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Introduction

Pandemic influenza viruses emerge from the animal reser-
voirs.! Among the three pandemics that occurred in the
last century, we learned that the 1957 H2N2 and the 1968
H3N2 pandemic viruses emerged by reassortment between
circulating human virus and avian-origin influenza
virus(es).! Studies on the emergence of the catastrophic
1918 Spanish HINTI virus suggest that the virus may have
obtained all of its eight gene segments from the avian res-
ervoir,” or alternatively is a reassortant between mamma-
lian and a previously circulating human influenza virus.*
Over 40 years since the last pandemic, the first pandemic
in the 21st Century arose in 2009 and was caused by a
swine-origin influenza virus containing a unique gene com-
bination, with gene segments derived from the circulating
North America “triple reassortant” (PB2, PB1, PA, HA,
NP, and NS) and the “Eurasian” (NA and M) swine influ-
enza viruses.” Analysis of the pandemic HINI viruses
failed to identify known molecular markers predictive of
adaptation to humans.® The “triple reassortant” swine
influenza viruses emerged in late 1990s in North America
is a reassortant between classical swine (descendent of the
1918 virus after adaptation in swine population), avian,
and human influenza viruses.” The Eurasian influenza virus
was originally an avian influenza virus that was introduced
into the European swine population in the late 1970s.%°
While incidents of zoonotic infection with triple reassortant
or Eurasian influenza in humans have been reported,lo’11
sustained human-to-human transmission has never been
established. These results suggest that the unique gene
combination seen with the pandemic HINI viruses may
confer its transmissibility among humans.

We have carried out systematic prospective surveillance
of swine influenza in southern China over that last 12 years
through samples routinely collected at an abattoir in Hong

Kong. During this time, the surveillance results suggest
co-circulation of Classical swine HINI, triple reassortant
HIN?2, Eurasian swine HIN1, and a range of reassortants
between these three virus lineages.”'*> Ferrets have been
reported as a suitable model for the study of influenza
transmission as they are naturally susceptible to influenza
infection, exhibit similar clinical signs (including sneezing),
and possess receptor distribution in the airway similar to
that of humans.">™"> To identify molecular determinants
that enable sustained human-to-human transmission, we
compared the pandemic virus with genetically related swine
influenza viruses obtained from this surveillance program
for their ability to transmit from ferret to ferret by direct
contact or aerosol transmission.

Materials and methods

Viruses

Human H3N2 influenza virus [A/Wuhan/359/95
(Wuhan95)] and pandemic HIN1 influenza viruses [A/Cal-
ifornia/4/09 (CA04)] were included for the study. Swine
influenza viruses that are genetically related with the pan-
demic HIN1 virus were selected from our surveillance sys-
tem, including classical swine-like influenza virus
A/sw/HK/4167/99 (HIN1) (swHK4167), triple reassor-
tant-like A/sw/Arkansas/2976/02 (HIN2) (swAR2976),
and one reassortant between triple reassortant and Eurasia
swine influenza viruses [A/sw/HK/915/04 (HIN2)
(swHK915)]. SwHKO915 contains seven gene segments
(PB2,PB1,PA,HANP,M,NS) closely related to the pandemic
HINTI viruses.

Transmission experiment design

Transmissibility was tested in 4- to 6-month-old male fer-
rets obtained from Triple F Farm (Sayre, PA); all ferrets
were tested to have HI titer <40 against human seasonal
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influenza HIN1 (A/Tennessee/560/2009), H3N2 (A/Bris-
bane/10/2007), and influenza B (B/Florida/4/2006) prior
the experiments. In each virus group, three ferrets were
inoculated with 10° TCIDs, of the virus. At 1 day post-
inoculation (dpi), we introduced one naive direct contact
ferret to share the cage with inoculated ferret, and one
naive aerosol contact ferret into the adjacent compartment
of the cage separated by a double-layered perforated divi-
der. Nasal washes were collected every other day and tested
for influenza virus antigen and to determine viral titers
(TCIDsg). Weight changes, temperature, and clinical signs
were monitored daily. Transmission is defined by detection
of virus from nasal washes and/or by seroconversion (>4-
fold rise in the post-sera collected after 16-18 days post
contact). Experiments were performed in the P2+ labora-
tory at St. Jude Children’s Research Hospital. All studies
were conducted under applicable laws and guidelines and
after approval from the St. Jude Children’s Research Hospi-
tal Animal Care and Use Committee.

Results

Viral replication in inoculated ferrets

At 10°> TCIDs, inoculation dose, all viruses replicated effi-
ciently in the ferret upper respiratory tract with peak titers
detected from inoculated ferrets at 2 dpi. Lower peak titers
were detected from swHK4167 and swHK915 inoculated
ferrets, however, the differences were not statistically signif-
icant (Table 1). Tissues collected from inoculated ferrets at
3 dpi showed that pandemic HIN1 and swine influenza
viruses replicated both in the upper and lower respiratory
tract of the ferrets, while the replication of human seasonal
influenza Wuhan95 was restricted in the upper respiratory
tract.

Direct contact transmission
Direct contact transmission from inoculated donor ferrets
to their cage-mates was observed for all viruses studied,

albeit at different efficiency. Human seasonal influenza
(Wuhan95) and pandemic HINI1 viruses (CA04) transmit-
ted most efficiently via direct contact route as the virus can
be detected on 2 dpi from direct contact ferrets, and the
peak titers were detected on 4 dpi from direct contacts.
Moderate direct contact transmission efficiency was
detected from swAR2976 and swHK915 viruses as the virus
can be detected from direct contact ferrets at 4 dpi, with
peak titers detected at 4 dpi or 6 dpi. Classical swine-like
swHK4167 showed least efficient contact transmission as
virus could be detected from all direct contacts only at
6 dpi, and the peak titer detected on 8 dpi.

Aerosol transmission

Aerosol transmission was detected in groups of human sea-
sonal influenza virus Wuhan95 (2/3), pandemic HINI
influenza virus CA04 (3/3), as well as swine precursor virus
swHK915 (1/3). Transmission of Wuhan95 and CA04 to
aerosol contacts was detected at 4 dpi or 6 dpi, while trans-
mission of swHK915 was detected later at 8 dpi, suggesting
that the swHK915 virus possessed aerosol transmission
potential, but may require further adaptation to acquire
efficient aerosol transmissibility. In addition to viral detec-
tion from nasal washes, we also detected viruses from the
rectal swabs of ferrets inoculated or infected with pandemic
HINI1 viruses (CA04) or classical swine-like virus
(swHK4167), which share the common origin for the HA,
NP, and NS gene segments.

Discussion

While many of the swine influenza viruses studied were
able to transmit via the direct contact route, swHK915,
which shares a common genetic derivation for seven genes
with HIN1pdm, possessed capacity for aerosol transmis-
sion, albeit of moderate efficiency. SWHK915 differed from
swine triple reassortant viruses in the origins of its M gene.
It is possible that the M gene derived from Eurasian avian-

Table 1. Transmission of seasonal H3N2, pandemic HIN1, and genetically related swine influenza viruses in ferrets

Donors Direct contacts Aerosol contacts

Nasal Rectal Sero- Peak Nasal Rectal Sero- Peak Nasal Rectal Sero- Peak
Viruses wash swab conversion titer wash swab conversion titer wash swab conversion titer
swHK4167 3/3 1/3 3/3 56 +01 3/3 1/3 3/3 59+07 0/3 0/3 0/3 NA
swAR2976  3/3 0/3 3/3 6305 3/3 0/3 3/3 6:1+04 0/3 0/3 0/3 NA
SWHK915 3/3 0/3 3/3 51+10 3/3 0/3 3/3 5009 1/3 0/3 1/3 4-5
CA04 3/3 1/3 3/3 63+03 3/3 1/3 3/3 66+05 3/3 0/3 3/3 62 + 05
Wuhan 3/3 ND 3/3 65+02 3/3 ND 3/3 6:6+04 2/3 ND 2/3 73+ 14
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like swine viruses also contributes to the transmissibility of
HINIpdm influenza viruses.
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Introduction

Outbreaks of highly pathogenic avian influenza (HPAI) of
the H5N1 subtype are of extreme concern to global health
organisations as human infection can result in severe acute
respiratory distress syndrome, multi-organ failure, and
coma. HPAI viruses of either H5 or H7 subtypes contain a
characteristic multi-basic cleavage site in the hemagglutinin
glycoprotein' as well as other virulence factors® that expand
the viral tropism beyond the respiratory tract of poultry.
There is also emerging evidence of viral RNA or antigen in
multiple organs and the CNS of humans infected with
H5N1 that is consistent with systemic infection™® and

raises the question of the role of the cleavage site in dis-
semination of the virus in this species. The majority of
human cases with H5N1 have involved contact with sick or
contaminated poultry and exposure to respiratory secre-
tions of birds that can be inhaled and ingested. Particular
risk factors for H5N1 infection include bathing with sick
birds, improper hand washing after handling sick birds, or
slaughtering poultry.” Viral inoculum may also be con-
sumed directly during a variety of religious and cultural
practices, such as drinking contaminated duck blood and
kissing of merit release birds.

H5N1 infection is lethal in 60% of human cases, and the
pathogenetic mechanisms leading to this level of mortality
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are unclear. To date 505 cases have been reported to the
WHO, although many more people have potentially been
exposed to H5N1 through contact with infected bird popu-
lations.® Some studies have suggested that genetic factors
may predispose an individual to severe H5N1 disease,” but
little is known about the influence of route of virus expo-
sure on morbidity and mortality. In ferrets, an animal
model frequently used to study influenza because of its
similar disease profile to humans,® Swayne et al.” observed
that exposure to a virulent HS5NI1 strain A/Viet-
nam/1203/2004 by intra-gastric gavage did not lead to dis-
ease and did not generate an antibody response, whereas
ferrets that experienced a more natural exposure by being
fed contaminated meat developed severe signs of infection.

In this study we further assessed the disease profile of
H5N1 following a natural oral exposure in the ferret
model. To achieve this inoculation condition, conscious
ferrets voluntarily consumed a liquid inoculum of H5NI1
HPAI strain A/Vietnam/1203/2004. As a comparison
anesthetised ferrets were exposed by intranasal administra-
tion of inoculum and the ensuing disease profiles of the
different routes of infection were compared.

Materials and methods

Eight ferrets per group were inoculated with 10° egg infec-
tious dosesy of A/Vietnam/1203/2004 in a volume of
500 pl that was given to the nares of anaesthetized ferrets
to establish a total respiratory tract (TRT) infection or vol-
untarily consumed by conscious ferrets to establish an oral
infection. Ferrets were culled at a predetermined humane
endpoint that was defined as either a > 10% weight loss
and/or evidence of neurological signs, discussed in'% ani-
mals that did not reach the humane endpoint were euthan-
ased on day 14 after challenge. Nasal washes and oral
swabs collected during the course of infection and organ
homogenates were assessed for the presence of replicating
virus by growth in embryonated-chicken eggs; viral loads
were determined by titration on Vero cells and expressed
as TCIDs,. Tissue samples were fixed with formalin and
embedded in paraffin for sectioning. Viral lesions were
identified by hematoxylin and eosin staining of the sections
and the presence of viral antigen in the sections was deter-
mined by staining with antibody to influenza A nucleopro-
tein. Pre- and post-exposure antibody responses were
assessed by hemagglutination-inhibition assays using irradi-
ated A/Vietnam/1203/2004 virus.

Results

The majority (75%) of ferrets infected by the TRT route
rapidly became inactive, developed severe disease, and were
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Figure 1. Percentage of ferrets that survived infection after oral or TRT
infection. Ferrets were exposed to A/Vietnam/1203/2004 by the total
respiratory tract (TRT) route (circles) or the oral route (triangles). The
percentages of ferrets that survived infection are indicated at each day
following challenge.

euthanased at the humane endpoint following infection
(Figure 1). Ferrets infected orally had an improved chance
of survival, as only 25% of animals developed severe
disease (Figure 1), and the surviving ferrets were more
active than ferrets infected by the TRT throughout the
stage of acute infection (data not shown). The improved
survival rate and wellbeing of ferrets infected orally was not
a result of poor infection rates by this route, as 5 of 6 sur-
viving ferrets developed H5 specific antibodies by day 14
post-infection, and they did not have pre-existing antibod-
ies to H5N1 (data not shown).

The two ferrets that developed severe disease after oral
infection had similar disease profiles to ferrets infected by
the TRT route; they both progressed to a > 10% weight
loss and exhibited neurological signs (data not shown).
Viral loads in organs of these two ferrets confirmed dis-
semination to extra-pulmonary sites (Table 1): replicating
virus was detected at high titres in the spleen, pancreas,
liver, and brain. Similar findings were recorded in ferrets
with TRT infections in this study (not shown) and else-
where."’

Viral load in nasal washes and oral swabs taken at days
3, 5, and 7 post-infection by the oral route did not corre-
late with the development of severe disease, and virus was
isolated only sporadically and at low titre from the naso-
pharynx of these animals (data not shown). Interestingly,
the two ferrets with severe disease after being infected
orally had no detectable viral antigen or lesions in the
olfactory epithelium and bulb (Table 1), whereas 5 of 6 fer-
rets culled after infection by the TRT route had lesions and
viral antigen in both the olfactory epithelium and bulb
(data not shown).
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Table 1. Profile of viral replication and antigen in tissues of ferrets experiencing severe disease following oral infection

Viral titre

Tissues (log10TCIDs50/100 pl) Lesion Antigen

Ferret No. 1 2 1 2 1 2
Nasal Turbinates - 3-00 - - - -
Pharyngeal lymph node <2:5P = + + + +
Olfactory epithelium ND? ND - - - -
Olfactory bulb ND ND - - - -
Trachea <25 - - ND - ND
Lung = <25 + + = +
Spleen 375 - + + - +
Small intestine - - - - - +
Pancreas - 3:50 + - + +
Liver 425 4-75 + + + +
Brain (cerebrum) 5:25 5-50 + + + +

Not done, PLow viral titres < log;02-5TCIDso, +Lesion/antigen present, —No lesion/antigen/virus detected.

Discussion

Ferrets exposed orally were more likely to survive H5N1
infection than ferrets exposed to the same dose of virus by
the TRT. The improved survival rates that were observed
after an oral infection could be a consequence of low-level
viral replication in the upper respiratory tract in combina-
tion with delivery of a substantial portion of the inoculum
directly to the stomach where it may have been inactivated
by the harsh environment of the gastro-intestinal tract.''
Most ferrets infected orally developed an H5-specific anti-
body response which differs from the studies of Swayne
et al.® in which ferrets gavaged with a liquid inoculum nei-
ther developed signs of disease nor an antibody response.
However Swayne et al. administered virus to anaesthetized
ferrets by gastric gavage that would have bypassed the oro-
pharynx. In our study virus was administered to the oral
cavity directly and would have had access to the orophar-
ynx. Low level of replication at this site may have been suf-
ficient to trigger an antibody response.

The two ferrets that developed severe disease following
oral infection had a similar profile of viral dissemination as
ferrets infected by the TRT route. Differences were seen in
the olfactory epithelium and bulb as lesions, and viral anti-
gen did not occur in these sites following oral infection,
although cerebral involvement was identified. One route of
dissemination of H5N1 into the CNS may be by transport
within nerves through the olfactory bulb into the cere-
brum.'? Due to the absence of lesions and antigen in these
sites following oral infection the spread of virus into the
brain in these two animals may be occurring through
involvement of other cranial nerves or the hematagenous
routes.
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Introduction

The pandemic potential of highly pathogenic H5N1 influ-
enza viruses remains a serious public health concern.
While the neuraminidase (NA) inhibitors are currently
our first treatment option, the possibility of the emer-
gence of virulent and transmissible drug-resistant H5N1
variants has important implications. Clinically derived
drug-resistant viruses have carried mutations that are NA
subtype-specific and differ with the NA inhibitor used.'
The most commonly observed mutations are H274Y and
N294S in the influenza A N1 NA subtype (N2 numbering
here and throughout the text); E119A/G/D/V and R292K
in the N2 NA subtype; and R152K and D198N in influ-
enza B viruses.” H5NI influenza viruses isolated from
untreated patients are susceptible to the NA inhibitors
oseltamivir and zanamivir,” although oseltamivir-resistant
variants with the H274Y NA mutation have been reported
in five patients after®> or before® drug treatment; and the
isolation of two oseltamivir-resistant H5N1 viruses with
N294S NA mutation from an Egyptian girl and her uncle
after oseltamivir treatment were described.® The impact of
drug resistance would depend on the fitness (i.e., infectiv-
ity in vitro, virulence, and transmissibility in vivo) of the
drug-resistant virus. If the resistance mutation only mod-
estly reduces the virus’ biological fitness and does not
impair its replication efficiency and transmissibility, the
effectiveness of antiviral treatment can be significantly
impaired.

Materials and methods

The recombinant wild-type HS5NI1 influenza A/Viet-
nam/1203/04 (VN-WT), A/Turkey/15/06 (TK-WT)
viruses, and oseltamivir-resistant viruses with H274Y NA
mutation (VN-H274Y and TK-H274Y) were generated by

using the 8-plasmid reverse genetics system. Susceptibility
to NA inhibitors was tested by using a fluorescence-based
NA enzyme inhibition assay with MUNANA substrate at a
final concentration of 100 um. Viral fitness was studied in
vivo in a ferret model: groups of three ferrets were lightly
anesthetized with isoflurane and inoculated intranasally
with VN-WT, VN-H274Y, or mixtures of the two at a dif-
ferent ratios at a dose of 10> PFU in 0-5 ml PBS; they were
inoculated with TK-WT, TK-H274Y, or mixtures of the
two at a different ratios at a dose of 10° PFU in 0-5 ml
PBS. Respiratory signs (labored breezing, sneezing, wheez-
ing, and nasal discharge), neurologic signs (hind-limb pare-
sis, ataxia, torticollis, and tremor), relative inactivity index,
weight, and body temperature were recorded daily. Virus
replication in the upper respiratory tract (URT) was deter-
mined on days 2, 4, and 6 p.i. The competitive fitness (i.e.,
co-inoculation of ferrets with different ratios of oseltami-
vir-resistant and -sensitive H5N1 viruses) was evaluated by
the proportion of clones in day-6 nasal washes that
contained the H274Y NA mutation. NA mutations were
analyzed by sequence analysis of individual clones
(~20 clones/sample) created by ligation of purified PCR
products extracted from nasal wash samples into a TOPO
vector.

Results

Introduction of the H274Y NA mutation conferred high
resistance to oseltamivir carboxylate in vitro; the mean ICs,
of the VN-H274Y and TK-H274Y viruses was 3375 and
1208 times, respectively, that of the corresponding wild-
type viruses. The oseltamivir ICs, of the TK-WT virus was
~16 times that of the VN-WT virus. All four recombinant
H5NI1 viruses were susceptible to zanamivir. Introduction
of the H274Y NA mutation reduced ~90% and 60% of
the NA activity of VN-H274Y and TK-H274Y viruses,
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respectively, as compared to the wild-type virus activity
(P < 0:01; two-tailed t-test).

All ferrets inoculated with either VN-WT or VN-H274Y
virus exhibited acute disease signs (high fever, marked
weight loss, anorexia, extreme lethargy), rapid progression,
and death by day 6-7 p.i., and no differences in clinical
signs and replication in the URT of ferrets were observed
between wild-type and oseltamivir-resistant  viruses
(Table 1). Both of the TK viruses caused milder illness than
did the VN viruses, despite a much higher dose (10°
PFU/ferret), and the TK-H274Y virus caused less weight
loss and fever than the TK-WT virus (Table 1).

However, competitive fitness experiments revealed a
disparity in the growth capacity of VN-H274Y and
TK-H274Y viruses as compared to their wild-type counter-
parts: clonal analysis established the uncompromised fitness
of VN-H274Y virus and the impaired fitness of TK-H274Y
virus (Table 2). Although, the trend towards an increase/-
decrease in the frequency of the H274Y NA mutation rela-
tive to the wild-type was statistically significant (P > 0-05)
for two studied groups only. Mutations within the NA cat-
alytic (R292K) and framework (E119A/K, 12221, H274L,
N294S) sites or near the NA active enzyme site (V116],
1117T/V, Q136H, K150N, A250T) emerged spontaneously
(without drug pressure) in both pairs of viruses (results
not shown). The NA substitutions 1254V and E276A could
exert compensatory effect on the fitness of VN-H274Y and
TK-H274Y viruses.

Options for the control of influenza VII |

Discussion

The lethality and continuing circulation of H5N1 influenza
viruses warrants an urgent search for an optimal therapy.
Our results showed that the H274Y NA mutation affects
the fitness of two H5NI influenza viruses differently: the
oseltamivir-resistant A/Vietnam/1203/04-like virus outgrew
its wild-type counterpart, while the oseltamivir-resistant
A/Turkey/15/06-like virus showed less fitness than its
wild-type counterpart.

We used a novel approach to compare the fitness of
oseltamivir-sensitive and -resistant influenza viruses that
included analysis of virus—virus interactions within the host
(competitive fitness) during co-infection with these viruses.
Although mixed populations were present in the URT of
ferrets on day 6 p.i., the fitness of VN-H274Y virus was
uncompromised as compared to that of its drug-sensitive
counterpart, while that of TK-H274Y virus was impaired. A
minor population of NA inhibitor-resistant variants may
gain a replication advantage under suboptimal therapy in
two ways: (i) preexisting variants less sensitive to the drug
are selected from the quasispecies population, leading to an
increase of the number of resistant clones, and (ii) out-
growing variants may acquire additional compensatory
mutations that enhance their fitness. It is possible that use
of antiviral drugs (particularly at suboptimal concentration)
against mixtures of oseltamivir-resistant and sensitive
viruses will promote the spread of drug-resistant variants

Table 1. Pathogenicity of oseltamivir-sensitive and -resistant recombinant H5N1 influenza viruses in ferrets

Nasal wash titer (log4oEIDso/ml,

No. showing indicated signs(s)/total no mean = SD)
Temperature
. . Weight loss increase, Respira- tory  Neurologic
H5N1 virus or mixture (%, mean = SD)  (°C, mean = SD)  signs signs 2 4 6
A/Vietnam/1203/04"
VN-WT 223 + 67 14+ 19 3/3 2/3 T 49+12 42 £ 12
VN-H274Y 229+ 1-0 21 £ 04 3/3 1/3 33" 52+08 53x17
10%VN-WT: 90% VN-H274Y 219 + 4-2 2:0+ 03 3/3 1/3 28" 38+04 45+10
50%VN-WT: 50% VN-H274Y 175+ 17 19+ 05 3/3 1/3 28" 40+£04 44+10
90%VN-WT: 10%VN-H274Y 193 + 52 22 + 05 3/3 1/3 f 38+06 35+03
A/Turkey/15/06"""
TK-WT 167 + 58 2:8 + 0-8 1/3 0/3 29+ 03 35+ 12 1-8 + 07
TK-H274Y 4-8 + 50 (o7 0/3 0/3 28+ 00 18+07 2313
50%TK-WT: 50% TK-H274Y 64 + 33 18+ 05 0/3 0/3 41+ 05 32+ 06 21+ 10
90%TK-WT: 10% TK-H274Y 192 + 22 24 £ 05 1/3 0/3 36+ 11 28+ 04 24+03

“Ferrets in all groups inoculated with A/Vietnam/1203/04 virus died by day 6-7 p.i. and were observed once daily for 7 days.

“"Results obtained from one ferret.

“Ferrets in all groups inoculated with A/Turkey/15/06 virus survived the infection and were observed once daily for 14 days.

"below lower limit of detection (<0-75 logsoEIDso/ml).
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Table 2. Sequence analysis of virus populations in the inoculum and in inoculated and co-inoculated ferrets

In inoculum H274Y no clones/total no. (%) in ferret nasal washes on day 6 p.i.
Mean
H274Y no. Other H274Y
. . clones/total mutations frequency
H5N1 virus or mixture no. (%) (%) Fi#1 F#2 F#3 (%)
A/Vietnam/1203/04
VN-WT 0/18 (0) [1117T (6) 0/20 (0) 0/20 (0) 0/20 (0) 0
VN-H274Y 20/20 (100) - 20/20 (100) 18/20 (90) 20/20 (100) 97
10%VN-WT : 90% VN-H274Y 20/30 (67) K150R (3) 15/20 (75) 15/20 (75) 18/20 (90) 80
50%VN-WT : 50% VN-H274Y 15/30 (50) - 14,20 (70 13/20 (65 16/20 (80) 72
90%VN-WT : 10%VN-H274Y 2/30 (7) - 11/20 (55) 10/20 (50) 10/20 (50) 53"
A/Turkey/15/06
TK-WT 0/20 (0) - 0/20 (0) 0/18 (0) 0/20 (0) 0
TK-H274Y 20/20 (100) N294G (5) 8/20 (40) 14/18 (78 5/20 (25 48
50%TK-WT : 50% TK-H274Y 6/20 (30) - 5/38 (1 3) 1/24 (4) 3/34 (9) 9"
90%TK-WT : 10% TK-H274Y 2/20 (10 - 4/22 (18 1/26 (4) 0/26 (0) 7

—, no neuraminidase mutations were detected. F, ferret.
“P < 0:05, unpaired two-tailed t-test with Welch's correction.

by inhibiting drug-sensitive variants that are competing
with them for the dominance in the infected host.

The influence of multiple genes on the fitness of viruses
carrying H274 NA mutation cannot be excluded. In our
study we focused on additional NA mutations, and
sequence analysis of individual NA clones ” was done to
identify potential host-dependent and compensatory NA
mutations. We found that the NA mutations E119A and
N294S, which confer cross-resistance to oseltamivir and za-
can emerge spontaneously in clade 2.2 H5NI1
influenza virus in ferrets. Further, we observed that muta-
tions at NA catalytic (R292K) and framework (I222L and
N294S) sites and in close proximity to the NA enzyme
active site (V116I, 1117T/V, QI136H, KI50N, A250T)
emerged without drug pressure in both pairs of H5NI1
viruses. Compensatory mutations in NA or other genes

. . 1,2
namivir,

may mitigate any fitness cost imposed by resistance muta-
tions. Our study identified six potential compensatory NA
changes (D103V, F132S, 1254V, E276A, H296L, and F466S)
that may affect the fitness of viruses with the H274Y NA
mutation. We suggest that NA mutations at residues 1254V
and E276A are of importance. Interestingly, we observed
differences in predominance of 1254V and E276A NA
mutations in different genetic backgrounds: 1254V muta-
tion was identified in A/Vietnam/1203/04 (H5NI1)-like
and E276A in A/Turkey/15/06 (H5N1)-like genetic back-
ground. Moreover, 1254V NA mutation was identified only
when ferrets were inoculated with the mixtures of VN-WT
and VN-H274Y viruses, but not in ferrets inoculated with
VN-H274Y virus. None of the potential compensatory NA

mutations was identified in the original inoculum used to
infect ferrets. The H274Y NA mutation causes a large shift
in the position of the side chain of the neighboring E276
which must form a salt bridge with R224 to
accommodate the large hydrophobic pentyl ether group of
oseltamivir. Residue 1254 is located near the NA active site,
and although it does not alter polarity, it results in a

residue,®

shorter side-chain and, thus, may indirectly affect the resi-
dues in the NA active site.

We suggest that antigenic and genetic diversity, viru-
lence, the degree of NA functional loss, and differences in
host immune response and genetic background can con-
tribute to the observed differences in the fitness of H5N1
influenza viruses. Therefore, the risk of emergence of drug-
resistant influenza viruses with uncompromised fitness
should be monitored closely and considered in pandemic
planning.
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Abstract

We speculate that there are two unique characteristics that
explain the long action of CS-8958: one is a stable binding
of its active metabolite laninamivir to neuraminidase of
influenza virus; another is the long lasting effect of lani-
namivir in the respiratory tract after intranasal administra-
tion of CS-8958. In this manuscript, we report that the
stable binding of laninamivir to pandemic (HIN1)2009
virus was also confirmed. In addition, the hypothetical
mechanism of the long lasting characteristics in mouse
respiratory tract based on the localization of the enzyme
hydrolyzing CS-8958 to laninamivir is presented.

Introduction

Laninamivir (R-125489) is a strong NA inhibitor against
various influenza viruses, including oseltamivir-resistant
viruses."® We discovered a single intranasal administration
of laninamivir octanoate (CS-8958), a prodrug of laninam-
ivir, showed a superior anti-virus efficacy in mouse and
ferret infection models compared to repeated administra-

tion of oseltamivir and zanamivir.>*’ This suggested that
CS-8958 works as a novel long-acting NA inhibitor of
influenza virus in vivo. A single inhalation of CS-8958
proved noninferiority in adult patients® and significantly
superior in child patients,” compared to an approved dos-
age regimen of oseltamivir for treatment. CS-8958 has
been commercially available as an inhaled drug, Inavir®,
for the treatment of influenza in Japan since October
2010.

The long-acting characteristics of CS-8958 are explained
by several reasons. First, CS-8958 was quickly hydrolyzed
to an active metabolite, laninamivir, after an intranasal
administration to mice, and was retained for a long time as
laninamivir in target organs, such as lung and trachea.'’
However, with an intranasal administration of laninamivir,
it disappeared quickly and did not demonstrate its long-
lasting characteristics.'"” Another reason is a strong binding
of laninamivir to NAs of seasonal influenza viruses com-
pared to other three NA inhibitors, oseltamivir carboxylate,
zanamivir, and peramivir.’

In the following, the tight-binding ability of laninamivir
to pandemic (HIN1)2009 NA, as well as to the seasonal
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influenza virus NAs, was demonstrated. In addition, we
present a hypothesis of the mechanism of the long-lasting
property of CS-8958 in mouse based on a localization of
an enzyme that hydrolyzes CS-8958 to laninamivir.

Materials and methods

Binding stability of NA inhibitors to virus NAs
The influenza viruses, pandemic(H1N1)2009 (INF139),
A/New Caledonia/20/99 (HIN1), A/Panama/2007/99
(H3N2), and B/Mie/1/93 were treated with excess NA
inhibitors, such as oseltamivir carboxylate, zanamivir, per-
amivir, and laninamivir, and then unbound NA inhibitors
were removed from the mixtures with a Bio-Spin column
Bio-Gel P-6 (Bio-Rad Laboratories, Hercules, CA, USA).
The NA substrate, 4-methylumbelliferyl-N-acetyl-o-D-neu-
raminic acid (nacalai tesque, Japan) was added to the
virus-NA inhibitor complex, and the NA activities were fol-
lowed for 6 hours at room temperature by measuring the
fluorescence at an excitation wavelength of 360 nm and an
emission wavelength of 460 nm.

CS-8958 hydrolyzing enzyme

The enzyme which hydrolyzes CS-8958 to laninamivir was
partially purified from rat lungs using ion exchange column
chromatography, and almost all bands separated by an SDS-
polyacrylamide gel electrophoresis were identified by mass
spectrometry. The gene expression profiles of the enzyme
were investigated by the BioExpress database (GeneLogic
Inc., Gaithersburg, MD, USA). The enzyme gene cloned
from mouse lung mRNA was transiently expressed in COS
cells. Antiserum to the esterase was prepared by immunizing
rabbits, and immunostaining was done using HistoMouse-
TM-MAX kit (Invitorgen Corp., Carlsbad, CA, USA)
according to the manufacturer’s manual.

Results

Binding stability of NA inhibitors to the four viruses are
shown in Figure 1. Considerable differences in the dissocia-
tion rates of the NA inhibitors among the four test virus
strains were observed. Binding stabilities of four NA inhibi-
tors to pandemic(H1N1)2009 INF139 were similar to those
of the seasonal HINI virus, A/New Caledonia/20/99
(HIN1). Laninamivir bound to NAs of HINI1 and B
viruses more stably than three other NA inhibitors. NA
activity of H3N2 virus was severely inhibited by all test NA
inhibitors.

The enzyme that hydrolyzes CS-8958 to laninamivir in
rat lungs was identified as carboxyesterase. This esterase
was shown to be expressed in epithelial cells of rat lung by
in situ hybridization."" The mouse homolog of the rat

A/New Caledonia/20/99 (HIN1) pandemic(HINT)2009 (INF139)
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Figure 1. Difference of binding stabilities of various NA inhibitors to
influenza virus neuraminidases. The NA substrate was added to the
influenza virus-NA inhibitor complex (oseltamivir carboxylate, B;
zanamivir, [J; peramivir, O; laninamivir, ; distilled water, #), and the NA
reaction was followed for 360 minutes. The background (only the NA
substrate [A]) is also shown. A part of data from.”

esterase was carboxylesterase 3 (CES3). The mRNA of the
mouse CES3 was shown to be highly expressed in lung and
liver by the gene expression profile, and CES3 was also
found to contain signal sequences for retention in endo-
plasmic reticulum (ER) and Golgi at the C-terminus. The
cloned CES3 gene and the CES3 gene lacking the signal
sequence were exogenously expressed in the COS cells. The
CS-8958-hydrolyzing activity associated with the COS cells
expressing CES3 was recovered from the culture sup of the
COS cells expressing CES3 lacking the retention signal
sequence. Localization of CES3 was immunohistologically
confirmed inside the airway epithelium cells of mice, which
are the target cells for influenza virus infection.

Conclusions

The long acting property of intranasal administration of
CS-8958 in mice can be explained both by the long reten-
tion of laninamivir in the respiratory tract and by the sta-
ble binding of laninamivir to influenza virus NA. Again,
stable binding of laninamivir to NA of pandemic
(H1N1)2009 virus was also observed similar to that of sea-
sonal HIN1 virus.

The following are speculated as the mechanisms for the
long-lasting characteristics of CS-8958 in mice. We explain
the mechanism by clarifying a CS-8958 hydrolyzing enzyme
and its localization inside cells. The hypothesis of the
mechanism is presented in Figure 2. Briefly, hydrophilic
laninamivir may not enter easily inside cells, whereas
hydrophobic CS-8958 may enter inside cells. CES3 with
ER/Golgi retention signal hydrolyzes octanoate of CS-8958
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Figure 2. Hypothesis of the mechanism of long-lasting and long-acting
characteristics of intranasally administered CS-8958 in mouse respiratory
tract. (A) Mainly hydrophilic zanamivir and laninamivir will not enter into
cells due to their hydrophilic property, and they disappear quickly from
the air way. Therefore, twice daily inhalation for 5 days is required for
zanamivir. (B) Major portion of CS-8958 will associate with the cell
membrane via the hydrophobic moiety. (C) Cell associated CS-8958 will
move to endoplasmic reticulum (ER)/Golgi by an unknown mechanism.
(D) Carboxylesterase 3, the active site of which faces inside ER/Golgi,
hydrolyzed octanoate of CS-8958 to generate laninamivir. (E) Once
generated, laninamivir acquires a hydrophilic property, so that it is difficult
to leak outside the ER/Golgi. (F) NA is a glycoprotein that matures in the
ER/Golgi, where NA meets laninamivir to efficiently make a complex.
Laninamivir binds NA stably. (G) NA-laninamivir complex moves to the
cell membrane to assemble progeny viruses.

to generate the hydrophilic drug, laninamivir, and then it
is trapped inside ER/Golgi because of its high hydrophilic-
ity. The glycoprotein, NA, which matures in ER/Golgi,
meets laninamivir there and efficiently makes a stable com-
plex with it.

There are some questions that remain. How does CS-
8958 move from the cell membrane to ER/Golgi? Is lani-
namivir indeed trapped inside ER/Golgi, and does it make

Options for the control of influenza VII |

a complex with NA in mice? We are now making an
attempt to clarify these concerns.
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Abstract

Introduction Influenza viruses continue to pose a severe
threat worldwide, causing thousands of deaths and enor-
mous socio-economic loss. The recent emergence of a
novel pandemic influenza HIN1 (2009) strain has demon-
strated the rapid and unpredictable nature of influenza
virus evolution and demands effective therapeutics and vac-
cines to control such outbreaks. In view of this, antiviral
approaches with novel mechanisms of action are required
to combat resistant influenza strains.

Objectives Our study aimed to determine the toxic con-
centrations of the newly synthesized compounds on madin-
darby canine kidney (MDCK) cells and thereby assess their
median effective dose able to inhibit the virus propagation
in the cells.

Materials and methods We performed in vitro studies to
evaluate the activity of two newly synthesized chemical
compounds against the pandemic influenza HIN1 (2009)
virus. MDCK cell line was used for studying the antiviral
activity of the compounds. Inhibition of the virus by these
novel compounds was also analyzed by cell viability assays,
viral plaque assay, real time RT-PCR, and western blotting.

Results The percentage cell viability of the viral infected
MDCK cells increased by 52% and 45% in the presence of
MeUH and FLH, respectively, and by 60% when used in
combination. The real time RT-PCR and immunoblotting
showed 50% inhibition in expression of the HA gene of
the virus.

Discussion Our study shows these novel compounds to
possess potent antiviral activity, which could be used as
potential therapeutic agents for prevention and treatment
of influenza virus infection.

Introduction

Influenza viruses cause the most prevalent respiratory
tract infection in humans. Every year, almost 10-20% of

the world population suffers from influenza virus. The
recent emergence of a novel pandemic influenza HINI
(2009) strain has caused massive destruction on the
socio-economic front and has raised the pandemic alarm
all over the world.'"” The pandemic influenza HINI
(2009) strain is the first example of triple reassortment
of virus capable of human to human transmission. The
two surface proteins, haemagglutinin (HA) and neur-
aminidase (NA), are of swine influenza virus origin, but
the other internal genes of the virus have originated from
influenza viruses of swine, avian, and humans.* Such
outbreaks caused by the emergence of novel influenza
viruses call for effective therapeutics, vaccines, and antivi-
ral strategies for efficient control for treating patients
with virus infection. Also, the newly emerging drug resis-
tant strains have posed serious problems in the imple-
mentation of effective therapeutic strategies. Thus, there
is an urgent need for the development of newer and
effective drugs to combat with the changing patterns of
the influenza virus.

In our study, we have explored the antiviral potential
of two newly synthesized compounds to provide protec-
tion against the novel pandemic influenza virus HINI
(2009) strain. The compounds were reconstituted in dim-
ethylsulphoxide (DMSO), and so the initial studies began
with cytotoxicity determination of solvent on uninfected
and untreated madin-darby canine kidney (MDCK) cells.
On obtaining an upper limit for DMSO, the compounds
were tested for estimation of their maximum non-toxic
dose to the MDCK cells. Thereafter, the effective dose of
the compounds was evaluated and validated by a number
of assays and gene expression profiling at both nucleic
acid and protein level. We found that these newly syn-
thesized compounds possess potent inhibitory activity
towards the novel pandemic influenza HINI1 (2009)
virus. These findings are being evaluated in vivo for a
better understanding of their inhibitory capabilities and
also their effect on the host metabolism. This will be
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required in the course of development of new drugs for
use in the prophylaxis and treatment against the influ-
enza virus.

Materials and methods

Cell culture

The MDCK cell line (from NCCS, Pune) was maintained
in 1X DMEM media (Sigma, St. Louis, MO, USA) supple-
mented with 10% Fetal Calf Serum and antibiotics viz. 100
unit/ml penicillin and 100 pg/ml streptomycin at 37°C/
5% CO,.”

Inhibitors

The synthesized compounds used in this study were kindly
provided by the Department of Chemistry, University of
Delhi, Delhi, India.

Virus stocks

The pandemic influenza HIN1 (2009) virus was isolated
and propagated in the allantoic cavities of embryonated
chicken eggs during the pandemic period. The virus stocks
were prepared and stored at —80°C.

Plaque assay

Plaque assay was performed as previously described by
Hui ef al., 2003.° Briefly, 0-5 % 10° MDCK cells/ml were
seeded in six-well plates and maintained in DMEM for
24 hours at 37°C/5%CO,. The monolayer of the cells was
inoculated with serially diluted virus samples for 45 min-
utes at 37°C/5%CO,. Subsequently, a mixture of agar
overlay was added, and the plates were incubated at 37°C
for 5 days or until formation of plaques. The plaques
were visualized after removal of the agar plug and stain-
ing with 0-1% crystal violet or neutral red solution. The
virus titre was expressed as plaque forming unit (PFU)
per milliliter.

Cytotoxicity screening of compounds

The in vitro cytotoxicity analysis was performed to deter-
mine the 50% cytotoxic concentration (CCsy) of the
compounds on MDCK cells. The compounds were dis-
solved in dimethylsulfoxide (DMSO), and so a prior
cytotoxicity analysis was performed to determine the
toxic concentration of DMSO on the cells. Various con-
centrations of compounds were mixed with DMEM con-
taining 1% FCS before addition to the preformed
monolayer of MDCK cells in 96-well plates. A series of
suitable controls for in wvitro CCs, determination was
included in every plate, and the plates were incubated in
the optimum environment for MDCK cell culture. The
CCsy of test compounds was analyzed by estimation of
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percentage cell viability of the compound- and mock-
treated MDCK cells by performing a colorimetric assay
using tetrazolium salt 3-(4, 5-dimethylthiazol-2-yl)-2, 5-
diphenyl tetrazolium bromide (MTT) at end-point of
48 hours post-incubation.

Cell viability assay

The assay was performed as described by Mosman 1983.7
Briefly, MTT stock at a concentration of 0-5 mg/ml was
prepared in 1x PBS. The media was aspirated from the
wells and 100 ul of MTT dye from the stock was added to
each well. Following incubation at 37°C/5% CO, for 2—
4 hours, the dye was very carefully removed from the wells,
and the cells were incubated with 100 ul of stop solution
(DMSO) per well at 37°C/5% CO, for 1 hour. The absor-
bance of the supernatants from each well was measured at
540 nm, and the percentage cell viability was calculated.

TCIDs, of virus

Madin-darby canine kidney cells were maintained overnight
in a 12-well tissue culture plate at 37°C/5% CO,. The cells
were inoculated with various virus dilutions at 37°C/5%
CO, for 45 minutes and observed for cytopathic effect
(CPE). The media from the experimental wells were aspi-
rated after 48-72 hours of infection and were subjected to
plaque assay. The percentage cell viability was determined
by performing MTT assay. The results of both these tests
were used to assess TCIDs, of the virus.

Estimation of antiviral activity of compounds

The pre-formed monolayer of MDCK cells was inoculated
with the 10-fold dilution corresponding to TCIDs, of the
virus for 1 hour at 37°C/CO,. The experimental setup
included control wells for the cells, virus, and compound.
Meanwhile, the concentrated stocks of the synthesized
compounds were diluted with DMEM (with1% FCS) to
various concentrations within their respective CCs, ranges.
One hour post-infection, the cells were incubated with
these diluted solutions. The cells were observed at various
time intervals post-inoculation for CPE, and 200 pul media
was collected from each experimental well for performing
hemagglutination test. After 48 h, the media was collected
for plaque assay and the cells were subjected to MTT cell
viability assay.

Real time PCR

Preformed monolayers of MDCK cells were infected with
virus and treated with the respective inhibitory concentra-
tion of the compounds. Forty-eight to 72 hours post-incu-
bation, total cellular RNA was isolated using Ribozol
(Amresco, Solon, OH, USA) and treated with 50 pg/ml of
DNase (Promega, Madison, USA). The concentration and
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quality of the RNA from each well were determined by
measuring their absorbance at 260 and 280 nm. One
microgram of the cDNA synthesized from each RNA sam-
ple was used for SYBR green-based real-time PCR detection
of the HA gene of pandemic influenza HIN1 (2009) virus.
As a control, human glyceraldehyde-3-phosphate dehydro-
genase (hGAPDH) was also amplified using gene specific
primers.®’

Immunoblotting

Immunoblotting was performed to further validate the
antiviral potential of the compounds. The experimental
protocol was the same as for real time RT-PCR analysis.
The cells were harvested 48 hours post-treatment with the
compounds to prepare whole cell lysates in mammalian cell
lysis buffer [0-1 m NaCl, 0-01 m Tris Cl (pH 7-6), 0-:001 m
EDTA (pH 80), 1m m protease inhibitor cocktail,
100 ug/ml PMSF]. The protein concentration was deter-
mined by BCA protein assay. The cell lysates were fraction-
ated on 12% polyacrylamide for western blotting. The blot
was developed using sheep monoclonal antibody (Santa
Cruz Biotechnology, CA, USA) against HA protein of influ-
enza virus and horseradish peroxide conjugated rabbit-anti
sheep IgG (1:1000 dilutions) as secondary antibody."®

A MDCK cells ] B Virus infected MDCE
(Untreated/uninfected) cells (mock treated)

C MDCK cells + Virus D MDCEK cells + Virus
+ compd. MeTTH +compd. FLH

E MDCEK cells + Virus
+MeUH +FLH

Figure 1. Compounds showing potent antiviral effect on the pandemic
influenza HIN1 (2009) virus propagation in madin-darby canine kidney
cells.

MeUH FLH MeUH +
FLH

..

e et S— Vo

Control

HA

GAPDH

Figure 2. Decreased expression of HA protein of pandemic influenza
HIN1 (2009) virus as seen through immunoblotting.

Results

Fifty percent cytotoxic concentration (CCsg)
The median cytotoxic concentration for compound MeUH
came out to be 150 um, and that for FLH was 160 um.

Reduced cytopathic effect (CPE)

Compounds showing potent antiviral effect on the pan-
demic influenza HIN1 (2009) virus propagation in madin-
darby canine kidney cells (Figure 1).

Plaque assay

The viral titres remained constant in cells treated with the
compounds, while they increased in the untreated virus
infected cells.

Median effective dose (EDs5)

EDs for the compounds MeUH and FLH were 150 and
160 pum, respectively. Fifty-two percent (MeUH) and 45%
(FLH) inhibition against the pandemic influenza HINI1
(2009) virus was achieved using EDs, of the test com-
pounds.

Inhibition of viral gene expression
Both the compounds were able to reduce the RNA levels of
the HA gene by approximately 40-45%, whereas approxi-
mately 50% inhibition was seen when both the compounds
were used in combination. Similar results were obtained by
the immunoblotting analysis (Figure 2).

Discussion

Antiviral therapy has shown to be a promising tool in the
management of various respiratory diseases, including those
caused by influenza viruses. We have already shown inhibi-
tion of influenza virus replication in our earlier studies
using catalytic nucleic acids,'" which can be used as an
approach in the development of new therapeutic strategy.
These therapies are very useful as the influenza virus
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vaccines need annual renewals due to frequent genetic
drifts in the viral surface proteins. In pandemic situations
the existing vaccines do not provide complete protection
against the novel virus as the population generally remains
naive for the newly mutated surface antigens. The antiviral
drugs play an important role in the control of novel viral
strains for which there are no vaccines available. However,
the key obstruction in the extensive use of antiviral drugs is
their cost and relative therapeutic efficacy provided. Two
classes of drugs were being used for treatment and control
of the influenza virus infection in humans, the M2 ion-
channel blockers'*'"? (amantadine and rimantadine), which
prevent viral uncoating, and the neuraminidase inhibi-
tors'*'®> (zanamivir and oseltmivir), which prevent the
release of influenza virions from the cytoplasmic membrane.
But widespread resistance to these antiviral drugs'®'” has
limited their use. Thus, novel drugs are required for the
effective therapy against the emerging strains of influenza
virus.

The novel chemical compounds used in our study were
tested for their antiviral efficacy against the pandemic
influenza HIN1 (2009) virus. A reduction in the CPE in
compound treated virus infected MDCK cells indicated
presence of antiviral activity in chemical compounds. The
persistence of constant viral titers in the compound trea-
ted cells provided evidence for the interference posed by
the compounds in the replication of influenza virus. Inhi-
bition in the HA gene expression further validated our
hypothesis for the antiviral effect of compounds. The effi-
cacy of these compounds in animal models is currently
being validated in our laboratory. Further, molecular stud-
ies are required to ameliorate the awareness regarding the
mode of action of these chemical compounds against the
viruses.
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Abstract

Antiviral drugs play an essential role in managing infec-
tions caused by seasonal and pandemic influenza viruses.
Due to the high prevalence of damantine resistance among
seasonal influenza A viruses circulating in certain geo-
graphic regions, neuraminidase inhibitors (NAls) are pres-
ently the only effective antiviral drugs for treatment and
chemoprophylaxis of both seasonal and pandemic influenza
infections. NAI susceptibilities of virus isolates collected
during the 20082009 influenza season were assessed in the
chemiluminescent neuraminidase inhibition (NI) assay.
Among seasonal influenza A (HIN1) viruses tested, ~90%
were outliers for oseltamivir and harbored the oseltamivir-
resistance conferring H275Y mutation in the neuraminidase
(NA), while only ~1% of pandemic 2009 influenza A
(HIN1) viruses (HIN1pdm) were resistant to oseltamivir.
All influenza A (H3N2) and B viruses were sensitive to
oseltamivir, except for one A (H3N2) virus with D151V
mutation, and an influenza B virus with D197E (D198E in
N2 numbering) mutation in the NA. All viruses were sensi-
tive to zanamivir, except for some seasonal influenza A
(HINI) and A (H3N2) outliers, which had no apparent
changes in the NA besides the cell culture induced muta-
tions at residue D151. All viruses tested for peramivir were
sensitive to the drug, with the exception H275Y variants
among seasonal A (HIN1) and HINIlpdm isolates, which
exhibited reduced susceptibility. This study summarizes
baseline NAI susceptibility profiles of seasonal and pan-
demic influenza viruses and contributes further criteria for
defining resistance to NAIs.

Introduction

Adamantanes (M2 ion channel blockers) and neuramini-
dase inhibitors (NAIs) are two classes of drugs currently
licensed by the US Food and Drug Administration (FDA)
for prevention or treatment of influenza A virus infec-

tions." The effectiveness of adamantanes is, however, com-
promised by resistance among influenza A viruses
circulating in certain geographic areas.”” Two FDA-
approved NAIs, oseltamivir and zanamivir, are presently
the only antiviral drugs effective against seasonal and pan-
demic influenza infections. An investigational NAI, perami-
vir, was recently prescribed in the United States (US) for
treatment of 2009 pandemic influenza HINI infections
under an emergency use authorization* and is now licensed
in ]apan,5 while another, laninamivir, is being developed as
an inhaled prodrug.’

Resistance to NAIs among circulating influenza viruses
was previously low (<1% worldwide).”® However, the
2007-2008 influenza season was marked by a worldwide
emergence of oseltamivir-resistant seasonal influenza A
(HIN1) viruses with the H275Y (H274Y in N2 numbering)
in the NA.”™'* The prevalence of oseltamivir resistance was
even higher in the subsequent 2008-2009 influenza season
with many countries reporting up to 100% oseltamivir
resistance,''® emphasizing the critical need for NAI sus-
ceptibility surveillance of influenza viruses circulating glob-
ally.

This study presents NAI surveillance data of seasonal
influenza A and B viruses collected globally during the
2008-2009 influenza season (October 1, 2008 to September
30, 2009), as well as HINIpdm viruses collected between
April 2009 and September 30, 2009. The study defines
baseline NAI susceptibility patterns of seasonal and pan-
demic influenza viruses, and seeks to contribute further cri-
teria for evaluating NAI resistance.

Materials and methods

Seasonal and pandemic influenza viruses collected globally
between October 1, 2008 and September 30, 2009 were
submitted to the WHO Collaborating Center for Surveil-
lance, Epidemiology and Control of Influenza at the Cen-
ters for Disease Control and Prevention (CDC) in Atlanta,
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Table 1. Neuraminidase inhibitor susceptibility of seasonal and pandemic influenza viruses (2008—2009)

1C50 (nm)*”
Isolates Statistical
NAI Type/Subtype analyzed (n)° Range Mean (+SD) Median  Cutoff™™*
Oseltamivir Seasonal Influenza A (H1N1) H275 wildtype’ 98 0-10-0-49 0-23 + 0-08 0-21 058
Seasonal Influenza A (H1N1) H275Y variants'™ 1431 34:69-1023-68 123-32 + 65-90 105-13 -
2009 Influenza A (H1N1) H275 wildtype 2243 0-05-1-78 0-25 £ 0-11 0-24 0-52
2009 Influenza A (H1N1) H275Y variants 14 54-21-155-00 87-57 + 2553 80-30 -
Influenza A (H3N2) 833 0-:04-1-38 0-24 + 015 0-20 0-74
Influenza B 913 0-59-7-75 341 £ 099 3-38 7-82
Zanamivir Seasonal Influenza A (H1N1) H275 wildtype' 102 0-13-1-03 0-35 + 0-15 0-31 1-05
Seasonal Influenza A (H1N1) H275Y variants'™ 1424 0-07-3-49 051 + 0-27 0-45 -
2009 Influenza A (H1N1) H275 wildtype 2243 0-08-1-03 0-31 + 0-08 0-30 0-69
2009 Influenza A (H1N1) H275Y variants 14 0-27-0-53 0-38 + 0-08 0-36
Influenza A (H3N2) 812 0-22-4-24 123 + 0:80 0-97 4-31
Influenza B 911 0-27-877 3-34 + 1-31 3-27 10:06
Peramivir Seasonal Influenza A (HIN1) H275 Wi/dtypeT 19 0-05-0-17 0-10 + 0-03 010 0-28
Seasonal Influenza A (H1N1) H275Y variants'™ 215 2-46-510-57 3056 + 66-:06 12:95 -
2009 Influenza A (H1N1) H275 wildtype 538 0-03-0-35 0-08 + 0-04 0-07 0-22
2009 Influenza A (H1IN1) H275Y variants 11 81-1291 1040 = 1-37 10-29 -
Influenza A (H3N2) 219 0-05-0-94 0:17 £ 010 0-14 0-40
Influenza B 52 0-24-1-10 0-56 + 018 0-56 1-37

*Outliers and mixes (comprising wildtype and variant populations) were excluded from the calculation of mean, SD, and median of ICsg values.

“"Determined in the chemiluminescent neuraminidase inhibition assay.

“Statistical cutoff of ICs values for NAI susceptibility, determined by X575 + 3IQR. Outliers with ICso above this cutoff and >10 times the mean
ICso for each drug were characterized as extreme outliers; those with known drug-resistance mutations such as H275Y were classified as resistant

and analyzed separately.

TH275 wildtype, oseltamivir-susceptible isolates.
TTH275Y variants, oseltamivir-resistant virus isolates.
IQR, interquartile ranges; NAI, neuraminidase inhibitors.

GA, USA, and propagated in Madin-Darby canine kidney
(MDCK) cells (ATCC, Manassas, VA, USA). Reference
viruses representative of oseltamivir-sensitive and -resistant
seasonal and pandemic viruses were also propagated in
MDCK cells.

Susceptibilities of virus isolates to the NAls oseltamivir
carboxylate (Hoffman-La Roche, Basel, Switzerland) and
zanamivir (GlaxoSmithKline, Uxbridge, UK) were assessed
in the chemiluminescent NI assay using the NA-Star™ kit
(Applied Biosystems, Foster City, CA, USA) as previously
described.” Additionally, subsets of virus isolates were
tested for susceptibility to peramivir (BioCryst Pharmaceu-
ticals, Birmingham, AL, USA).

Fifty percent inhibitory concentration (ICs,) values
were calculated using JASPR curve fitting software, an
in-house program developed at CDC. Curve fitting in
JASPR was done using the equation: V = Vmax X (1 —
([1)/(Ki + [I]))), where Vmax is the maximum rate of
metabolism, [I] is the inhibitor concentration, V is the

response being inhibited, and Ki is the ICs, for the inhi-
bition curve.

Box-and-whisker plot analyses’ of log-transformed ICsqs
were performed for each virus type/subtype and NAI using
SAS 9.2 software (SAS Institute, Cary, NC, USA) to identify
viruses with extreme ICs, values (outliers). Outliers were
characterized based on a statistical cutoff of ICs, greater
than three interquartile ranges from the 75th percentile.

Outliers were subjected to genetic analysis by pyrose-
quencing'” and/or conventional sequencing'® to detect
known or novel markers of NAI resistance. Those harbor-
ing previously characterized mutations in the NA associated
with NAI resistance were considered drug-resistant; their
descriptive statistics were determined separately from NAI-
susceptible viruses.

Descriptive statistics to compute the mean, median, and
standard deviation (SD), and a one-way analysis of vari-
ance were performed on original scale ICs, data, using SAS
9.2 software (SAS Institute) for each NAI and virus
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type/subtype, excluding outliers, with statistical significance
set at o = 0-05. Virus isolates comprising mixes of both
wildtype and variant populations were also excluded from
the descriptive statistical analyses.

Results

Among seasonal influenza A (HIN1) viruses tested for osel-
tamivir susceptibility (n = 1533), 1431 (93-3%) were outliers
for the drug (Table 1) and harbored the oseltamivir-resis-
tance conferring H275Y mutation in the NA. By contrast,
only a small proportion (0-7%) of tested HINI1pdm viruses
(n = 2259) were resistant to oseltamivir. All influenza A
(H3N2) viruses (n = 834) were sensitive to oseltamivir
except for one outlier, A/Ontario/RV0442/2009 with D151V
mutation in the NA, whose ICs, of 2-:50 nm was beyond the
statistical cut-value off and >10-fold the mean ICs, for the
drug (0-24 nm). All influenza B viruses (n = 914) were sensi-
tive to oseltamivir with exception of an outlier
B/Texas/38/2008, with D197E (D198E in N2 numbering)
mutation in the NA, whose 1C5, was beyond the cut-off, but
only fourfold greater than the mean ICs, for the drug.

All virus types/subtypes tested for zanamivir were sensitive
to the drug (Table 1), except for some outliers among
seasonal influenza A (HIN1) and A (H3N2) outliers. The
seasonal influenza A (HIN1) outliers included A/Thailand/
1035/2008 (HIN1) and A/Hawaii/20/2008 (HIN1), both
with combined H275Y and D151D/G mutations in their NA.
The presence of concurrent mutations at NA residues H275
and D151 in seasonal influenza A (HIN1) virus isolates sub-
stantially enhances resistance to oseltamivir and peramivir
and/or zanamivir, however, the changes at D151 are typically
cell-derived and not present in clinical specimens."”

Influenza A (H3N2) outliers for zanamivir included
A/Ontario/RV0442/2009 with D151V mutation in the NA,
as  well as A/Maryland/02/2009 and A/Vladivo-
stok/53/2009 with D151G and mixed D151D/G mutations,
respectively. Some mild outliers for zanamivir among A
(H3N2) viruses with ICsy beyond the statistical cutoff but
<10-fold mean ICs, for the drug were also identified; their
genetic analysis revealed presence of wildtype and mutant
sequences at residue 151 namely, D151D/G, D151D/N, or
D151D/A. Mutations at residue D151 of the NA are associ-
ated with reduced susceptibility to zanamivir in A (H3N2)
viruses,” but were reported to be cell-culture derived in
recent H3N2 viruses.”

All virus isolates tested for peramivir (n = 1058) were
sensitive to the drug, except for H275Y variants among sea-
sonal influenza A (HIN1) and HINIpdm viruses, which
exhibited reduced susceptibility to the drug. In addition,
one influenza A (H3N2) isolate, A/Ontario/RV0442/2009
with D151V mutation in the NA, showed reduced suscepti-
bility to peramivir.

Discussion

The ICs, values determined in functional NI assays provide
valuable information for detection of resistant viruses, but
should not be used to draw direct correlations with drug
concentrations needed to inhibit virus replication in the
infected human host, as clinical data to support such infer-
ences are inadequate.”'

Nevertheless, combining elevated ICs, values with the
presence of established molecular markers of resistance in
the NA of virus isolates and their matching clinical speci-
mens provides a reliable and reasonably comprehensive
approach of identifying NAl-resistant isolates for surveil-
lance purposes. In this study, outliers with elevated IC5, val-
ues for oseltamivir among seasonal influenza A (HIN1) and
HIN1pdm viruses were confirmed to be oseltamivir-resistant
based on the presence of the H275Y mutation in the NA.
Outliers for oseltamivir and/or zanamivir among influenza
A (H3N2) viruses in this study were shown to harbor muta-
tions at D151, which were earlier associated with reduced
susceptibility to zanamivir,” and were cell-culture derived.*’
The effects of D151 mutations on NAI susceptibility appear
to be strain-specific; however, there are no conclusive sup-
porting data and further investigations are required.

Outliers among the Influenza A viruses in this study
exhibited changes in the NA, derived naturally or through
cell-culture, which altered their susceptibility to NAls.
However, mild outliers for oseltamivir and/or zanamivir
among influenza A viruses with slightly elevated I1Csps, but
without apparent changes in the NA are sometimes identi-
fied. In such instances it is imperative to exclude the poten-
tial presence of influenza B among such outliers, using
conclusive genetic tests such as real time PCR, since Influ-
enza B viruses exhibit higher ICs, values for oseltamivir
and zanamivir than Influenza A viruses.”' Viruses exhibit-
ing such mixes are typically excluded from statistical analy-
ses of IC5¢s for respective drugs and virus type/subtype.

Establishment of a clinically relevant ICs, cutoff value
which could be used to differentiate statistical outliers from
truly resistant viruses is imperative. Global surveillance for
NAI susceptibility of influenza viruses circulating globally
should be sustained to reflect the impact of seasonal and
pandemic of influenza, given the limited pharmaceutical
options available for control of influenza infections.
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Introduction

Antiviral resistance of influenza viruses is a decisive factor
for an effective clinical management of the disease. During
the 2007-2008 season, increased levels of resistance to osel-
tamivir among influenza A(HINI1) isolates were reported
in Europe and North America.'” WHO recommended to
National Influenza Centers to test antiviral resistance of
representative strains isolated in each member country.
Our previous study has been shown a dramatic increase of
amantadine-resistant influenza A(H3N2) and A(HINI)
viruses from 2006 to 2008 in Mongolia.* Neuraminidase
(NA) inhibitor resistance of influenza virus strains isolated
in Mongolia has not been published so far. In this study
we report the antiviral susceptibility of influenza virus
strains isolated in 2008-2010 in Mongolia to NA and M2
ion channel inhibitors.

Material and methods

Specimen collection and virus isolation
Nasopharyngeal swab specimens from patients with acute
respiratory infection were collected at 164 influenza sentinel
surveillance units (outpatient and hospital-based) all over
Mongolia. Specimens were transported to the Virology
Laboratory, NCCD, Ulaanbaatar, and rt-RT PCR positive
samples were grown in a MDCK cell culture according to
the protocol developed by CDC.” Isolate viruses were kept
frozen at —80°C until the antiviral testing. We have selected
randomly 317 strains [37 A(HIN1) seasonal influenza virus
strains isolated in 2008/2009, 262 strains of A(HIN1)pdm,
and 18 B viruses isolated 2009/2010] for oseltamivir sus-
ceptibility testing, and 16 pandemic A(HIN1) strains for a
screening of antiviral resistance mutations in the influenza
virus M gene.

Amantadine resistance testing was performed by influ-
enza virus M2 gene pyrosequencing according to Bright,
et al. (9 strains),’ and influenza virus gene segment 7 (M

genes) sequencing (7 strains- GenBank accession numbers:
CY053364, CY053365, CY054547, CY054549, CY055171,
CY065990, and CY065998) and influenza virus gene seg-
ment 6 (NA gene) sequencing (2 strains GenBank accession
numbers: CY073447 and CY073448) by the standard meth-
ods with Applied Biosystems 3130xl Genetic Analyzer using
primers supplied by WHO Collaboration Centers.

NA inhibition assay

A chemiluminescent NA inhibition assay was performed
with Veritas Microplate Luminometer using the commer-
cially available kit, NA-Star (Applied Biosystems, Foster
City, CA, USA), according to the manufacturers protocol.
The NA inhibitor susceptibility of influenza virus isolates
was expressed at the concentration of NA inhibitor needed
to reduce NA enzyme activity by 50% (ICsq). Oseltamivir
carboxylate, was provided by F. Hoffman-La Roche Ltd
(Basel, Switzerland). NA inhibition assay data were ana-
lyzed using Robosage software comparing test data with the
data produced by the reference NA inhibitor sensitive and
resistance strains, which were provided by the WHO Influ-
enza Collaboration Center, Melbourne, Australia.

Results

All viruses tested were sensitive to oseltamivir with two
exceptions: a seasonal influenza virus A/Ulaanbaa-
tar/1735/2009(HIN1) with 1371 nm ICs, value and a pan-
demic influenza virus A/Dundgovi/381/2010(HIN1) with
656 nm ICs, value (Figure 1). There was oseltamivir resis-
tance detected in 2:7% (37/1) of seasonal A (HIN1) and in
04% (262/1) of A (HIN1) pdm viruses. The oseltamivir-
resistant viruses were collected from untreated patients. In
total, 18 influenza B viruses were analyzed by NA inhibi-
tion assay and all were sensitive to oseltamivir.

The NA of both oseltamivir-resistant strains contained
H275Y mutation based on the sequencing analysis. The
difference in the NA amino-acid sequences between the
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Figure 1. Results of the chemiluminescent NA inhibition assay with NA-
resistant influenza virus strains.

Mongolian oseltamivir-resistant viruses and the respective
oseltamivir-sensitive reference viruses is shown in Table 1.
The sequence of A/Dundgovi/381/2010(H1IN1) pdm (Pro-
teinBank accession number ADM?33442) differs from that
of the A/California/07/2009 (HIN1) virus at amino acid
residues 106, 248, and 275. The seasonal A/Ulaanbaatar/
1735/2009(H1N1) had substitutions at amino acid resides
275 and 354 (ProteinBank Accession number ADM33443)
compared to the A/Brisbane/59/2007 (HIN1) virus.

All 37 A(HIN1) viruses analyzed for M2 channel inhibi-
tor resistance by pyrosequencing contained the S3IN muta-
tion and, thus, were resistant to this class of anti-influenza
drugs. The Segment 7 sequencing revealed that 6 seasonal
A(HIN1) viruses possess the common S31N mutation. Of
note, a single strain A/Zavkhan/8299/2009(HIN1) con-
tained an unusual S31D change in the M2 protein.

Discussion

Our study shows that the same prevalence [2:7% (1/37)]
of seasonal A(HINI1) viruses with H275Y mutation in
2008/2009 season in Mongolia with the published data for
2007/2008 season from Japan.”® However the prevalence of
oseltamivir resistance in Japan has dramatically increased
in 2008/2009 season to 100% (77/77). The observed dou-
ble mutations: H275Y and D354G in A/Ulaanbaa-
tar/1735/2009(H1N1) strain, which have been also found
in Japan in 2008/2009 season.” The patient from whom the

Table 1. The comparison of NA amino acids of pan-
demic and seasonal A(HIN1) strains

Location of amino acids 106 248 275 354

Pandemic A(HTN1)

A/California/07/2009(H1N1) V N H -

A/Dundgovi/381/2010(H1N1) | D Y -
Seasonal A(HTNT1)

A/Brisbane/59/2007(H1N1) - - H D

A/Ulaanbaatar/1735/2009(H1N1) - - Y G
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oseltamivir resistant seasonal influenza HINI virus has
been isolated was a l-year-old boy, living in Ulaanbaatar,
the Capital City, without history of using oseltamivir. The
patient from whom the oseltamivir resistant A(HIN1)pdm
virus was isolated was a 59 year-old man, residing in the
Dundgovi, the southern Province, also without history of
antiviral treatment. According to the WHO data, isolation
of the pandemic viruses carrying H275Y change from
untreated patients has been uncommon.

Circulation of amantadine-resistant seasonal A (HIN1)
viruses has been increasing in Mongolia since 2006/2007
influenza season.* All pandemic influenza A(HIN1) strains
(16) tested were resistant to M2 channel inhibitors due to
the presence of the S31N mutation in the M2 protein.
Among seasonal A(HIN1) viruses, one contained a S31D
change whereas the others had S31N, the well established
marker of resistance to both amantadine and rimantadine.

This is the first report of detecting the S31D change in
the seasonal A(HIN1) viruses. According to the CDC data
(unpublished), the S31D change conferred the drug resis-
tance in the A(H3N2) viruses according to the virus yield
reduction assay.

It is essential to continue the antiviral resistance surveil-
lance of influenza virus strains circulating in Mongolia to
ensure the efficiency of a proper clinical management of
influenza patients.
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Introduction

Seasonal influenza A (HIN1) viruses collected from the
United States and globally from 2008 to 2010 were tested
for resistance to the FDA approved antivirals: NAIs (za-
namivir and oseltamivir) and adamantanes (amantadine
and rimantadine). In recent seasons, two distinct genetic
clades have co-circulated: clade 2B, which included osel-
tamivir-resistant and adamantane-susceptible viruses, and
clade 2C, which contained viruses resistant to adamantanes
and susceptible to oseltamivir. Although resistance to both
adamantanes and oseltamivir was uncommon, we report 28
viruses with dual antiviral drug resistance from five coun-
tries: Canada, China, Kenya, Vietnam, and the United
States.

Materials and methods

Seasonal (pre-pandemic) influenza A (HIN1) virus isolates
collected globally during the 2008-2009 and 2009-2010
influenza seasons were submitted to the CDC for virus
strain characterization and antiviral resistance surveillance
as previous described."? Testing for NAI resistance was
performed in the NA inhibition assay using the NAStar™™
kit (Applied Biosystems, Carlsbad, CA, USA) with a chemi-
luminescent substrate as previously described.” ICs, values
(the inhibitor concentration required to reduce enzyme
activity by 50%) were determined using CDC in-house
curve-fitting software (JASPR). For seasonal influenza A
(HIN1) viruses, resistance to adamantanes and the pres-
ence of the oseltamivir-resistance conferring mutation,
H275Y in the NA, was analyzed using pyrosequencing on
the PyroMark Q96 ID platform (Qiagen, Valencia, CA,
USA) as previously described.! Full genome sequencing
(PB2, PB1, PA, HA, NP, M, and NS gene segments) of sea-
sonal influenza A (HIN1) was performed using the con-
ventional Sanger sequencing method’ on the 3730x] DNA

analyzer (Applied Biosystems). Sequences were submitted
to GISAID (accession numbers: EPI89455-EP189457,
EPI89861-EPI89863,  EPI90085-EPI90087, EPI211257—
EPI211259, EPI211263-EPI211265, EPI215523-EPI215525,
EPI215535-EP1215536, EPI1215538-EPI1215540, EPI1232853—
EPI1232855, EPI241608-EPI1241610, EPI1244128-EPI1244130,
EPI244149-EP1244157, EP1244243-EP1244245, EP1249557—
EPI1244560, EP1266810-EP1266935). Phylogenetic analysis of
each gene was performed using Tamura-Nei neighbor-Joining
method in MEGA version 4. Phylogenetic trees were rooted to
A/New Caledonia/20/1999. To illustrate reassortment events,
NA and M genes are shown (Figure 1A, B). Phylogenetic trees
for additional genes (PB2, PB1, PA, HA, NP, and NS) are
available upon request. Epidemiological and clinical informa-
tion for the United States cases of dual resistance was collected
with the assistance of the State Health Departments (Table 1).

Results

A total of 28 dual resistant seasonal influenza A (HIN1)
viruses were detected. Oseltamivir-resistance in each of the
dual resistant viruses was confirmed by elevated oseltamivir
ICsq values and by the presence of the H275Y mutation in
the NA gene. Adamantane-resistance was confirmed by the
presence of one of the known markers in the M2 protein.
The dual resistant viruses belonged to four genetic back-
grounds based on phylogenetic analysis of full genome
sequences.” In genotype 1, all segments were similar to cir-
culating clade 2B viruses; genotype 2 viruses were reassor-
tants with seven gene segments from clade 2B and a M
gene characteristic of circulating clade 2C viruses; genotype
3 contained the 2C M and NS genes in a clade 2B back-
ground; and genotype 4 was entirely 2C with the exception
of a clade 2B NA gene. Of the 28 dual resistant viruses, five
were genotype 1 and were from the US (n = 3), Canada
(n=1), and Kenya (n = 1). Twenty-one viruses, from the
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Figure 1. Phylogenetic analysis of seasonal influenza A (HIN1) viruses by
gene segment. Phylogenetic trees for the dual resistance seasonal influenza
A (HINI1) viruses. Adamantane resistance is indicated by an open triangle
preceding strain designation, oseltamivir resistance is indicated by a black
circle preceding strain designation, and dually-resistant viruses are in
boldface type and indicated by a black diamond following strain
designation. (A) Phylogenetic analysis of seasonal influenza A(HINI)
neuraminidase (NA) gene. (B) Phylogenetic analysis of seasonal influenza
A (HINI1) matrix (M) gene.

US (n = 1), China (n = 11), Hong Kong (n = 8), and Viet-
nam (n = 1), were genotype 2 reassortants. Only two single
instances of genotypes 3 and 4 were detected, both of
which were from China.

Of the US cases, A/Texas/38/2009 (HIN1) and A/Ken-
tucky/08/2009 (H1N1) were identified in severely immuno-
compromised patients after adamantane treatment
(Table 1). Both of these viruses contained the less com-
monly seen V27A adamantane-resistance conferring muta-
tion. While the other genotype 1 virus, A/West Virginia/
02/2009 (HIN1), was isolated from a patient who was not
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Figure 1. (Continued)

severely immunocompromised and received no antiviral
agents, suggesting either spontaneous acquisition of the
S31N in the M2 or transmission from a person treated with
adamantane drugs (Table 1). The genotype 2 virus,
A/Texas/57/2009 (HIN1), was from a patient with an
influenza infection unassociated with adamantane treat-
ment; however, reassortment demonstrated by the presence
of the 2C M gene would explain adamantane resistance
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Table 1. Description of patient infections with oseltamivir and adamantane resistant seasonal influenza A (HIN1) viruses in the United States, October 1,

2008-January 15, 2010

Date second
specimen

Date first

specimen

Antiviral treatment, dates

and drugs

Testing results collected Testing results

collected

Underlying condition

Strain designation

Patient

R- oseltamivir

2/8/09

R-oseltamivir

01/31/2009

01/31/2009-02/04,/2009:
oseltamivir + amantadine

Leukemia
None

A/Texas/38/2009

R -adamantanes

S-adamantanes

R-oseltamivir

03/18/2009

6 weeks pregnant

A/West Virginia/02/2009

R-adamantanes

R- oseltamivir

Post bone marrow 04/27/2009: oseltamivir 04/27/2009 5/11/09
transplant

A/Kentucky/08/2009

R-adamantanes

04,/28/2009: zanamivir

05/05/2009-05/11/2009:

zanamivir + amantadine
08/12/2009-08/17/2009:

oseltamivir

R-oseltamivir

08/12/2009

Seizure disorder,

A/Texas/57/2009

R-adamantanes

mental retardation,

quadriplegia

(LTCF resident)

None of the patients reported travel during the 7 days before onset of illness and none reported illness in a family member or close contact during the week before or after their illness; R,

resistant; S, susceptible; NA, not available; LTCF, long term care facility.

(conferred by the S31N mutation). Of note, the genotype 2
and genotype 3 dual resistant viruses from Asia appear to be
genetically similar to those previously reported dual resis-
tant viruses from Hong Kong, SAR.*® The genotype 4 virus
was the only dual resistant virus with a nearly complete 2C
genome. Oseltamivir-resistance for this virus appears to be
the result of a reassortment as demonstrated by the presence
of the oseltamivir-resistant clade 2B NA gene.

Discussion

Although the detection of dual resistant seasonal influenza
A (HINI) viruses is still rare, there has been an increased
prevalence of dual resistance viruses during the last three
seasons: 0.06% (1 of 1753 tested in 2007-2008), 1.5% (21
of 1426 in 2008-2009), and 28% (7 of 25 in 2009-2010)
(¥* P < 0.001). While the continued circulation or co-cir-
culation of seasonal A (HINI1) viruses is uncertain, the
emergence of dual resistant influenza viruses in five coun-
tries does present a public health concern, especially since
dual resistant viruses would limit the options for antiviral
treatment to a single licensed antiviral drug: zanamivir.
Moreover, the markers of resistance seen in seasonal A
(HIN1) viruses also confer resistance in the more widely
circulating 2009 pandemic A (HIN1) virus. And, since the
acquisition of mutations in influenza A viruses typically
occur through drug selection, spontaneous mutation, or
genetic reassortment with another drug resistant influenza
A viruses, the detection of influenza A (HIN1) viruses that
are resistant to both adamantanes and oseltamivir warrants
close monitoring, even if only detected at low frequency.
New antiviral agents and strategies for antiviral therapy are
likely to be necessary in the future.
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Abstract

We describe a MUNANA-based fluorescent assay kit, the
NA-Fluor™ Influenza Neuraminidase Assay kit, which
provides standardization and reproducibility of ICs, meth-
odology for this traditional and highly popular neuramini-
dase enzyme assay. The assay utilizes conditions such as
MUNANA substrate concentration, assay buffer, and run
time comparable to protocols that have been used histori-
cally to generate influenza neuraminidase inhibitor and an-
tiviral resistance data. The assay was benchmarked against
MUNANA-based protocols provided on the Neuraminidase
Inhibitor Susceptibility Network (NISN) website, http://
www.nisn.org/au_about_us.html. The NA-Fluor™ assay
gave similar ICs, values for oseltamivir carboxylate and za-
namivir when compared to NISN protocols for several
tested oseltamivir sensitive and resistant viral strains. The
large differential in IC5, values between resistant and sensi-
tive viral strains using this assay allowed for detection of
resistant mutant virus in mixed viral populations. The
assay is easy-to-use, highly reproducible, and the fluores-
cence signal is stable for hours making this assay compati-
ble with processing many viral isolates in a surveillance
screen or for high throughput screening for drug lead iden-
tification. The NA-Fluor™ assay also provides user flexibil-
ity. The assay can be performed in either the traditional
end-point format or using a real-time, kinetic read-out and
is compatible with typical methods to reduce viral contami-
nation, such as the addition of detergents or ethanol.

Introduction

Although neuraminidase inhibitors (NIs) remain an effec-
tive treatment for influenza virus strains currently consid-
ered world health threats, such as Influenza virus A which
includes pandemic HIN1 and Influenza virus B, viral resis-
tance to these drugs threatens their usefulness for future
pandemics. Key antivirals oseltamivir carboxylate (Tami-
flu®) and zanamivir (Relenza®) target the viral enzyme
neuraminidase (NA), which is responsible for release of
newly generated viral particles from an infected cell’s sur-

face, a process necessary for transmission of the virus to
other cells within the organism and for transmission
between organisms. Oseltamivir resistance in seasonal
HINTI increased from 12:3% during the 2007-2008 flu sea-
son to 985% in the 2008-2009 season,' heightening con-
cern that drug resistance will likewise become prominent in
pandemic viral strains and highlighting the need for antivi-
ral drug resistance surveillance. The H275Y mutation in
HIN1 neuraminidase is the most common mutation con-
ferring resistance. However, due to the high mutation rates
of viruses, new mutations can be expected that will also
render viral neuraminidase less sensitive to antiviral drugs.
PCR methods can be used to detect previously identified
mutations; however, functional neuraminidase enzyme
activity inhibition testing is necessary for detecting drug
resistance that results from novel mutations. The two neur-
aminidase enzyme inhibition assays using either the fluores-
cent MUNANA or chemiluminescent NA-Star® substrate
are robust tools for NI susceptibility testing. The MUNAN-
A-based assay is broadly used by many groups, including
many regional health organizations for NI susceptibility
testing, yet no standardized protocol or dedicated kit has
been in place for this assay, making comparison of data
generated between different laboratories difficult. Borrow-
ing from multiple Neuraminidase Inhibitor Susceptibility
Network (NISN)-published MUNANA-based neuraminidase
assay protocols,” we have developed a kit-based fluorescent
neuraminidase assay that offers both standardization and
off-the-shelf quality-controlled reagents for NI susceptibility
testing and other neuraminidase assay applications.

Materials and methods

All experiments, unless otherwise noted, were conducted
using the standard NA-Fluor™ Influenza Neuraminidase
Assay Kit protocol. Viruses were titered according to the
NA-Fluor™ assay protocol. For IC50 determination, Nls
were prepared in 10-fold serial dilutions at 4x final concen-
tration in assay buffer (33-3 mm MES, 4 mm CaCl2, pH
6'5), and 25 ul were added to wells of a black flat-bottom
96-well microplate (NUNC). Viral samples were diluted
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(1:3-1:100 depending on virus strain and titer) in assay
buffer, and 25 ul were added to the NI serial dilutions for
pre-incubation for 30 minutes at 37°C. NA-Fluor™ Sub-
strate was diluted to 2x final concentration in assay bulffer,
and 50 ul was added to each well for a final assay concen-
tration of 100 um MUNANA. The neuraminidase assay
was conducted at 37°C for 60 minutes. Non-virus controls
were included on each assay plate. The assay was termi-
nated by addition of 100 ul of NA-Fluor™ Stop Solution,
and plates were read on a SpectraMax® M5 or M2 (Molec-
ular Devices, Sunnyvale, CA, US) plate reader using Ex
355 nm/Em 460 nm settings. For data analysis, no-virus
control assay well RFUs were subtracted from viral data
RFUs, and data was processed using either Microsoft
Excel® or GraphPad® Prism® software. For real-time detec-
tion, the assay was performed as above, but without the
stop solution addition, and assay reads were taken at
5 minute intervals. The slope of the kinetic read at each NI
concentration was plotted for IC50 determination using
real-time fluorescent read data.

Influenza-A/WS/33 (HIN1) (VR-1520™) and influenza
B/Lee/40 (VR-1535™) were purchased from ATCC. Influ-
enza A/Texas/36/91 (HIN1) wild-type and H274Y strains
were kindly provided by Dr. Larisa Gubareva (Influenza
Branch, CDC, USA). Oseltamivir carboxylate was kindly
provided by Hoffman-La Roche Inc. (Basel, Switzerland),
and zanamivir was kindly provided by GlaxoSmithKline
(Research Triangle Park, NC, USA).

Results

Overview of neuraminidase inhibition assay
workflow

The NA-Fluor™ Influenza Neuraminidase Assay reagents
and protocols were optimized in comparison to published
NISN protocols according to the criteria of assay perfor-
mance, ease-of-use, consideration of historically used assay
conditions, reagent storage stability, and environmental
impact. Our optimized assay conditions consists of 100 um
MUNANA, 333 mm MES, 4 mm CaCl,, and pH 65 in a
100 ul assay volume, and performing the assay for 60 min-
utes at 37°C following a 30 minutes preincubation of drug
with the virus. These conditions are consistent with the
majority of published influenza NI screening data in publi-
cation.?

The standard NA-Fluor™ assay workflow for screening
viral isolates for sensitivity to Nls includes first titering the
viral sample by neuraminidase activity to determine opti-
mal virus concentration to be used in subsequent ICs,
determination assays. The NA-Fluor™ assay is an ideal
tool for titering virus based on neuraminidase activity in
the viral coat. Titering of viral samples prior to running

the ICs5y determination assays insured that assays would be
performed within the fluorescence detection dynamic range
of both the assay and the fluorometric instrument being
used. Viral titers giving RFUs in the range of 2000-5000
were used for subsequent assays.

Comparison to traditional MUNANA assays

A primary goal of developing a standardized MUNANA
assay was to provide a standardized protocol and set of
reagents that would allow for comparison of NI surveil-
lance data between laboratories and over time. In addition,
the assay should provide data comparable to historical data
sets based on traditional MUNANA-based protocols. To
insure that our newly developed NA-Fluor™ assay met
these criteria we performed side-by-side comparisons of the
NA-Fluor™ assay to MUNANA-based NISN protocols, as
well as our NA-XTD™ and NA-Star® chemiluminescent
neuraminidase assays to compare assay sensitivity and
dynamic range and for NI IC50 determination with multi-
ple viral isolates. For all assay comparisons, assays were
performed according to respective published protocols. For
direct comparison of results, an equivalent amount of virus
(and concomitant neuraminidase activity) was used for
each assay.

The NA-Fluor™ Assay provides low-end sensitivity (by
signal to noise ratio) and dynamic range similar to NISN-
published, MUNANA-based protocols (data not shown).
These assays all show a low-end detection of approximately
0-002 U/well and dynamic range of 2-3 orders of magnitude
when performed simultaneously side-by-side using serial
dilutions of bacterial (Clostridium perfringes) neuraminidase.
These assays show approximately onefold less dynamic range
and approximately fivefold less low-end sensitivity than
chemiluminescent assays under these conditions.

Given the large amount of archived NI inhibition data
for viral isolates over the past decade, it is very important
for a standardized assay to generate data similar to estab-
lished protocols so that data can be compared in relative
terms. When run side-by-side, NA-Fluor™ Assay provided
oseltamivir carboxylate and zanamivir ICs, values similar
to NISN-published, MUNANA-based protocols. ICs, values
vary somewhat for MUNANA assays versus chemilumines-
cent assays depending on the viral isolate, as previously
described.” The NA-Fluor™ assay also exhibited similar
sensitivity for detecting NI sensitive virus compared to
NISN-published fluorescent assays as shown in Figure 1.

The large shift in ICsy values between oseltamivir-sensi-
tive and resistant virus using the NA-Fluor™ assay enables
detection of mutant virus in mixed viral samples (Figure 2).
This capability is critical for identifying resistant virus in
clinical isolates presenting mixed populations of resistant
and sensitive virus during NI susceptibility surveillance.
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Figure 1. The NA-Fluor™ assay provides ICs, values and sensitivity for
detecting sensitive virus similar to Neuraminidase Inhibitor Susceptibility
Network-published, MUNANA-based protocols. All protocols were run in
parallel to determine the ICs, values of influenza-A/Texas/36/91 (HINI)
sensitive and oseltamivir-resistant mutant (H275Y) strains for oseltamivir
carboxylate. The NA-Fluor™ assay results are represented by the dotted
line.

Compatibility for high throughput processing
Several characteristics of the NA-Fluor'™ assay make it an
ideal assay for processing large numbers of viral isolates for
NI sensitivity surveillance or for using the assay for high
throughput screening for lead discovery of new antiviral
reagents. The NA-Fluor'™ Assay signal was found to
remain stable for up to 4 hours after stop solution addition
when stored at room temperature and for several days
when stored at 4°C (data not shown). ICs, values did not
change over these times, indicating that the assay is com-
patible with processing many samples in a short time
frame.

The NA-Fluor™ assay was also found to be highly
reproducible giving a Z’ of 0-78 or above indicating that
the assay can be used confidently to identify NIs in high
throughput screening mode.* The assay can tolerate up to
5% DMSO, a common compound delivery reagent used in
high throughput screens (data not shown).
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Figure 2. Detection of neuraminidase inhibitors-resistant HIN1 virus in
mixed populations. Sensitive and oseltamivir-resistant (H275Y) influenza
A/Texas/36/91 (HIN1) strain dilutions were normalized by NA activity.
ICso determination was performed using GraphPad® Prism® software.
Subpopulations displaying drug-resistant mutations can be detected in
mixtures of 50:50 sensitive and resistant virus by ICs, values alone.
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Assay flexibility

We have developed a standardized NA-Fluor™ assay sug-
gested protocol that gives data similar to established MUN-
ANA protocols. However, we have also found that several
protocol adaptations can be made that generate comparable
data while allowing the user more flexibility in assay mode,
use of additional reagents, and to meet user-specified assay
time requirements.

The NA-Fluor™ assay can be run in either the standard
60 minutes/37°C endpoint mode described above or as
real-time kinetic assay’ with repeated reads taken over time
without the addition of stop solution, which both serves to
terminate neuraminidase activity and to enhance the fluo-
rescence of the product. For typical NI-sensitive viral strains,
the rate of MUNANA substrate turnover at 37°C is linear
for at least 4 hours (data not shown). As would be expected,
rates of substrate turnover decrease in the presence of NIs
reflected in a decreased slope exhibited by real-time kinetic
reads. Real-time acquired RFUs are typically 5-6 fold lower
than RFUs acquired after addition of stop solution at the
same time point. ICs, values obtained using slope analysis
for real-time assays are similar to values obtained by end-
point analysis. Whether run in real-time or end-point mode,
the linear rate of substrate turnover allows the user to run
the assay for shorter or longer assay times than the standard
protocol without compromise to assay performance.

The NA-Fluor™ assay is also compatible with standard
methods used in many laboratories to inactivate virus.® We
have shown that NI ICs, values for multiple viral strains
remain unchanged when the assay is performed in the pres-
ence of 0-1% NP-40 or 1% Triton X-100 (data not shown).
Similar results are also obtained by adjusting the NA-
Fluor™ Stop Solution to 40% ethanol prior to addition
for assay termination.

The assay is unaffected by phenol red concentrations
present in cell culture media.

Discussion

We have developed a standardized MUNANA-based fluo-
rescent neuraminidase assay, the NA-Fluor™ Influenza
Neuraminidase Assay kit, which has been optimized for NI
susceptibility screening. The assay provides data that can be
compared to data generated using traditional MUNANA-
based protocols. The assay is economical, highly reproduc-
ible, easy to use, and environmentally friendly. The assay is
flexible and amendable to user-specific adaptations includ-
ing assay mode, assay timing, and reagent compatibility.

Trademarks/Licensing

© 2010 Life Technologies Corporation. All Rights
Reserved. Relenza is a registered trademark of Glaxo-
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SmithKline. Tamiflu is a registered trademark of Roche
Laboratories, Inc. SpectraMax is a registered trademark of
Molecular Devices, Inc. VR-1535 and VR-1520 are trade-
marks of ATCC. GraphPad Prism is a registered trademark
of GraphPad Software. Microsoft Excel is a registered
trademark of Microsoft Corporation. All other trademarks
mentioned herein are the property of Life Technologies
Corporation or their respective owners.

For Research Use Only. Not intended for any animal or
human therapeutic or diagnostic use.

References

1 Dharan NJ, Gubareva LV, Meyer JJ et al. Infections with oseltamivir-
resistant influenza A(HTN1) virus in the United States. JAMA 2009;
301:1034-1041.

2 Neuraminidase Inhibitor Surveillance Network. Published IC50 proto-
cols  available at  http://www.nisn.org/v_ic50_protocols.html
(Accessed 1 December 2009). Includes: Marathe, BM, and EA Gov-
orkova (2010). Determination of influenza virus susceptibility to

neuraminidase inhibitors using fluorescent substrate. St. Jude Chil-
dren’s Research Hospital. Hurt, A. (2009) Fluorometric neuraminidase
inhibition assay. Standard Operating Procedure. WHO-025. WHO
Collaborating Centre for Reference and Research on Influenza, Aus-
tralia. McKimm-Breschkin, JA, Enzyme inhibtion assay for sensitivity
to NA inhibitors. Fluorescence based assay (MUNANA). Lackenby, A.
(2008). Determination of influenza virus susceptibility to neuramini-
dase inhibitors using a fluorescent substrate.

3 Nguyen HT, Sheu TG, Mishin VP, Klimov Al, Gubareva LV. Assess-
ment of pandemic and seasonal influenza A (H1N1) virus susceptibil-
ity to neuraminidase inhibitors in three enzyme activity inhibition
assays. Antimicrob Agents Chemother 2010; 54:3671-3677.

4 Zhang JH, Chung TD, Oddenburg KR. A simple statistical parameter
for use in evaluation and validation of high throughput screening
assays. J Biomol Screen 1999; 4:67-73.

5 Oakley AJ, Barrett S, Peat TS et al. Structural and functional basis of
resistance to neuraminidase inhibitors of influenza B viruses. J Med
Chem 2010; 53:6421-6431.

6 Jonges M, Liu WM, van der Vres E et al. Influenza virus inactivation
for studies of antigenicity and phenotypic neuraminidase inhibitor
resistance profiling. J Clin Microbiol 2010; 48:928-940.

Protection against HSN1 influenza by immunoglobulin

single variable domains

Lorena I. Ibafez,®P Marina De Filette,*? Wesly Vandevelde,® Peter Vanlandschoot, Xavier Saelens®

b

*Department for Molecular Biomedical Research, VIB, Ghent, Belgium. bDepartment of Biomedical Molecular Biology, Ghent University, Ghent,

Belgium. “Ablynx NV, Ghent, Belgium.

Keywords Antiviral drugs, H5N1, Nanobodies®, VHH

Please cite this paper as: Ibanez et al. (2011) Protection against H5N1 influenza by immunoglobulin single variable domains. Influenza and Other Respiratory

Viruses 5 (Suppl. 1), 90-123.

Introduction

Zoonotic infections with highly pathogenic H5N1 influ-
enza viruses have a high case fatality rate and remain very
difficult to treat. Neuraminidase inhibitors such as osel-
tamivir and zanamivir are licensed for the treatment of
uncomplicated influenza caused by seasonal influenza
virus strains have also been used to treat H5N1-infected
patients. Such treatment appears to improve patient sur-
vival, but the selection of oseltamivir-resistant H5N1
viruses is a major concern.”” Novel antiviral drugs are
desired to prevent or treat patients that have been
infected with highly pathogenic H5N1 viruses and influ-
enza in general. Here, we assessed the therapeutic poten-
tial of camelid-derived immunoglobulin single variable
domains (VHHs or Nanobodies®®) that are specific for
the hemagglutinin (HA) of A/Vietnam//1194/2004
(H5N1) virus in a mouse model.

Materials and methods

Seven to 9 weeks old, SPF-housed BALB/c mice were
treated intranasally with recombinant H5N1 HA-specific
(H5-VHHDb) or with control (RSV-VHHb) VHH derived
Nanobodies® and challenged with mouse-adapted NIBRG-
14ma virus. NIBRG-14 is a 2:6 reverse genetics derived reas-
sortant between A/Vietnam/1194/2004 (H5N1) and A/PR/
8/34 (HIN1) viruses. Nanobodies® were obtained as
described (Hultberg et al., in press) and used here as homo-
bivalent recombinant proteins for in vivo experiments.
H5-VHHb or RSV-VHHb were administered as a single
dose ranging from 60 to 100 mg per mouse, depending on
the experiment. Nanobodies® were administered up to
48 hours before or 72 hours after NIBRG-14ma challenge.
In all experiments, mice were weighed daily after challenge
and loss of 25% of body weight was used as the endpoint
for euthanizing moribund mice. Lung virus titers were
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determined by end-point dilution in MDCK cells. Nano-
body®-escape viruses were selected by growth of NIBRG-
14ma virus in the presence of monovalent H5-VHHm or
bivalent H5-VHHb in MDCK cells and subsequently
plaque-purified. The nucleotide sequence of independently
isolated H5-VHH-escape viruses was determined and used
to deduce the position in the H5-HA crystal structure that
confers resistance.

Results

To test the prophylactic potency of H5-VHHDb, mice were
treated intranasally with PBS, 100 ug of H5-VHHD, or neg-
ative control RSV-VHHD at 4, 24, or 48 hours before infec-
tion with one LDs, of NIBRG-14ma virus. Body weight
loss was monitored daily, and on day 4 mice were sacri-
ficed to determine the viral load in the lungs. All mice that
received H5-VHHb retained their original body weight,
whereas those receiving PBS or RSV-VHHDb gradually lost
weight (data not shown). Intranasal administration of H5-
VHHD at 4 or 24 hours before challenge resulted in unde-
tectable lung virus titers. When animals were treated with
H5-VHHb 48 hours before challenge, virus titers were 50-
fold lower compared to PBS and RSV-VHHD treated mice,
and three out of seven animals still had undetectable virus
titers (Figure 1).

We next determined if H5-VHHb Nanobody® could be
also be used therapeutically. We administered 60 ug of this
Nanobody® intranasally to mice up to 72 hours after chal-
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Figure 1. H5-VHHDb inhibits H5N1 virus replication when administered
48 hours before and up to 72 hours after challenge with NIBRG-14 ma.
The virus titer was measured in lung homogenates prepared on day 4 after
challenge. The X axis refers to the time points in hours relative to the
challenge (time = 0 hours) when HA-specific nanobodies (H5-VHHDb),
control nanobodies (RSV-VHHD) or PBS was administered to the mice. #
below detection limit, ® not determined [n = 4-7 mice per condition: P
values < 0-05 (*)].
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lenge with 1 LD5, of NIBRG-14ma virus. Four days after
challenge, animals that received H5-VHHb 4, 24, or
48 hours after challenge had significantly higher body
weight (data not shown) and lower lung virus loads than
control mice. Although mice treated with H5-VHHb Nano-
body® 72 hours after challenge were not clinically protected
compared to control mice, they had significantly lower lung
virus titers (Figure 1).

To identify the HA amino acid residues that are poten-
tially involved in H5-VHH binding, escape viruses were
selected by growth and plaque purification of NIBRG-14ma
virus in the presence of H5-VHHm or H5-VHHDb Nano-
bodies®. The HA sequences of six independently isolated
H5-VHHm escape viruses revealed substitution of a lysine
by a glutamic acid residue at position 189 in HA1l (H5
numbering). In addition, two H5-VHHm escape mutants
carried an N154D and four carried an N154S substitution.
The three-dimensional structure of NIBRG-14 HA shows
that N154D/S and K189E are close to each other as part of
the corresponding antigenic site B in H3 HA.*> Interest-
ingly, the N154D/S mutations remove an N-glycosylation
site, which is surmised to have evolved in H5N1 HA as a
strategy to mask an antigenic site.° Escape viruses selected
in the presence of H5-VHHb carried K189N (n =4) or
K189E (n = 2) substitutions. These results indicate that res-
idues in antigenic site B, at the top of HA and very close
to the receptor binding domain (RBD), are essential for
neutralization of the virus by H5-VHHm/b Nanobodies®
(Figure 2).
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Figure 2. Amino acid sequence of in vitro selected H5-VHH escape
mutant NIBRG-14ma viruses. Mutated sites are encircled and showed in
ribbon diagram. Escape mutants that were selected in the presence of
mono or bivalent H5-VHH Nanobodies® are denoted “m” and “b”,

respectively. RBD: receptor binding domain.
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Discussion

Here we demonstrated that prophylactic and therapeutic
treatment with llama-derived immunoglobulin single vari-
able domain fragments is effective to control infection with
H5NT1 influenza virus in a mouse model. We demonstrate
that pulmonary delivery is a highly effective route of
administration to treat or prevent influenza virus infection.
In addition, we demonstrate that a homobivalent H5-
VHHD has powerful H5N1-neutralizing activity in vivo. It
is important to note that we used a mouse-adapted deriva-
tive of the non-highly pathogenic NIBRG-14 virus in our
challenge model. Nevertheless, this virus induces severe
morbidity and lethality in mice. Compared to conventional
neutralizing monoclonal antibodies, VHHs offer the advan-
tage that they are easy to produce in Escherichia coli, typi-
cally with high yield. In addition, their small size (15 kDa
for a monovalent VHH) and high folding capacity allow
the generation of oligovalent VHH derivatives.

In vitro escape selection revealed that a K189E substi-
tution in HA1l abolished the neutralizing effect of
H5-VHHm/b. A Lys or Arg residue at this position is con-
served in all human H5N1 virus isolates. Of note, all
selected escape mutants contained a glutamic acid or serine
residue at position 189, which suggests that the conserved
positively charged amino acid is important for neutraliza-
tion by H5-VHH Nanobodies®. Interestingly, escape
mutants selected with H5-VHHm also carried an N154D/S
co-mutation that removes an N-glycosylation site in this
antigenic site of HA. The predicted N-glycosylation site at
N154 in A/Hong Kong/156/97 HA was shown to be gly-
cosylated and may have evolved to mask an antigenic site
near the RBD.”® The selected amino acid changes are
located near the receptor binding site of HA. Therefore, it
is possible that enhanced receptor binding properties of
these escape viruses contribute to or are responsible for the
loss of neutralizing activity of H5-VHH nanobodies®.*"”
We conclude that influenza virus neutralizing Nanobodies®
have considerable potential for the treatment of H5N1
virus infections. Although we focused on VHHs that pre-
sumably recognizes an epitope near the RBD, it is possible
to select VHH molecules that bind to other epitopes in
HA, including more conserved domains.

Disclosure

Data presented in this manuscript has been accepted for
publication in Journal of Infectious Diseases, ‘“Nanobodies
with/in vitro/Neutralizing Activity Protect Mice Against
H5NI1 Influenza Virus Infection,” Lorena Itati Ibanez, Mar-
ina De Filette, Anna Hultberg, Theo Verrips, Nigel Temp-
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Introduction

Antiviral drugs are essential for the preparedness and treat-
ment against influenza. Most pandemic influenza A
(HIN1) 2009 viruses were found to be amantadine-resis-
tant, but oseltamivir-susceptible. However, oseltamivir-
resistant pandemic viral infections have been reported
worldwide (285 cases, 14 April 2010). Therefore, we con-

ducted the antiviral monitoring, particularly focusing on
the patients who remained uncured after reasonable antivi-
ral treatment. A total of 1085 samples of patients were
tested, and 11 (1-0%) cases were confirmed to be resistant
to oseltamivir. These viruses were found in samples from
the patients who were suffering from chronic diseases or
immune system suppression. The viruses contained the var-
iation H275Y in the neuraminidase (NA) gene. Further-

Table 1. Epidemiological information of patients infected with oseltamivir-resistant pandemic influenza A(HIN1) 2009

virus in South Korea

Date of specimen

Patient Age/Sex Antiviral treatment collection Type of clinical specimen Underlying conditions
A 5/M Oseltamivir 30 mg (7 days) 6 November 2009 Nasopharyngeal swab Mitochondria cytopathy
Oseltamivir 60 mg (5 days) (bedridden)
B 46/M Oseltamivir 150 mg (10 days) 18 November 2009 Nasopharyngeal swab Leukemia
Zanamivir (11 days)
C 1/F Oseltamivir 30 mg (6 days) 21 November 2009 Nasopharyngeal swab Brain damage (Fatal)
Oseltamivir 60 mg (17 days) 22 November 2009
D 2/M Oseltamivir 90 mg (5 days) 26 November 2009 Nasal suction None
Oseltamivir 180 mg & 2 December 2009
Amantadine 65 mg (6 days)
B 3/F Oseltamivir 30 mg (5 days) 01 December 2009 Oropharyngeal swab Asthma
Oseltamivir 30 mg (5 days) 07 December 2009 Nasopharyngeal swab
12 December 2009
F 3/F Oseltarnivir 45 mg (6 days) 18 December 2009 Oropharyngeal Swab Delayed development
Oseltarnivir 75 mg (5 days)
C 1/F Oseltamivir 30 mg (5 days) 1 December 2009 Nasal oropharyngeal swab Myelodisplasia (Fatal)
Peramivir 75 mg (7 days) 5 December 2009
15 December 2009
H 63/M Oseltamivir 150 mg (13 days) 16 December 2009 Oropharyngeal Swab Diabetes
Zanamivir (5 days)
| 58/M Oseltamivir 150 mg (3 days) 26 December 2010 Nasopharyngeal swab Cancer
Peramivir 600 mg & Amantadine
100 mg& ribavirion 300 mg
(7 days)
Zanamivir 10 mg (7 days)
J 60/M Oseltamivir 75 mg (3 days) December 2010 Viral RNA Diabetes, cardiac disorders
(Fatal)
K 54/F Oseltamivir 75 mg (13 days) 14 January 2010 Nasopharyngeal swab Tuberculosis
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more, a novel NA (I117M) substitution was discovered in a
series of specimens from a patient. For the amantadine
resistance, 1113 samples were tested, and all of them were
confirmed to be resistant.

Methods and methods

We collected respiratory specimens from patients who had
been clinically refractory to antiviral treatment since Octo-
ber 2009 upon ethical approval from the relevant institu-
tions. To investigate the resistant pattern, sequence analysis
to the NA and Matrix (M2) genes were conducted by
reverse transcription (RT)-PCR and sequencing reaction.
The obtained sequences were analyzed by the Influenza
Sequences and Epitopes Database, which was developed in
Korea.

Results

Eleven patients were found to be having oseltamivir-resis-
tant pandemic (HIN1) 2009 viruses with the H275Y substi-
tution in the viral NA genes (Tables 1 and 2). Some cases
were associated with oseltamivir treatment on the basis of
H275Y change from the oseltamivir-sensitive genotypes to
oseltamivir-resistant genotypes in consecutive samples from
the same patient. Furthermore, a novel NA (I1117M) substi-
tution that may be associated with oseltamivir resistance
was detected in specimens from one patient (patient G)
who had myelodysplasia and received oseltamivir and per-
amivir (Tables 1 and 2). In addition, we obtained viruses
from clinical specimens (patients A and C) and evaluated
antiviral susceptibility by measuring the dose of oseltamivir
and zanamivir required for 50% inhibition (ICs,) of NA
activity. These viruses (from patients A and C) were resis-
tant only to oseltamivir (ICsy 7132 and 359-4 nmol/l,
respectively). Susceptibility to zanamivir was not altered
whether NA contained Y275 or H275 (ICs, 0-13 and
0-78 nmol/], respectively). One isolate of pandemic (HIN1)
2009 virus with an oseltamivir-sensitive genotype (H275 in
its NA) was susceptible to oseltamivir (ICs5, 1-18 nmol/1)
and zanamivir (ICs, 0-42 nmol/1). Patients with oseltami-
vir-resistant pandemic (HIN1) 2009 were treated during
hospitalization with oseltamivir alone or with a combina-
tion of other antiviral drugs (Table 2). Active surveillance

Options for the control of influenza VII |

that evaluated spread of oseltamivir-resistant viral infec-
tions among hospital staff, family members, and other
patients who had contact with or cared for the patients
showed no evidence of virus transmission in the hospitals.

Conclusion

We found 11 patients of oseltamivir resistance with H275Y
mutation in the NA gene of pandemic (HIN1) 2009 virus
through the surveillance of patient refractory to antiviral
treatment. In addition, novel amino acid change (I to M)
at position 117 in the NA gene, which might influence
oseltamivir susceptibility, was detected in sequential speci-
mens of a patient. These data showed that generation of
oseltamivir resistance could be associated with oseltamivir
treatment. Therefore, it needs to strengthen the antiviral
monitoring by supplementation of the clinical data includ-
ing antiviral treatment.
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Introduction

Oral oseltamivir or inhaled zanamivir, US FDA approved
neuraminidase (NA) inhibitors (NAI), were recommended
for treatment and chemoprophylaxis for 2009 pandemic
influenza A (HINI) (pHIN1) virus infections during
2009-2010."* With rare exceptions, pHIN1 viruses were
susceptible to oseltamivir. Although rarely reported, osel-
tamivir-resistant pHINI1 viruses all had the H275Y muta-
tion in the neuraminidase. All pHINI1 viruses were
sensitive to zanamivir and resistant to adamantanes.™*

During the pandemic, oral oseltamivir was the primary
antiviral medication used for treatment of hospitalized
patients with pHINI infection. Many physicians worried
that clinical deterioration or failure to respond to treatment
with oseltamivir was due to either oseltamivir resistance or
oseltamivir failure. In the United States, two investigational
intravenous (IV) NAIs were available during 2009-2010:
peramivir through Emergency Use Authorization and za-
namivir by Investigational New Drug application. Peramivir
would be an option for patients with oseltamivir failure,
but would not be appropriate for patients infected with
H275Y oseltamivir resistant mutants. IV zanamivir was
available in limited supply, but would be appropriate for
severely ill patients infected with an oseltamivir-resistant
pHIN1 virus. During the pandemic, clinicians had few
options for antiviral resistance testing in the United States.
To respond to this need, the US Centers for Disease Con-
trol and Prevention (CDC) offered antiviral resistance test-
ing for patients suspected to have clinical failure due to
oseltamivir resistance. We describe the methods that CDC
used to prioritize patients for testing during the pandemic
and to detect markers for oseltamivir resistance, as well as
the results from this testing.

Materials and methods

To facilitate decisions on which patients to test, we devel-
oped testing algorithms that were shared with state labora-

tories, epidemiologists, and the Emergency Operation
Center at CDC. We prioritized patients who might benefit
the most from antiviral testing given the inherent delay in
providing antiviral results, e.g. patients who might have
prolonged pHINI shedding. Patients that were critically ill
[intensive care unit (ICU) admission] or patients with
severe immunocompromising conditions with clinical evi-
dence for oseltamivir treatment failure (persistent detection
of virus and clinical unresponsiveness to the drug) were
prioritized. In addition, we tested specimens from patients
that failed oseltamivir chemoprophylaxis. Standard forms
with information regarding specimen and minimal clinical
information were collected on all patients. All protocols
were validated and approved by Clinical Laboratory
Improvement Amendments, e.g. quality standards to ensure
accuracy, reliability, and timeliness of patient test results.
Information collected on patients was deemed public health
response, not research, at CDC.

Clinical specimens, confirmed as 2009 pandemic influ-
enza A (HIN1), were tested for the H275Y mutation in the
NA using pyrosequencing.” Results were returned to sender
within 24-48 hours of specimen receipt.

Results

From October 2009 until July 2010, a total of 116 speci-
mens from 73 patients were submitted for testing. Viruses
from 26 (36%) of 73 patients had H275Y mutation in the
NA in at least one submitted specimen. Clinical informa-
tion was available for 66 patients (Table 1). Most patients
had received oseltamivir for treatment prior to obtaining
the specimen sent for antiviral testing. Four patients
received oseltamivir for chemoprophylaxis, all were immu-
nosuppressed, and all had the H275Y mutant; duration of
chemoprophylaxis until pHIN1 infection was detected var-
ied (4-39 days). Among the patients with an H275Y
mutant who were treated with oseltamivir, the median time
on oseltamivir prior to collection of specimen with H275Y
mutation was 18 days (range 3-36 days). Three patients
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Table 1. Characteristics of patients with specimens sub-
mitted for testing for clinical use

Patients with

H275Y virus

Total infection

(n = 66) (n = 25)

No. (%) No. (%)
Age, median years (range) 43 (0-82) 45 (0-67)
Female 31 (47) 13 (52)
Severe Immunosuppression 32 (48) 23 (92)
ICU without immunosuppression 34 (52) 2 (8)
Oseltamivir use prior to testing 63 (95) 22 (88)
Chemoprophylaxis 4 (6:1) 4 (16)
Treatment 57 (86) 18 (72)
Unknown dose or use 2 (3) 0
No oseltamivir use” 3 (4-5) 3(12)

“Three patients had exposure to another patient with resistant virus
infection and were part of a hospital cluster.

were part of a hospital cluster of oseltamivir-resistant virus
infections and were infected with H275Y mutants prior to
oseltamivir treatment.®

Patients ~ with conditions
accounted for almost half of all patient specimens tested,
but they accounted for the majority of oseltamivir-resistant
pHINI virus infections (Table 1); among 32 individuals
with severe immunocompromising conditions and clinical
failure while on oseltamivir therapy, 23 (72%) had the
H275Y mutant detected. Among the immunosuppressed
patients with an oseltamivir-resistant virus, 16 (70%) had
hematologic malignancies reported. In contrast, among the

immunocompromising

subset of ICU patients without immunocompromising con-
ditions and clinical failure while on oseltamivir therapy, we
found little resistance: 2 (59%) of 34 ICU patients had
oseltamivir resistance detected.

Discussion

During the 2009 pandemic, we were able to provide timely
and useful information to clinicians regarding suspected
cases of oseltamivir resistance. Our testing algorithm lim-
ited the number of specimens to specimens from the high-
est risk patients that would benefit the most from antiviral
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treatment. Such an approach allowed us to offer this ser-
vice without compromising our public health duties. In
addition, the information we collected on patients from
this service complimented our data on the national surveil-
lance for antiviral resistance.

We also performed national antiviral resistance surveil-
lance from April 2009 to July 2010. Overall, 67 resistant
pHINI viruses were identified from April 2009 to July
2010 in the United States among 6812 tested samples,
including specimens described above, surveillance speci-
mens, and resistant viruses reported in the literature.”

Further studies to understand risk factors for oseltami-
vir-resistant pHIN1 infection in patients with severe im-
munocompromising conditions are needed. While efforts
to provide antiviral testing technology and materials to
state laboratories are ongoing, clinicians still have limited
options for such testing. Rapid and inexpensive assays that
could be performed by clinical laboratories, especially those
caring for immunosuppressed patients, would be useful to
inform patient care.
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Introduction

The Applied Biosystems® NA-XTD™ Influenza Neuramini-
dase Assay Kit provides the next-generation NA-XTD™
1,2-dioxetane chemiluminescent neuraminidase (NA) sub-
strate, together with all necessary assay reagents and micro-
plates, to quantitate sensitivity of influenza virus isolates to
neuraminidase inhibitors. Like the NA-Star® Influenza
Neuraminidase Inhibitor Resistance Detection Kit, the
NA-XTD™ Influenza Neuraminidase Assay provides highly
sensitive detection of influenza neuraminidase activity. In
addition, the NA-XTD™ assay provides extended-glow light
emission that eliminates the need for reagent injection and
enables signal measurement either immediately or up to sev-
eral hours after assay completion. The NA-XTD™ assay is
also used to quantitate influenza NA activity directly in cell-
based virus cultures to monitor viral growth or inhibition.

Global monitoring of influenza strains for resistance to
neuraminidase inhibitors (NIs) is essential for understand-
ing their efficacy for seasonal, pandemic, or avian influ-
enza, and studying the epidemiology of viral strains and
resistance mutations. Functional neuraminidase inhibition
assays enable detection of any resistance mutation, making
them extremely important for global monitoring of virus
sensitivity to NIs. The first-generation chemiluminescent
NA-Star® Influenza Neuraminidase Inhibitor Resistance
Detection Kit has been widely used for virus NI sensitivity
assays,'® including identification of A/HINI pandemic
virus resistant to oseltamivir.>'° In addition, this assay has
been used for identification of new NI compounds,'’ NI
characterization,'? studies of virus transmission,” drug
delivery,' NA quantitation of virus-like particles,"”” and
cell-based virus quantitation.'®

Neuraminidase assays performed with chemiluminescent
1,2-dioxetane substrates, including NA-Star® and NA-
XTD™ substrates, typically provide 5-to-50-fold higher

sensitivity by signal-to-noise ratio than assays performed
with the fluorescent MUNANA substrate. In addition,
chemiluminescent assays provide linear results over 3—4
order of magnitude of neuraminidase concentration com-
pared to 2-3 orders of magnitude with the fluorescent
assay.” The high assay sensitivity achieved with chemilumi-
nescent assays enables use of lower concentrations of viral
stocks, and the wide assay range minimizes the need to
pre-titer virus stocks prior to ICs, determination.

Materials and methods

The NA-XTD™, NA-Star® and NA-Fluor™ assay kits are
supplied by Life Technologies. The NA-XTD kit includes
(i) NA Sample Prep Buffer (Triton X-100-containing), (ii)
NA-XTD Assay Buffer for dilution of virus, neuraminidase
inhibitors (NIs), and substrate, (iii) NA-XTD Substrate,
(iv) NA-XTD Accelerator, and (v) NA-Star Detection Mi-
croplates (white 96-well). Influenza strains used include
type A/HIN1 (VR-1469™ (human), VR-1520™ (human),
VR-1682™ (swine) from ATCC (Manassas, VA) and
A/HIN1/Texas/36/91, wild-type and H275Y oseltamivir-
resistant mutant strains, (provided by the CDC, Atlanta,
GA, USA), and B/Lee/40 (VR-1535"™, ATCC) viruses. NIs
used include oseltamivir carboxylate (F. Hoffmann-La
Roche Ltd, Basel, Switzerland) and zanamivir (Glaxo-
SmithKline, Research Triangle Park, NC, USA). Assays were
performed according to the NA-XTD assay protocol.

Sample prep

1. Add 10% volume of NA Sample Prep Buffer to virus
stock.

2. Dilute virus as appropriate.

Assay protocol
25 pl diluted virus.
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25 pul NI dilution (in NA-XTD Assay Buffer), pre-incu-
bate X 30 minutes at 37°C.

25 ul 1:1000 NA-XTD Substrate, incubate X 30 minutes.

60 ul NA-XTD Accelerator, read 1 second/well.
Assays were performed with the SpectraMax M5 multi-
mode microplate reader (Molecular Devices, Sunnyvale,
CA, USA). ICso analysis was performed using GraphPad
Prism Software dose-response curve-fitting.

Results

Chemiluminescent reactions result in conversion of chemi-
cal energy to light energy, as light emission. The NA-
XTD™ substrate is a 1,2-dioxetane structure bearing a sia-
lic acid cleavable group. To perform the NA-XTD assay,
virus dilutions (from cell culture supernatant) are pre-incu-
bated in the presence of neuraminidase inhibitor. Then
NA-XTD Substrate is added and incubated for 30 minutes
for substrate cleavage to proceed. Finally, light emission is
triggered upon addition of NA-XTD Accelerator, which
provides a pH shift and a proprietary polymeric enhancer,
both required for efficient light emission. Chemilumines-
cent assays are performed in solid white microplates, and
light emission is measured in a luminometer. The NA-
XTD™ substrate has a single structural difference from the
NA-Star® substrate that provides a much longer-lasting
chemiluminescent signal, with a signal half-life of approxi-
mately 2 hours (not shown), compared to ~10 minutes
with the NA-Strar assay, eliminating the need for luminom-
eter instruments equipped with reagent injectors and
enabling more convenient batch-mode processing of assay
plates. The NA-XTD™ Assay Kit also provides a new
accelerator solution, containing a next-generation polymer
enhancer, and a Triton® X-100-containing sample prep
buffer providing enhanced NA activity.

Read-time flexibility is demonstrated by determination
of oseltamivir ICs, values using data collected over 3 hours
after addition of NA-XTD™ Accelerator. Although signal
intensity slowly decreases over time, the I1Cs, curves and
values are identical at each time point, shown using influ-
enza B/Lee/40 (Figure 1).

Triton X-100 detergent at 1% has been shown to inacti-
vate flu virus while increasing neuraminidase activity.'”
The addition of NA Sample Prep Buffer (containing 10%
Triton X-100) to virus stocks (at 1/10 volume, achieving a
final concentration of 1%) provides increase in NA activity
up to fourfold, but is not consistently observed, and seems
to be most effective with more concentrated virus stocks.
1Cs, values are unaffected by the addition of Triton X-100
to the virus stock prior to virus dilution (not shown), so
the assay is compatible with known virus inactivation
reagents. Assay sensitivity and ICs, values determined with
the NA-XTD assay have been compared to those obtained
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Figure 1. Extended-glow light emission kinetics enables assay read-time
flexibility, with identical IC5, values obtained with read times up to
3 hours after NA-XTD Accelerator addition.

with both the chemiluminescent NA-Star assay and the
fluorescent NA-Fluor assay (not shown). The chemilumi-
nescent assays provide 2- to 50-fold higher sensitivity by
signal-to-noise ratio, depending on the virus strain, wider
assay dynamic range, and better low-end detection limit
than the fluorescent assay. The wide assay range with the
chemiluminescent assays enables determination of ICs, val-
ues over a range of virus concentrations, eliminating the
need to titer virus prior to performing ICs5, determination
assays. 1Csy values obtained with the NA-XTD assay are
nearly identical to those obtained with the NA-Star assay,
with both oseltamivir and zanamivir neuraminidase inhibi-
tors, and tend to be slightly lower than ICs, values
obtained with the fluorescent assay.

Viral NA quantitation provides a convenient read-out to
measure viral growth or inhibition, including inhibition in
the presence of inhibitory compounds or antibodies,
described as Accelerated Viral Inhibition with NA as read-
out assay (AVINA).'® MDCK cell cultures in a 96-well mi-
croplate were infected with different virus strains
(B/Lee/40 (VR-1535"™), A/WS/33 (HIN1) (VR-1520"™),
A/Swine/1976/31 (HIN1) (VR-1682™), A/Texas/36/91
(HIN1) wild-type and H275Y mutant), followed by incu-

m 128 nM NI
®m 12:8 nM NI
=128 nM NI
O0nMNI

RLU

Figure 2. NA-XTD assay for cell-based virus growth inhibition
application.
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bation in the presence of varying concentrations of osel-
tamivir carboxylate. Samples of culture media were assayed
24 hours later. Quantitation of NA activity with the NA-
XTD™ assay demonstrates inhibition of viral growth by
oseltamivir carboxylate in cell culture (Figure 2).

Different volumes of culture media were assayed with
the NA-XTD assay, either in the culture plate or in a sepa-
rate assay plate (not shown). Performing the assay using
the entire well contents (100 ul) reduces assay sensitivity
due to the high concentration of phenol red. Assaying a
smaller volume of culture medium (either in culture plate
or a separate assay plate) provides higher sensitivity, and
enables temporal monitoring or use of remaining culture
medium for other assays.

Discussion

The Applied Biosystems® NA-XTD™ Influenza Neur-
aminidase Assay Kit is a next-generation chemilumines-
cent neuraminidase assay providing high assay sensitivity
and “glow” light emission kinetics for improved ease-of-
use. The Applied Biosystems® NA-Fluor™ Influenza
Neuraminidase Assay Kit, based on the fluorescent MUN-
ANA substrate, has also been developed to complement
the NA-XTD™ and NA-Star® chemiluminescence assays,
for users lacking luminometer instrumentation or choos-
ing to use fluorescence assay detection. Together these
kits offer:

e Standardized reagents and protocols
Choice of detection technology
Simple instrumentation requirements
High sensitivity for use with low virus concentrations
Compatibility with batch-mode processing and large-
scale assay throughput
Broad specificity of influenza detection

Flexibility in assay format

Additional NA assay applications — cell-based viral

assays, screening for new NIs, detection of NA from

other organisms

Functional neuraminidase inhibition assays enable detec-

tion of any resistance mutation and are extremely impor-
tant in conjunction with sequence-based screening assays
for global monitoring of virus isolates for NI resistance
mutations, including known and new mutations. Together,
these assays provide highly sensitive, convenient and versa-
tile assay systems with standardized assay reagents, and
simple assay protocols for influenza researchers.
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Abstract

Background: Influenza pandemics have been associated
with high morbidity and mortality in part due to bacterial
complications. Accurate bacterial infection rates complicat-
ing 2009 HIN1 infection are limited, primarily because of
difficulty collecting reliable respiratory samples. Procalcito-
nin (ProCT), a serum biomarker, may aid in distinguishing
viral and bacterial infections. Materials and methods:
Adults with respiratory illnesses admitted to the hospital
between November and June (2008-2010) were recruited.
Patients underwent testing for influenza and bacterial infec-
tion. Serum ProCT was measured on admission and day 2
of hospitalization. Results: Fifty-one subjects were diag-
nosed with influenza infection, 20 seasonal and 31 HINI1
2009 (pandemic). Demographics and illness characteristics
of seasonal and pandemic infected patients were similar.
Bacterial infections were diagnosed in 8 (16%) subjects;
none were bacteremic. Mean serum ProCT (ng/ml) levels
in seasonal versus pandemic patients on admission and day
2 were not significantly different. Reliable sputum samples
were collected in 22 (43%) subjects. Of these, ProCT was
205 ng/ml in two with influenza alone and three associ-
ated with bacterial infection, and <0-5 ng/ml in 12 with
influenza alone and five associated with bacterial infection.
The sensitivity of a ProCT 20-5 ng/ml for bacterial infec-
tion was 38% and specificity 86%. Mean ProCT values
were significantly higher in patients with infiltrates versus
those with atelectasis or no acute disease on chest radio-
graphs (CXR) (24 £ 4-8 ng/ml versus 0-36 £ 1-2 ng/ml,
P =002). Combining patients with ProCT
20-5 ug/ml and those with a positive bacterial test, seasonal
and pandemic influenza bacterial infection rates were 20%

values

and 26%, respectively. Conclusions: Bacterial infections
occur in approximately %4 of adults hospitalized with influ-
enza with no significant difference in seasonal and pan-
demic influenza infection rates. Given the difficulties with

bacterial diagnosis, elevated ProCT values may be helpful
to identify patients at high risk for invasive disease.

Introduction

Over 200 000 hospitalizations and 36 000 deaths in the US
annually are attributable to seasonal influenza, primarily in
chronically ill persons and the elderly.'” Following the
emergence of pandemic 2009 HIN1 influenza, severe ill-
nesses have also been observed in children and young
healthy adults.* The occurrences of staphylococcal and
pneumococcal pneumonia complicating influenza pandem-
ics are well described.”” Although temporal associations of
bacterial pneumonia and influenza circulation have been
reported, there is little precise data on rates of bacterial
complications of seasonal or pandemic influenza. The study
of bacterial lung infection has been hampered by insensitive
tests for invasive disease and the difficulty of interpreting
routinely obtained sputum culture results.*’

Procalcitonin (ProCT), the prohormone of calcitonin, can
discriminate viral and bacterial infections.'” This 116-ami-
noacid precursor protein normally produced by neuroendo-
crine cells of the lungs and thyroid gland was first shown to
be elevated in bacterial infections in patients with
pulmonary injury and pneumonitis."' Stimuli of ProCT
include TNF-o, endotoxin, and other bacterial products.12
Several studies indicate that bacterial infections commonly
induce hyperprocalcitonemia, but that viral infections,
including 2009 HINI, are associated with only minimal
increases.'“'%!3 Of note, ProCT induction is attenuated by
viral-induced interferon-y.'* A meta-analysis of studies com-
paring ProCT and CRP as markers for bacterial infection
found that ProCT was more sensitive and specific than CRP
for differentiating bacterial from other causes of inflamma-
tion.'>'® Therefore, we measured ProCT levels in patients
with seasonal and pandemic influenza and compared results
with conventional methods for bacterial diagnosis.
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Materials and methods

Patient population

Adults >21 years of age admitted to Rochester General
Hospital (RGH) from November 1st to June 30th for two
winter seasons (2008-2010) with an admitting diagnosis
compatible with acute respiratory tract infection were
recruited for the study. Patients were screened within
24 hours of admission, and those with prior antibiotic
use, immunosupression, or pregnancy were excluded.
Subjects or their legal guardian provided written informed
consent. The study was approved by the University of
Rochester and RGH Research Subjects Review Board.

Illness evaluation

At enrollment demographic, clinical and laboratory infor-
mation was collected. Influenza testing included nose-
throat swabs (NTS) for rapid antigen, viral culture, and
reverse transcription-polymerase chain reaction (RT-PCR)
and serology. Testing for bacterial pathogens included
blood cultures, sputum for culture and gram stain, NTS
for Mycoplasma pneumoniae and Chlamydophila pneumo-
niae PCR, S. pneumoniae antigen testing, and pneumococ-
cal serology. If patients were unable to expectorate, sputum
was induced with normal saline and bronchodilators. Spec-
imens were considered adequate by the standard criteria of
>25 neutrophils (PMNs) and <10 epithelial cells per high
power field. Serum was collected at admission and hospital
day 2 for ProCT measurements.

Laboratory methods

Influenza diagnostics

Influenza infection was defined a positive result for any of

the following tests:

1. Rapid Antigen- Influenza rapid antigen tests were per-
formed using QuickVue® Flu A & B (Quidel, San
Diego, CA, USA).

2. Viral Culture- R Mix™ (Diagnostic HYBRIDS, Athens,
OH, USA) was used for influenza culture.

3. RT-PCR: NTS and sputum was processed for influenza
viruses using established methods.'”” The primers and
probes used for influenza strains are as follows: Influ-
enza A(Matrix gene) Forward primer 5"GACCRATCCT-
GTCACCTCTGAC3’, Reverse Primer 5’ AGGGCATTY
TGGACAAAKCGTCTA3’, Probe[FAM]TGCAGTCCTC
GCTCACTGGGCACG[BHQ1], Influenza B (NS1 gene)
Forward primer 5 TCCTCAAYTCACTCTTCGAGCG3’,
Reverse Primer 5 CGGTGCTCTTGACCAAATTGG3,
Probe [FAM]CCAATTCGAGCAGCTGAAACTGCGGTG
[BHQ1]. 2009 HINI proprietary primers and probe
sequences were supplied by Dr Stephen Lindstrom of
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the Center for Disease Control and Prevention, Atlanta,
GA.

Serology: Whole viral culture lysates were used as antigen.
The circulating strains of A and B influenza virus were
obtained from the clinical laboratory. Influenza A was
typed by the New York State Department of Health labora-
tories. The titer of IgG to each virus in acute and convales-
cent serum was determined using enzyme immunoassay
(EIA), and a positive result was defined as a greater than
or equal to fourfold rise in titer.'”

Bacterial assays

Standard microbiological testing

Blood cultures, sputum gram stain and culture were per-
formed by the clinical microbiology laboratory at RGH.
Only adequate sputum samples were analyzed.

S. pneumoniae Psp A serology

Psp A antigens were obtained form the Bacterial Respira-
tory Pathogen Reference Laboratory at the University of
Alabama  [Available at  http://www.vaccine.uab.edu/
(Accessed 14 October 2010)]. Cloned proteins were coated
on EIA plates at 2 ug/ml in bicarbonate buffer. After over-
night incubation, plates were washed and two-fold dilu-
tions incubated overnight at room
temperature. Plates were washed and incubated with alka-
line phosphatase conjugate for 3 hours, followed by sub-
strate. A greater than or equal to fourfold rise in titer was

of serum were

considered evidence of infection with S. pneumoniae.

Urinary antigen for S. pneumoniae
Samples were assayed for antigen using the Binax NOW
kit. (Binax Inc, Scarborough, ME, USA).

Procalcitonin (ProCT)

The ProCT was measured using time resolved amplified
cryptate emission technology (Kryptor PCT; Brahms, Hen-
ningsdorf, Germany). Functional sensitivity is 0-06 ng/ml
(normal levels are 0-033 + 0-003 ng/ml).'®

Mpycoplasma and chlamydia PCR

Real-time PCR targeting the P1 adhesion gene for M. pneu-
moniae and the ompA gene for C. pneumoniae was used to
detect atypical bacteria."®

Results

Fifty-one of 529 (9:6%) illnesses evaluated tested positive
for influenza virus. Of these, 20 were due to “seasonal
influenza” (16 influenza A/H3N2 and 4 influenza B), and
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Table 1. Procalcitonin values on the first and second Hospital Day

Day 1 Day 2
Seasonal Pandemic Seasonal Pandemic
N =20 N =31 N =20 N =31
Mean + SD 0-14 £ 0-17 1-05 + 2-86 017 £ 0-17 134 + 437
Range 0:02-0-84 0:05-13-7 0:02-067 0:05-20-1
Median 0-08 0-09 0-11 0-12
A 10- Seasonal
31 were identified as “pandemic influenza” (2009 HINI). 0-9- 0 Day 1
Demographics of both groups were similar: mean ages 081 ® Day 2
55 + 18 and 50 £ 11 years, respectively, and equivalent sex g7
and racial characteristics. Other than a higher incidence of 2 8:2:
underlying lung disease in the seasonal group (75% versus ":’; 04+
45%, P = 0-05), pre-existing medical conditions including & 031
obesity were similar. Symptoms, physical findings, and dis- gf
charge diagnoses did not differ, and chest radiographs 0.0
(CXR) showed infiltrates in 20% and 13% of seasonal and T2 S 4 s 6T B9 0 AT T2 3 s 6 AT 18 9 20
pandemic subjects, respectively. Two pandemic and one Pandemic
seasonal influenza patient developed respiratory failure, and zi:g:_ I o Day 1
none died. so4l [ - Dazz
Opverall, bacterial infections were diagnosed in 8 (16%) < 351
subjects (4- seasonal and 4-pandemic), and none were bac- D 307
teremic. Bacterial infections included: 5- S. pneumoniae, 1- E ;g:
M. pneumoniae, 1-S. aureus, and 1- H. influenzae. All sea- E 154
sonal patients were diagnosed with asthma or bronchitis, 104
whereas three pandemic patients had pneumonia. 8:2 &ﬂ[.ﬂ EIEIILE-:IA:LA:LA:IJ:-:-:-:. A 1

Mean serum ProCT (ng/ml) levels in seasonal versus
pandemic patients on admission and day 2 were:
0-14 £ 0-17 wversus 1:05 £ 2:86 and 017 £ 0-17 versus
139 + 4-37, respectively, and were not significantly differ-
ent (Table 1).

Several patients in the pandemic group had high ProCT
levels, and there was a trend toward more pandemic
patients having admission ProCT values 205 ng/ml
than seasonal subjects [1 (5%) versus 6 (19%), P = 0-22]
(Figure 1A, B). Of the four patients with ProC-
T > 1'5 ng/ml, two had dense infiltrates on CXR, one had
a peripheral WBC of 17 200/ml with a threefold increase
in S. pneumoniae antibody, and one developed respiratory
failure associated with COPD exacerbation.

Reliable sputum samples (within 6 hours of antibiotics)
were collected in only 22 (43%) subjects. Of these, ProCT
was 20-5 ng/ml in two with influenza alone and three asso-
ciated with bacterial infection, and <0-5 ng/ml in 12 with
influenza alone and five associated with bacterial infection.
In the 22 with reliable sputa and accepting the conven-
tional bacterial diagnosis, sensitivity of a ProC-
T > 0-5 ng/ml for bacterial infection was 38%, specificity

17273456 7 8 9 10 1112 13 14 15 16 17 18 1920 2122 23 24 2526 27 28 29 30

Figure 1. Procalcitonin values for individual study participants on
Admission (gray bar) and Day 2 (black bar). Patients with seasonal
influenza are shown in (A) and pandemic patients in (B).

86%, positive predictive value 60%, and negative predictive
value 71%. Notably, one patient considered to have influ-
enza alone (ProCT — 0-87 ng/ml) had group A streptococ-
cus and S. aureus in a contaminated sputum and bilateral
infiltrates on CXR. Three of five patients with bacterial
infections and ProCT < 0-25 ng/ml had a clinical diagnosis
of bronchitis. Mean ProCT values were significantly higher
in patients with infiltrates versus those with atelectasis or
no acute disease on CXR (24 £ 48 ng/ml
0-36 £ 1-2 ng/ml, P = 0-02).

Combining patients with ProCT values >0-5 ng/ml with
those having positive bacterial tests, rates of bacterial infec-

versus

tion associated with seasonal and pandemic influenza were
20% and 26%, respectively. Notably, antibiotics were
administered to 88% of subjects despite 73% having no
acute disease on CXR.
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Discussion

In our study, bacterial infections were diagnosed in approxi-
mately 25% of adults hospitalized with influenza with no
significant difference in rates noted between seasonal and
pandemic influenza infected subjects. Previous reports of
bacterial infection rates of 4-15% with seasonal influenza
are difficult to compare with recent studies of pandemic
influenza, because the latter tended to focus on more
severely ill patients.”** Bacterial pneumonia has been sus-
pected or diagnosed in 13-24% of patients in intensive care
associated with 2009 HIN1 infection and up to 38% of
patients who died.”>** Despite aggressive pursuit of speci-
mens for bacterial testing, diagnoses could be confirmed in
only 8 (15:6%) of patients using conventional methodology.

Given the difficulty in establishing a diagnosis of bacte-
rial infection, elevated ProCT values may be helpful to
identify patients at high risk for invasive disease. In a study
of 25 patients with severe 2009 HIN1 or bacterial infection
necessitating intensive care, a threshold ProCT level of
0-8 ng/ml, demonstrated 100% sensitivity and 62% speci-
ficity for bacterial infection.”> Among 38 patients with 2009
HIN1 associated pneumonia, many of whom had respira-
tory failure, a threshold ProCT value of 0-5 ng/ml provided
a sensitivity of 100% and specificity of 53% for bacterial
infection.”® Access to samples from lower airways in venti-
lated patients in these studies may have improved recovery
of bacteria and account for the different results we
observed. It should be noted that none of our patients were
bacteremic, which is a very strong stimulus for ProCT
release. ProCT levels have been used successfully to guide
therapy in community acquired pneumonia, and our data
showing high ProCT levels in patients with infiltrates on
CXR suggests ProCT may be most useful for excluding
invasive disease.””*®

Elevated ProCT levels were not observed in patients with
purulent sputum and clear CXR. It is notable that a ProCT
level of <0-25 ng/ml did not exclude patients with bacterial
bronchitis since ProCT has been used to guide antibiotic
therapy in COPD exacerbations.”” While it could be argued
that healthy patients with bacterial bronchitis do not
require antibiotic treatment, physician behavior in our
study indicates antibiotics are frequently prescribed.

Combining patients with ProCT values >0-5 ng/ml and
those with a positive bacterial test, approximately 25% in
patients in our study had bacterial complications associ-
ated with influenza infection. Efforts should be made to
curtail antibiotic use in hemodynamically stable patients
with clear CXRs. Given physician discomfort regarding dis-
continuing antibiotics, ProCT measurements in combina-
tion with routine bacterial cultures should be useful tools
to guide therapy.
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Background

We started the antiviral treatment of influenza in humans
using neuraminidase inhibitors on January 29, 1999 in a
successful attempt to cure a 96-year-old patient. Since then,
we have used the inhalant antiviral drug zanamivir, and
later (October 1, 2002) changed to the use of oseltamivir
with systemic bioavailability for treating patients with influ-
enza. After 10 years of experience with antiviral treatment
of outpatients, we highlight the importance of early diag-
nosis and early treatment.' The necessity of an earliest pos-
sible diagnosis was confirmed in the pandemic of 2009.
Large hospitals reported that patients with an HIN1/09
infection had to be treated with extracorporeal membrane
oxygenation. We are convinced this is due to delayed rec-
ognition of infection in most cases. Valuable time is lost
when the patient with a sudden onset has to be brought to
a hospital for emergency treatment. The point at which the
patient goes to the doctor is decisive, and this problem of

timing and the delivery of early treatment is not specific to
Germany.

Material and methods

In our medical office, we assessed patients with suspected
influenza (to date 262 seasonal infections, and in 2009, 25
HIN1/09) through clinical diagnosis,” and then proven by
point of care rapid test (QuickVue; Quidel, San Diego, CA,
USA) followed by PCR. All of the patients undergo con-
comitant lab tests: leukopenia, serum iron level, and the
humoral inflammation status [sum of the C-reactive pro-
tein (CRP) and fibrinogen levels]. Because of the constant
threat of a bacterial superinfection, a bacterial swab and
antibiogram is carried out on every patient. In all cases
positive for influenza, oseltamivir was given immediately.
Nowadays it is important that a double infection with
influenza and MRSA must be recognized immediately and
treatment started at once with antivirals and, when
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appropriate, with a suitable antibiotic. We pay particular
attention to an extremely low iron level (Signum mali
ominis). In addition we monitor oxygen saturation and the
course of the humoral inflammation status every 1-2 hours
for every of our outpatients.

Results

Among our patients with seasonal influenza, we saw 132
within 12 hours, 103 within 36 hours, and 27 within
48 hours after disease onset. For pandemic influenza, it was
12 patients within 12 hours, 11 within 24 hours, and two
within =~ 36 hours. For all patients, we measured
CRP < 3:5mg and fibrinogen < 350 mg/dl (12 hours),
CRP < 10 mg and fibrinogen < 450 mg/dl (36 hours), and
CRP > 10 mg and fibrinogen < 500 mg/dl (48 hours, only
seasonal cases). Antibiotics were necessary in 130 cases,
heparin and oxygen administration in 27 cases. One hun-
dred forty-eight patients had a superinfection following
influenza. The most common strains were Haemophilus pa-
rainfluenzae and Staphylococcus aureus. The subsequent use
of a suitable antibiotic was only necessary in 50% of the
patients. In all cases diagnosed, treatment (including hepa-
rin and oxygen administration) and monitoring were con-
ducted in our medical office. None of our patients
(seasonal and pandemic) had to be admitted to hospital.

Discussion

The early decision of whether or not antiviral and antibac-
terial treatment is taking effect is the only way the threat of
a cytokine storm can be averted. Not only does the primary
care physician have to be aware of the pathophysiology
involved, but also the necessary diagnostic and therapeutic
options have to be made available to him. The result will
lead to a saving of both lives and healthcare costs. This
applies both in epidemic as well as in pandemic times.
Today we know that influenza leaves behind a defenceless
immune system, and that the proteases of S. aureus
contribute to influenza associated pneumonia. Mark von
Itzstein, who discovered neuraminidase inhibitors, empha-
sized the synergistic cooperation of viruses and bacteria
(personal communication, 2009). MRSA and influenza
viruses are posing problems worldwide.

The case of a 17-year-old boy with HIN1/09 infection
demonstrates how fatal developments can be prevented.
Due to his constantly recurring colds, we had already
detected the MRSA colonization years earlier and had
always worked on boosting his general health and resis-
tance. Both the patient and his family were included in
dealing with the problem. The patient was, and is, always
vaccinated early with a virosomal vaccine (Baxter). During
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the Oktoberfest in Munich in September 2009, when HINI1
infections were increasingly occurring, we learned that our
patient had come down with an extremely acute feverish
illness. With the help of the rapid test, we diagnosed an
HIN1/09 virus infection and started treatment with osel-
tamivir immediately. The humoral inflammation status,
which had increased very rapidly to more than 4-5 mg/dl
within hours, was treated with the effective cotrimoxazol
from the antibiogram. At the same time, the patient was
heparinized. The following day the patient had no fever
and was symptom-free. It was only through our early
knowledge of what could develop pathophysiologically that
we were in a position to make the right decision at the
right time.

Every doctor treating outpatients can follow this proce-
dure if he is familiar with the pathophysiology of the dis-
ease and has the available tests on hand: virus rapid test,
additional laboratory parameters (leukopenia, iron), and
the humoral inflammation status. The decisive factor, how-
ever, is the constant clinical alertness towards the course of
every acute feverish cold with acute onset. The patient has
to remain in the care of the attending physician, and the
chosen treatment has to be administered and monitored.
This means constant SpO2 measurements and checking the
humoral inflammation status every 2 hours. If a clinical
worsening occurs during monitoring, the treatment regime
has to be changed immediately, which means the adminis-
tration of an appropriate antibiotic. This outpatient care
on the part of the doctor has to be available 7 days a week
so that no time will be lost. Reports from The Netherlands
and Denmark show that, with the help of this preventive
strategy under the motto ‘search and destroy,” the danger-
ous, fatal course of infections reported in Germany with at
least four deaths a day, can be avoided. However, the doc-
tor has to be adequately remunerated for the elaborate
amount of time this intensive outpatient care requires.
With our strategy, we have moved from divergence to con-
vergence in the care of our patients. We reported on our
10 years of clinical experience with this approach at the
Antivirals Congress in Peking. Our main message was early
diagnosis and early treatment. We were able to demon-
strate this in 287 outpatients with seasonal influenza and
25 HIN1/09 outpatients. Our creed is: as much outpatient
care as possible and as little hospitalization as possible.
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Introduction

Influenza viruses cause substantial morbidity and mortality.
Pandemic influenza may have a serious impact on certain
(mainly younger) age groups in comparison with seasonal
flu. Influenza is one of few viral infections capable of caus-
ing a pneumonia that is difficult to cure and/or leads to
sudden death. The aim of this study was to analyze and
compare virological and autopsy findings in patients who
died with suspected or confirmed 2009 HINI1 pandemic
influenza virus infection.

Material and methods

There were 2477 virologically confirmed cases of pandemic
influenza and 102 deaths in the Czech Republic during
pandemic wave. More than 400 influenza strains belonging
to the new pandemic variant were isolated in the National
Influenza Reference Laboratory. Postmortem biological
samples were collected from any patient who died with sus-
pected influenza infection to test for respiratory viruses.
The samples were screened for 2009 HIN1 pandemic influ-
enza virus by real-time PCR (RT PCR), and when RT PCR
positive, by virus isolation assay. No immunohistochemical
staining for influenza antigen was done on the RNA PCR
positive cases. Other important respiratory viruses such as
respiratory syncytial virus, parainfluenza viruses, and
adenoviruses were detected by virus isolation assay in a
suitable cell culture. Epidemiological analysis of postmor-
tem histopathologic findings in the airway tissue was car-
ried out in 57 of 61 fatal cases. Virological findings were
subsequently correlated with histological changes and avail-
able demographic and clinical data. Statistical analysis was
performed by #-test using SPSS software.

Results

Sixty-one deaths (34 males, 27 females) were analyzed. The
RNA of the 2009 HINI pandemic influenza virus was
detected by PCR in 38 cases, while 23 cases remained neg-
ative. Five respiratory syncytial viruses and two adenovi-
ruses were detected in the influenza negative group. The
mean age of 38 confirmed 2009 HIN1 pandemic influenza
victims was 460 years, age range 7-74 years and median
47-5 years. The mean age of 23 influenza negative victims
was 551 years, age range 1-89years and median
57-0 years. The 95% CI for the difference in the age
between the two groups is —1'7; 19-9. The test is statisti-
cally significant at the 10% level. The obtained significance
(P = 0-07) can be explained by the relatively small size of
the study group.

The most common postmortem histopathologic finding
in the lung tissue of the 2009 HIN1 pandemic influenza
virus-positive victims was diffuse alveolar damage (often
bilateral) and/or hyaline membrane formation, possibly
with signs of respiratory distress syndrome (in 18, i.e.,
51-4%, of 35 autopsied patients). In the 2009 HINI
pandemic influenza virus negatives, the most common
finding was pneumonia or bronchopneumonia with the
detection of various bacterial species (in 12, i.e., 54:5%
of 22 autopsied patients). The cause might be either pri-
mary bacterial infection or superinfection following pri-
mary remained
undetected.

infection with influenza virus that

Discussion

The 2009 HINI1 pandemic influenza victims were younger
than the patients who died with suspected but undetected
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2009 HINI pandemic influenza. The majority of deaths
were primarily linked to rapidly developing respiratory fail-
ure. This result supports the previous reports of severe
respiratory outcomes in younger age groups that are typi-
cally linked to the spread of a pandemic strain of influ-
enza.! Due to limited amount of pandemic vaccine,
especially at the beginning of pandemic, it is advisable to
assess experiences with antiviral treatment, mainly dosing,
and way of antiviral administration.
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Abstract

Background: Influenza viruses with novel genotypes can
arise from gene reassortment events during co-infections.
Pandemic HIN1/2009 virus has circulated in humans glob-
ally for a period of time and was repeatedly detected in
pigs. Concerns are raised about the possibility of reassort-
ment between HIN1/2009 virus and other influenza
viruses. New reassortants might have altered virulence
and/or transmissibility and result in unpredictable conse-
quences. Thus, there is urgent need for rapid diagnostic
tools that can identify reassortants in full genome influenza
surveillance. Materials and methods: We employed real-
time RT-PCR-based strategy for the detection of reassort-
ment of pandemic HIN1/2009 virus. Eight singleplex SYBR
green-based RT-PCR assays specific for each gene segment
of pandemic HIN1/2009 were designed and evaluated with
influenza viruses of different genetic backgrounds. Results:
Of human influenza virus isolates tested with theses assays,
all pandemic HIN1 (n = 67) and all seasonal (n = 104)
isolates were differentiated effectively for all eight segments.
For the 59 swine isolates from our on-going surveillance
program of influenza viruses in pigs, 10 were positive in all
eight viral segments reactions. They were confirmed to be
of pandemic HINI1 origin by sequencing, showing that
these were caused by zoonotic transmissions of HIN1/2009
virus from humans to pigs. The other 49 non-pandemic
HIN1/2009 swine viruses had one to seven gene segments
positive in the tests. Further characterization of these
viruses indicated that these PCR positive genes are the pre-
cursor genes of pandemic HIN1/2009 virus in the contem-
porary triple reassortant (TR) or Eurasian avian-like swine
influenza virus lineages. The melting curve analysis of hem-
agglutinin (HA) assay can differentiate the pandemic
(HIN1) 2009 virus from other contemporary swine viruses
with the same HA lineage. Most interestingly, using these
established assays, a reassortant between pandemic
HIN1/2009 and swine HI viruses were identified in our

on-going surveillance study. Conclusions: The result high-
lighted that our assays are able to detect pandemic
HIN1/2009 virus in humans and its re-introduction in
pigs. These assays might be useful screening tools for iden-
tifying  viral
HIN1/2009 or its precursor viruses, thereby enhancing our
pandemic influenza surveillance plans.

reassortants  derived from pandemic

Introduction

Influenza A virus is a member of the Orthomyxoviridae
family. Its genome consists of eight negative sense RNA
segments, namely polymerase basic protein 2 (PB2), PBI,
polymerase acidic protein (PA), hemagglutinin (HA),
nucleoprotein (NP), neuraminidase (NA), matrix protein
(M), and nonstructural protein (NS). Influenza viruses
can exchange gene segments with each other in co-
infected cells and give rise to progeny with novel gene
combinations in the event of reassortment, which is
responsible for the antigenic shifts of influenza virus. In
2009, it was a surprise that a pandemic was caused by a
novel influenza virus of swine origin of the HI subtype
and not from the expected avian source. This pandemic
HIN1/2009 virus is a reassortant of avian, swine, and
human viruses."> We previously developed several molec-
ular tests for rapid diagnosis of this virus.” As there are
concerns about the possibility of reassortment events
between pandemic HINI and other influenza viruses, it is
important to detect evidence of reassortment by rapidly
assessing the genetic origin of each of the eight gene seg-
ments of the virus. Pandemic HIN1 has co-circulated
with seasonal H1 and H3 viruses in global human popu-
lation for a period of time. Far more worrying was
repeated reports of zoonotic transmissions of the virus
from humans to pigs.*® This provides the virus many
other options for reassortment, thereby increasing chances
to generate reassortant with altered pathogenicity and/or
transmissibility.”® Therefore, there is an urgent need for a
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rapid diagnostic test that can identify novel reassortants
of pandemic HIN1/2009.

Materials and methods

Primers specific for each of the eight genes of pandemic
HIN1/2009 were adopted from assays as described previ-
ously to discriminate against seasonal human HINI and
H3N2 viral segments (Table 1).” The primers were allowed
to cross-react specifically with the sister clade viral seg-
ments of pandemic HIN1/2009.> The method we
employed in this study was a 2-step singleplex SYBR
Green-based real-time RT-PCR. This approach helped
lower the running cost of the assays and facilitated down-
stream molecular analyses (e.g., sequencing) by using
screened ¢cDNA samples. Viral RNA was extracted from
viral cultures or clinical samples as described >'° and was
converted to cDNA in a universal RT-PCR. Each 10 ul RT
reaction containing 55 ul of purified RNA, 2 ul of 5% first-
strand buffer (Invitrogen), 100 U of Superscript II reverse
transcriptase  (Invitrogen), 01 pug of Unil2 (5"-AG-
CAAAAGCAGG-3"),"" 0-5 mm of deoxynucleoside triphos-
phates and 10 mm of dithiothreitol was incubated at 42°C
for 50 minutes, followed by 72°C for 15 minutes for heat
inactivation. For each segment-specific real-time PCR, the
20 ul reaction contained 1 ul of a 10-fold diluted cDNA
samples, 10 ul of Fast SYBR Green Master Mix (Applied

Table 1. Primers which target pandemic HI1N1/2009
viral gene segments [9]

Segment Primer* Sequence

PB2 PB2-1877F 5" AACTTCTCCCCTTTGCTGCT 3’
PB2-2062R 5" GATCTTCAGTCAATGCACCTG 3’

PB1 PB1-825F 5" ACAGTCTGGGCTCCCAGTA 3’
PB1-1138R 5 TTTCTGCTGGTATTTGTGTTCGAA 3’

PA PA-821F 5" GCCCCCTCAGATTGCCTG 3/
PA-1239R 5" GCTTGCTAGAGATCTGGGC 3’

HA HA-398F 5" GAGCTCAGTGTCATCATTTGAA 3’
HA-570R 5" TGCTGAGCTTTGGGTATGAA 3’

NP NP-593F 5" TGAAAGGAGTTGGAACAATAGCAA 3’
NP-942R 5" GACCAGTGAGTACCCTTCCC 37

NA NA-163F 5" CATGCAATCAAAGCGTCATT 37
NA-268R 5" ACGGAAACCACTGACTGTCC 37

M M-504F 5" GGTCTCACAGACAGATGGCT 3’
M-818R 5" GATCCCAATGATATTTGCTGCAATG 37

NS NS-252F 5" ACACTTAGAATGACAATTGCATCTGT 3’
NS-691R 5" ACTTTTCATTTCTGCTCTGGAGGT 3’

*Number represents nucleotide position of the first base in the tar-
get sequence (cRNA sense).

HA, hemagglutinin; NA, neuraminidase; NP, nucleoprotein; PA,
polymerase acidic protein; NS, nonstructural protein; PB2, polymer-
ase basic protein 2.
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Biosystems), and 0-5 um of the corresponding primer pair.
The thermocycling conditions of all eight segment-specific
PCRs were optimized as 95°C for 20 seconds, followed by
30 cycles of 95°C for 3 seconds and 62°C for 30 seconds,
and all eight assays were performed simultaneously in a
7500 Sequence Detection System (Applied Biosystems). At
the end of the amplification step, PCR products went
through a melting curve analysis to determine the specific-
ity of the assay (60-95°C; temperature increment:
0-1°C/seconds). cDNA of A/California/04/2009 virus was
used as a positive control.

Results

Robust and specific amplification was achieved in all eight
segment-specific real-time RT-PCR reactions.” PCR prod-
uct for each segment of pandemic HIN1/2009 vyielded
unique melting curve pattern with distinctive melting tem-
perature (Tm), which was not observed in negative and
water controls (Figure 1). Reactions with Tm value within
2 SDs of the mean Tm were determined as positive. We
evaluated the assays with a number of serologically con-
firmed human clinical samples. All pandemic HIN1/2009
samples (n = 67) were positive in all eight assays, while all
seasonal samples (HIN1 = 38; H3N2 = 66) were negative
in all assays, as expected (Figure 1 and data not shown).
These results showed that no reassortant of pandemic
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Figure 1. Melting curve analyses of PCR products derived from human
seasonal (H1 and H3), pandemic HIN1/2009 and pandemic HIN1/2009
reassortant (Sw/HK/201/2010) viruses.
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HINI1 and seasonal viruses was present in the tested
human isolates.

We applied these assays to our on-going influenza virus
surveillance program in swine. Nasal and tracheal swab
samples were collected at an abattoir in Hong Kong and
cultured in Madin Darby canine kidney cells or embryo-
nated eggs as described.'” Positive viral cultures in hemag-
glutination assays were tested with the established segment-
specific real-time RT-PCR assays. Among 59 swine viral
isolates collected from 2009 to September 2010, 10 of them
were recognized as pandemic HIN1/2009 in all eight seg-
ments. They were confirmed to be of pandemic
HIN1/2009 origin by subsequent full genome sequencing
analyses, showing that there were interspecies transmissions
of the virus from humans to pigs.'>"*

The remaining 49 viruses had one to seven gene seg-
ments positive in the segment-specific real-time RT-PCRs.
Thirty of them were selected as representative samples for
full genome sequencing analyses based on the genotyping
data generated in our assays. They were swine HIN1 or
HIN?2 viruses with their gene segments derived from TR or
Eurasian avian-like swine lineages. It should be highlighted
that all of their positive gene segments in our assays
belonged to the sister groups of pandemic HIN1/2009.
Their melting curve patterns were very similar to those
derived from segments of pandemic HIN1/2009, except for
HA of TR lineage.” Our results successfully demonstrated
the use of these segment-specific real-time RT-PCRs to rec-
ognize gene segments of contemporary TR (PB2, PBI, PA,
HA, NP, and NS) and EA (NA and M) swine viruses.” The
HA-specific assay was able to discriminate pandemic
HIN1/2009 from other contemporary swine viruses in the
same lineage. Nevertheless, to confirm the identity and to
examine all the genetic variations in the viruses of interest,
full genome sequencing analyses were necessary.

Discussion

In this study, the biggest obstacles in primer design were
sequence similarity and diversity of influenza viruses. We
attempted to use degenerated primers, but they were highly
non-specific. The finalized non-degenerated primers cross-
reacted with genes from pandemic HIN1/2009 and its sis-
ter clade TR (PB2, PBI, PA, HA, NP, and NS) and EA
(NA and M) swine viruses with some minor sequence mis-
matches. Three avian (H5N1, H7N7, and H9N2) and 1
classical swine (HIN1) were also tested with our assays. All
of these animal viruses were negative, except for NS gene
of the classical swine virus.

Our segment-specific real-time RT-PCR assays might be
used in high throughput genotyping. They detected pan-
demic HIN1/2009 viruses and acted as a preliminary screen-

ing tool to select virus reassortants of interesting genotypes
for further sequencing analyses. In fact, we identified a novel
reassortant in January 2010 during the course of this study.
This Sw/HK/201/2010 has a previously unidentified viral
gene combination as shown in Figure 1. It was confirmed to
be a reassortant between pandemic HIN1/2009 and other
swine viruses in full genome sequencing characterization. It

has a pandemic HINI-like N1 gene, an EA-like H1, and the

. . s 13,14
other six internal genes derived from TR swine viruses.

The eight established real-time RT-PCRs can rapidly
reveal the gene-origins of influenza viruses. We are cur-
rently using these assays in influenza surveillance in
humans and other animals. It is believed that similar strat-
egy might be applied to detect and genotype other influ-
enza viruses and possible reassortants in the future.
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Abstract

Assays for influenza antibody titers (hemagglutination
inhibition and neutralization) require the use of the
actual virus, which seriously limits broad implementation.
We present and validate a virus-free ELISA method for
estimating serum titers against influenza A/HIN1/2009
that uses the recombinant receptor-binding domain of
the hemagglutinin A/HIN1/2009 as antigen. Virus ELISA
titers were at least 15 times higher in sera from conva-
lescent influenza A/HIN1/2009 patients than in non-
exposed subjects. Hemagglutination inhibition (HI) assays
and ELISAs were performed on 17 samples from conva-
lescent patients. From this set of expected sero-positive
subjects, only 5882% resulted positive by HI, and
100% were diagnosed as positive by ELISA. The specific-
ity of the method was verified by negative results in fer-
ret sera following challenges with different influenza virus
strains.

Introduction

Pandemic influenza A/HIN1/2009 infects millions of peo-
ple around the world. A significant fraction of the world’s
population may also already have been exposed to the virus
and, although asymptomatic, may be at least partially
immune to the disease. A precise assessment of the number
of people exposed to the influenza A/HIN1/2009 virus is
epidemiologically relevant. However, assays typically used
to estimate antibody titers against a particular influenza
strain, namely HI and neutralization, require use of the
actual virus. This seriously limits broad implementation,
particularly in regions where high biosafety facilities are
unavailable.

Materials and methods

ELISA assay

We developed an ELISA method for the evaluation of pres-
ence of specific 2009 HIN1 influenza virus-antibodies in
serum samples. Mouse anti-histidine tagged antibodies
(100 wl; 5 ug/ml; AbD Serotec®, UK) in PBS (pH 7-2) were
dispensed into standard 96-well plates and incubated for
12-16 hour at room temperature. Excess antibody was
removed by at least two successive alternate washings with
PBS-Tween 0-:05% and PBS. Commercial blocking solution
(300 pl, Superblock® T20; Pierce®, USA) was added and
incubated for at least 2 hour at room temperature. After
successive washing steps with PBS-Tween 0-05%, non-gly-
cosylated histidine-tagged recombinant protein (100 pl;
10 pg/ml) was added to each well. This protein consisted of
the receptor-binding domain of the hemagglutinin of the
Influenza A/HINI virus."* After 1 hour incubation, wells
were washed for at least two alternating 5 minutes cycles
with PBS-Tween and PBS. A 1:50 dilution of the serum or
plasma sample to be assayed (100 ul) was added to each
well and incubated at room temperature for 1 hour. After
repeated alternating 5 minutes PBS-Tween 0-:05% and PBS
washes, anti-human IgG antibody solution (100 ul/well;
1:30 000 dilution in PBS-Tween 0-:05%) marked with horse
radish peroxidase (Pierce®, USA) was added and incubated
for 1 hour at room temperature. After repeated alternate
washes with PBS-Tween 0-05% and PBS), substrate solution
(100 ul; 1-Step Ultra TMB-ELISA; Pierce®) was added to
each well. After incubation for 15 minutes at room temper-
ature in darkness, the enzymatic reaction was stopped by
addition of 1 m H,SO, (50 ul/well). Yellow color produced
by the enzymatic reaction was evaluated by absorbance at
450 nm in a Biotek® microplate reader (USA).
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Blank assays using albumin in place of human sera
established the ELISA background signal, which was sub-
tracted from sample absorbance signals:

Absserum sample — Absserum sample before correction — Absalbumin sample -

Absorbance values were normalized based on the average
signal of 103 non-exposed subjects (uninfected subjects),
and expressed as normalized absorbance (Abs,om):

Absnorm = (Absserum ample — Absalbumin sample) / (Absnon exposed subjects

where AbSgerum ample 1S the sample absorbance signal,
AbS,jpumin sample 15 the albumin control absorbance signal,
AbSjon exposed subjects 15 the average absorbance signal of
non-exposed subject samples.

For ferret serum samples, the same basic protocol was
followed, with minor modifications. An anti-IgG anti-ferret
polyclonal antibody preparation was used at a dilution of
1:30 000 in PBS-Tween 0-05%.

Recombinant hemagglutinin

A recombinant receptor-binding domain of the HA of the
Influenza A/HIN1/2009 virus, expressed in Escherichia coli
strains,” was used as the ELISA antigen. This 27 kDa pro-
tein, designated here as HAg;_»36-RBD, contained amino
acids 63-286 of the influenza A/Mexico/InDRE4114/
2009(HIN1) hemagglutinin. A sequence coding for a series
of six histidines at the N-terminus of the protein was
included in the genetic construct to allow purification
using Immobilized Metal Affinity Chromatography (IMAC)
and attachment to assay surfaces treated with anti-histidine
antibodies (or alternatively Co™* or Ni*?).

Human serum samples

This study was conducted according to Declaration of Hel-
sinki principles and was approved by the Institutional
Review Board of the Escuela de Biotecnologia y Salud del
Tecnoldgico de Monterrey. All volunteer sample donors
provided written informed consent.

Samples from 100 children (aged 6-13 years) collected
during the year 2008 (prior to onset of the pandemics)
were diluted 1:50 in PBS and analyzed by ELISA. Serum
samples from 34 convalescent influenza A/HIN1/2009
patients were also collected, diluted 1:50 in PBS, and ana-
lyzed. Positive volunteers were recruited from regular
patients from the Hospital San José del Tecnoldgico de
Monterrey and Clinica Nova, admitted between April and
October 2009. All diagnoses were confirmed using the spe-
cific RT-PCR protocol developed by the Center for Preven-
tion and Disease Control (CDC) in Atlanta, GA, USA, and

recommended by the World Health Organization (WHO)?
as the reference method for the detection of the human
Influenza A/HIN1/2009 virus. An HI assay, performed by
the Department of Infectious Disease, St. Jude Children’s
Research Hospital, Memphis, TN, USA, was also carried
out on 17 positive serum samples using an Influenza
A/HIN1/CA/04/2009 virus strain and turkey erythrocytes
and dilutions ranging from 1:40 to 1:320. Samples were

- Absalbumin sample) ( 1)

considered positive when hemagglutination occurred at
dilutions equal or higher than 1:40.

Ferret serum samples

A panel of four samples (kindly provided by St. Jude from
ferrets exposed to different influenza strains, namely H3N2,
HIN1 swine, and H5N1, was also tested by the ELISA
method using 1:50 dilutions.

Results

Protein HAg;_»56-RBD specifically and selectively recognizes
antibodies from serum samples from convalescent
HIN1/2009 influenza subjects. DuBois et al.* demonstrated
that this protein, produced in E. coli, folds properly into a
3-D structure practically indistinguishable from the analo-
gous region in the HA of the influenza A/HIN1/2009
virus. HAg3_536-RBD preserves three of the conformational
immunogenic epitopes (Sa, Sb, and Cb) described for influ-
enza A/HIN1 hemagglutinins.” The recombinant protein
was used as the antigen, attached through histidine tags to
microplate surfaces treated with anti-histidine antibodies to
discriminate between serum samples from subjects exposed
and non-exposed to influenza A/HIN1/2009.

Samples collected before the pandemic onset, and there-
fore presumed to exhibit low specific antibody titers against
influenza AV/HIN1/2009, were analyzed by ELISA using the
antigen HAg;_»36-RBD. The histogram of normalized absor-
bance values from this sample set displayed a normal
behavior with a standard deviation of 0-57 units. Only 12-5,
9-7, and 3-88% of these samples exhibited normalized
absorbance values higher than 1-5, 1-75, and 2-0, respec-
tively. No sample from non-exposed individuals presented
an absorbance value higher than 2-5. Variability among
samples from non-exposed subjects was much lower than
in samples with high specific serum antibody titers from
convalescent HIN1/2009 patients. Exposure to the
HIN1/2009 influenza virus with this ELISA method can be
predicted by absorbance values normalized to those of
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Figure 1. Normalized absorbance values of twenty samples run in the
same ELISA microplate. Absorbance values corresponding to negative
controls, corresponding to serum samples from non-exposed subjects, did
not surpass the threshold value of 1-7 units (light gray bars). Samples from
Influenza A/HIN1/2009 convalescent patients, as determined by RT-PCR,
exhibited values above 1-7 units (black bars). Positive controls are
indicated in dark gray. Error bars indicate the maximum and the

minimum value from two replicates.

serum from uninfected subjects. Consequently, for reliable
results, inclusion of samples from non-exposed subjects on
every assay microplate is necessary.

Figure 1 shows the analysis of 20 human serum samples,
including 17 samples from convalescent patients with posi-
tive diagnosis by RT-PCR. Three positive (dark gray bars)
and two negative controls (light gray bars) were included
in the same microplate. All serum samples corresponding
to convalescent subjects exhibited absorbance values 1-75—
4-5 times higher than negative samples (Figure 1). Normal-
ized absorbance values above 1-5 suggested exposure to the
virus, although, a more conservative threshold value of 1-75
units is proposed for discrimination between exposed and
non-exposed subjects. The ELISA method described here
yields adequate reproducibility and a high signal/noise
ratio within determinations in the same microplate and
among different microplates. Using a normalized absor-
bance value of 175, the method was able to discriminate
samples from convalescent patients, preferably after the
third week of infection, and at least up to the twenty-
fourth week of exposure.

Assay sensibility was further validated against results
from HI assays. A previously reported study showed that
all members in a pool of fourteen samples diagnosed as
positive by HI exhibited normalized absorbance values
higher than 1-5, and 85% of them exhibited normalized
absorbance values higher than 2:0.' In general, high HI
titers (>320) were correlated with normalized absorbance
values higher than 4-0. Figure 2A shows results using the
HA-RBD ELISA method and the HI assay on a pool of
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Figure 2. Sensibility and specificity of the HA-RBD ELISA method: (A)
Influenza A/HIN1/2009 antibody titers of 17 serum samples from
convalescent patients as determined by Hemagglutination inhibition assays
(grey bars), and by ELISA using protein HA- (black bars). (B) Serum
samples from ferrets exposed to different influenza strains were assayed by
the ELISA method presented here (H5N1 in white; HIN1 swine in dark
gray; HIN1/2009 in black; H3N2 in light gray). The sample corresponding
to Influenza A/HIN1/2009 exhibited twice the absorbance signal than the
rest of the samples.

seventeen known positive serum samples corresponding to
convalescent HIN1/2009 patients. All samples determined
as positive by HI (10 samples) were also positive by ELISA.
While sensitivity of the HI assay was 10/17 = 58:88%, the
ELISA method recognized all samples correctly as positive
(100% sensitivity) when a threshold of 1-5 or 175 was
used. Figure 2B shows that sera from ferrets infected with
other influenza strains (H3N2, HIN1 swine, and H5N1)
showed no cross-reactivity when analyzed by ELISA.

Discussion

In summary, the HA-RBD ELISA method presented here
consistently distinguished influenza A/HIN1/2009 infected
and non-infected individuals, particularly after the third
week of infection/exposure. Since no actual viral particles
are required, this assay can be readily implemented in any
basic laboratory. In addition, should sufficient vaccine be
unavailable, this ELISA could determine the level of spe-
cific antibodies against the virus and presumably the
extent of partial protection in a subject. Therefore, the
ELISA protocol might allow better administration of vac-
cination programs during pandemic or seasonal influenza
outbreaks.
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Abstract

The swine-origin 2009 pandemic HIN1 virus (pdmHINI)
is genetically related to North American swine H1 influenza
viruses and unrelated to human seasonal H1 viruses. Cur-
rently, specific diagnosis of pdmHIN1 relies on RT-PCR.
In order to develop an assay that does not rely in amplifi-
cation of the viral genome, a conventional sandwich ELISA
for detection of the pdmHIN1 was developed. The sand-
wich ELISA was based on three monoclonal antibodies
(3B2, 5H7, and 12F3) against pdmHINI1. 5H7 and 12F3
were selected as capture antibodies and biotin-conjugated
3B2 was subsequently selected as the detection antibody in
the ELISA. The results showed the ELISA had high specific-
ity for pdmHINT1 strains and no reaction with other swine
H1 viruses, human seasonal HIN1 or H3N2 viruses, or
avian influenza viruses. The limit of detection of the ELISA
ranged from 32 x 10° to 1-5 x 10* TCIDso/ml. When the
ELISA was used to detect viruses in nasal wash samples
from infected ferrets, it showed 90-1% sensitivity and 100%
specificity compared to the “gold standard” — virus isola-
tion. Our studies highlight a convenient assay for specific
diagnosis of the 2009 pandemic HI1N1-like viruses.

Introduction

In April 2009, a novel HIN1 influenza virus emerged in
North America and caused the first influenza pandemic of

the 21st century.'™ The 2009 pandemic HIN1 (pdmHIN1)
has a unique gene constellation that was not previously
identified in any species or elsewhere. It is genetically
related to the triple reassortant swine HINI influenza
viruses currently circulating in North America, with the
exception of the neuraminidase (NA) and matrix (M)
genes, which are derived from a Eurasian swine influenza
virus.

Swine HINI influenza viruses were first isolated in 1930
and continued to circulate in North America with very lit-
tle antigenic changes (classical swine HIN1) until 1998.
Since 1999, however, the antigenic make up of swine H1
viruses has shown increased diversity due to multiple reas-
sortment events and the introduction of HIN1 genes from
human influenza viruses. Currently, four swine H1 clusters
(a, B, 7, 0) are found endemic in the North American
swine population.”® These swine H1 viruses show substan-
tial antigenic drift compared to the classical swine Hl
viruses. Cluster o swine H1 is derived from current human
H1 viruses, and there is a substantial antigenic divergence
between classical swine H1 and human seasonal H1 viruses.
Epidemiological evidence shows a two-way transmission of
influenza viruses between swine and humans, and such
events lead to the emergence of the pdmHIN1 virus.>”®
Phylogenetic analysis have suggested that possible ancestors
of the eight genes of pdmHIN1 were circulating in the
swine population for at least 10 years prior to the emer-
gence of the pdmHINI virus in humans, although the
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pdmHINT1 virus itself was not isolated from pigs until after
the pandemic. Interestingly, pdmHINI1 infections have
been reported not only in humans and pigs, but also in
other animal species such as turkeys, cats, ferrets, cheetahs,
and dogs.”™'" After the first report of pdmHINTI infection
in swine in Canada, other countries, including Argentina,
Australia, Singapore, Northern Ireland, Finland, Iceland,
England, United States, Japan, and China reported out-
breaks of pdmHINTI in swine as well.”'*"** The ample geo-
graphic range of pdmHIN1 outbreaks in swine, its
apparent broad host range, and the possibility of two-way
transmission between swine and humans poses a tremen-
dous challenge for controlling the virus. Therefore, to dif-
ferentiate pdmHINT1 from other H1 strains, particularly in
swine and human populations, is an important issue to
ascertain the magnitude of the disease caused by the
pdmHINI. In this study, we developed an ELISA assay to
discriminate pdmHIN1 strains from other swine and
human H1 viruses.

Materials and methods

Viruses, cells, and antibodies

Madin-Darby canine kidney (MDCK) cells (ATCC, Manas-
sas, VA, USA) were maintained in modified Eagle’s med-
ium (MEM) containing 5% FBS. A/California/04/09/
HIN1 virus (Ca/04) was kindly provided by the Centers
for Disease Control and Prevention (CDC), Atlanta, Geor-
gia. Other viruses are listed in Table 1. Viruses were propa-
gated in MDCK cells and stored at —70°C until use.
Viruses were titrated by the Reed and Muench method to
determine the median tissue culture infectious dose
(TCIDsp)."”> Three monoclonal antibodies (3B2, 5H7, and
12F3) against HA of 2009 pandemic HIN1 were prepared
in our laboratory following previously described methods
(Shao and Perez et al., unpublished).

Purification and labeling of mAbs

mAb 3B2, 5H7 and 12F3 were purified on a Protein G-
Sepharose affinity column (Upstate Biotechnology, Lake
Placid, NY, USA). Biotinylation of the detection antibody
in the ELISA was performed using Sulfo-NHS-LC-biotin
(sulfosuccinimidyl-6-(biotinamido)hexanoate; Pierce, Rock-
ford, IL, USA) according to the manufacturer’s instruc-
tions.

Sandwich ELISA

Purified 5H7 and 12F3 were selected as the capture anti-
body, and biotin-conjugated 3B2 was selected as the detec-
tion antibody, and HRP-conjugated streptavidin (Abcom,
Cambridge, MA, USA) was developed using the TMB sub-
strate system (KPL, Gaithersburg, MD, USA). In brief, the
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Table 1. Specificity assay of the sandwich ELISA

Virus Result (T/C)
A/Bristane/59/2007(H1N1) -0-8
A/Fort Monmouth/1/1947(H1N1) -1-2
A/PR8/34(H1N1) -1-2
A/NewCaledonia/20/99(H1N1) -11
A/Malaya/302/1954(H1N1) -1-2
A/WSN/1933(H1NT) -0-9
A/mallard/New York/6750/78(H2N2) =11
A/Brisbane/10/2007(H3N2) -1-2
A/duck/Hongkong/3/75(H3N2) -11
A/Viet Nam/1203/2004(H5N1) -1-0
A/mallard/Alberta/206/96(H6N8) -07
A/chicken/Delaware/VIVA/2004(H7N2) -1-0
A/mallard/Alberta/194,/92(H8N4) -1-0
A/guinea fowl/Hong Kong/WF10/99(HIN2) -09
A/pintail /Alberta/202/00(H10N7) -0-8
A/duck/Maryland/2T70/2004(H11N9) -0-9
A/mallard/Alberta/238/96(H12N5) -0-8
A/mallard/Alberta/146,/2001(H13N6) =11
A/swine/Minnesota/02053/2008(H1N1) («) -09
A/swine/Minnesota/02093/2008(H1N1) (x) -1-0
A/swine/North Carolina/02084,/200(H1N1) () -0-8
A/swine/Kentucky,/02086,/2008(H1N1) () -1-2
A/swine/Nebraska/02013/2008(H1N1) () -0-8
A/swine/0Ohio/02026/2008(H1N1) (y) -0-8
A/swine/Missouri/02060/2008(H1N1) (y) -07
A/swine/lowa/02096,/2008(H1N1) (y) -1-2
A/swine/Ohio/511445/2007(H1N1) (y) -0-7
A/swine/North Carolina/02023/2008(H1N1) (y) -09
A/swine/Texas/01976/2008(H1N2) (5) -0-8
A/swine/lowa/02039/2008(H1N2) () -09
A/swine/Minnesota/02011/2008(H1N2) () -07
A/swine/lowa/15/30(H1N1) (classical) -0-8
A/swine/Tennessee/25/77(H1N1) (classical) -11
A/Netherlands/602(H1N1pdm) +11
A/California//04,/2009(H1N1pdm) +4-2
A/Mexico/4108/2009(HTN1pdm) +10
Rg-NY/18HA1: 7NL/602(H1N1pdm)* +12
Rg-D225G-HA-NL/602(H1N1pdm) +35

*Rg-NY/18HA1:7NL/602, reverse genetic recombinant carrying the
HA gene from A/New York/18/2009 (H1N1) and remaining seven
genes from A/Netherland/602/2009(H1N1).
"Rg-D225G-HA-NL/602 (kindly provided by Dr Ron A. M. Fouchier),
reverse genetic A/Netherland/602/2009(H1N1) virus carrying the
HA gene containing D225G mutation.

mixture of the purified 5H7 and 12F3 (2:0 and 2-2 pg/ml
respectively, in carbonate/bicarbonate buffer, pH 9-6) was
coated to 96-well plates (test well, T) for 12 h at 4°C. At
the same time, a control antibody was coated to 96-well
plates (control well, C). After blocking the plates with 5%
(w/v) non-fat milk in PBS for 1 hour at 37°C, the samples
were diluted in extract buffer (1%Tween-20, 0-5%BSA in
PBS) and added to the wells (100 ul/well, each sample was
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added to four wells—two for T wells and two for C wells—
and the mixture was incubated at 37°C for 1 hour. After
four washes, 100 ul biotin-conjugated 3B2 (0-25 ug/ml) in
dilution buffer (0-5% BSA in PBS) was added to the wells
and the mixture was incubated for 1 h at 37°C. Following
three washes, 100 ul diluted HRP-conjugated streptavidin
(625 ng/ml) in dilution buffer was added to the plates.
After incubation for 1 h at 37°C, the plates were washed
five times, and the binding developed using the TMB sub-
strate system for 30 minutes. The ratio of the average
ODgso value of the T wells to that of the C wells (T/C) of
individual samples was calculated. T/C values >1-5 were
considered positive in the sandwich ELISA.

Results

Specificity of sandwich ELISA for pdmHI1N1
detection

We developed three monoclonal antibodies, 3B2, 5H7, and
12F3, against a prototypical pdmHINI1 strain, A/Califor-
nia/04/2009 (HIN1) (Ca/04). These monoclonals were
used to develop a rapid sandwich ELISA for specific diag-
nosis of pdmHINTI strains. Purified 5H7 and 12F3 were
used as capture antibodies, whereas the biotin-conjugated
3B2 was used as detection antibody. The sandwich ELISA
showed strong reaction with different pdmHINI strains as
described in Table 1. The T/C ratios of Ca/04, A/Nether-
1land/602/2009 (HIN1) (NL/602), A/Mexico/4108/2009
(HIN1), and A/New York/18/2009 (HIN1) were 11, 10,
42, and 12, respectively, which are higher than the cut off
value of 1-5.

In order to evaluate if the sandwich ELISA could distin-
guish the pdmHIN1 from other swine HI clusters («, f, 7,
0), 14 swine influenza strains spanning these clusters were
tested. These viruses were first diluted 1:10 in extract buf-
fer, and then added to the coated plates. As shown in
Table 1, the T/C ratios of these viruses were <15, and
therefore showed negative ELISA result. Likewise, testing of
human seasonal virus strains A/Brisbane/59/2007 (HIN1),
A/EM/1/1947 (HIN1), A/PR8/1934 (HIN1), A/NewCale-
donia/20/99 (HIN1),

Table 2. Limit of detection (LOD) of the sandwich ELISA

A/Malaya/302/1954(HIN1), A/WSN/1933 (HIN1), and
A/Brisbane/10/2007 (H3N2) also showed negative ELISA
results. Furthermore, the sandwich ELISA showed no cross
reaction with avian influenza viruses, including strains of
the H2, H3, H5, H6, H7, H8, H9, H10, H11, H12, and
H13 subtypes.

More recently, the mutation D222G in the HA of some
pdmHINT strains has been associated with exacerbated dis-
ease and altered receptor binding.'®*° To evaluate if such
mutant could be detected in our sandwich ELISA, we tested
a mutant of A/Netherland/602/2009 (HIN1) carrying the
D222G mutation (engineered by reverse genetics). As
described in Table 1, our ELISA could still capture the
D222G mutant virus and showed a positive reaction, which
highlights the specificity of our assay for pdmHIN1 strains,
even those with mutations.

Limit of the detection of the pdmH1N1 sandwich
ELISA

To evaluate the sensitivity of the ELISA, we used the
serially diluted pdmHIN1 viruses to determine the limit
of detection (LOD). As shown in Table 2, in our ELISA
the highest positive dilutions of NL/602 and Ca/04
were 1:320 and 1:160, respectively. The LOD of the
sandwich ELISA by TCIDs, was 32 x 10> and 15 x 10*
TCIDsy/ml, for NL/602 and Ca/04, respectively. It is
important to note that the T/C ratio from NL/602 and
Ca/04 viruses showed clearly a dose dependent effect,
while the T/C ratio of A/swine/Towa/30 (HIN1) did not
show the same dependence and was always <1-5, corrob-
orating the high specificity of the sandwich ELISA for
pdmHIN1 strains. Although we did not compare our
ELISA with other current commercial rapid influenza
detection kits, the LOD of our ELISA assay is similar to
other commercial kits that detect human seasonal influ-
enza virus.”'

Comparison of the sandwich ELISA with the “gold
standard” — virus isolation

In order to further evaluate the feasibility of the application
of the ELISA to clinical samples, 70 nasal wash samples

Result (T/C) at different dilution

Virus Titer (TCIDso/ml)  1:10 1:20 1:40 1:80 1:160 1:320 1:640 1:1280  LOD (TCID50/ml)
NL/602 (H1N1) 5 x 1016 +(11)  +(10) +54)  +38)  +(19 +(17)  -(14) -0 1:5 x 1074
Ca/04 (HIN1) 5:032 x 1015 +80)  +(48) +36) +@21)  +(16) -4 (11  -(1) 32 x 1073
Sw/IA/30 (HIN1T) 1:58 x 1076 -(08) —(08) —(09 —(100 =09 -08) —(11) —(09) =
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from ferrets, 56 of those previously infected with Ca/04
and shown positive by virus isolation, were tested. The
samples were diluted 1:1 in extract buffer and then tested
using the sandwich ELISA. Result showed 51 out of 56
positive samples by virus isolation were positive also by the
sandwich ELISA (sensitivity 90-1%). The 14 samples tested
that were negative by virus isolation were also negative in
the ELISA, indicating 100% specificity for our assay. These
results show not only that our ELISA has high compatibil-
ity with the virus culture method, but also indicates this
application can be used for clinical samples.

Discussion

Although real time RT-PCR targeting the HA gene has
been used for specific diagnosis of pdmHIN1 with high
sensitivity,”> >’ it is a method that requires manipulation of
the sample to extract viral RNA, and it is prone to cross-
contamination during the PCR steps. In this study, we
described a convenient sandwich ELISA based on three
mAbs developed against the pdmHIN1 strain. The ELISA
not only shows high specificity for pdmHINI1 strain, but
also shows great sensitivity. The ELISA could distinguish
pdmHINT strains from human seasonal H1 and H3 viruses
and, more importantly, from other swine H1 viruses. We
must note that current rapid diagnostic tests cannot be
used to differentiate pdmHIN1 from swine or human HI
viruses.”®** More recently, Miyoshi-Akiyama et al. and
Miao et al. developed an immunochromatographic assay
and a indirect immunofluorescence assay, respectively, for
specific diagnosis of pdmHIN1.>*" Such tests can distin-
guish pdmHIN1 strains from human seasonal influenza
HIN1, however, these tests have not been evaluated to test
whether they can distinguish among other swine influenza
viruses.

It is also worth noting that the sensitivity of commercial
rapid antigen-based diagnostic tests for detecting
pdmHINT1 is lower than that for human seasonal influenza
viruses.”**° A study by Kok et al.’* showed that sensitivity
of the current rapid antigenic tests for pdmHINI is only
53-4%, whereas that for seasonal influenza A is 74-2%.
Chen et al.”® developed a dot-ELISA and increased the sen-
sitivity for influenza rapid antigen detection. However, the
dot-ELISA developed by Chen cannot distinguish among
subtypes. The LOD of our ELISA is between 32 x 10° to
15 x 10* TCID50/ml, comparable to the LOD of rapid
diagnostic tests for human seasonal influenza viruses.*'
Compared to the “gold standard”—virus isolation—our
sandwich ELISA showed 90-1% sensitivity using ferret nasal
washes. Our results highlight the potential application of
our sandwich ELISA for the specific diagnosis of pdmH1N1
viruses.
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Introduction

The timely and reliable laboratory evidences are vital fac-
tors for field epidemiologists trying to control outbreaks of
infectious diseases and for the practicing clinicians to prop-
erly manage disease cases. Therefore, analysis of new detec-
tion methods in comparison to the routine “classical”
methods is essential to select new methods to be intro-
duced into health service practices, especially in developing
countries. In this study we have compared rt-RT-PCR
detection of influenza viruses and direct fluorescent-anti-
body assay using R-Mix hybrid cells (A549&Mv1Lu) with

the “classical” cell culture methods in developing country
settings.

Materials and methods

Clinical samples

In this study, we analyzed 503 nasopharyngeal swabs col-
lected during 2008-2009 influenza season from ILI
patients of the Baganuur district of Ulaanbaatar and
Selenge province, Mongolia, and 7000 nasopharyngeal
swabs collected in 133 ISSSs during 2009-2010 influenza
season.
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Table 1. Results of detection by real-time RT-PCR, MDCK and R-Mix hybrid cell culture

MDCK cell culture

R-Mix hybrid cell culture

Influenza  Influenza virus Real time Positive

seasons subtype Samples RT-PCR All HA 1:4 Negative All Positive Negative

2008-2009 A(H1NT) 503 129 (256%) 129 (100%) 31 (24%) 104 (76%) 17 (132%) 8 (47%) 9 (53%)
A(H3N2) 2 (0:4%) 2 (100%) 0 0 0 0 0

2009-2010 A(HINT)pdm 7000 1366 (19:5%) 500 (36:6%) 248 (50%) 285 (50%) 107 (7:8%) 47 (44%) 60 (56%)
B 394 (56%) 364 (92:4%) 242 (66:5%) 122 (33:5%) 27 (69%) 22 (815%) 5 (18:5%)

rt-RT-PCR percentages have been deduced from the selected respiratory samples. MDCK and R-Mix cell cultures have been inoculated only by

rt-RT-PCR positive samples.

Specific nucleic acid detection

The detection of influenza H1, H3, B, and pandemic influ-
enza (H1)pdm virus-specific nucleic acids was performed
by rt-RT-PCR in ABI7500 Fast Real Time PCR system
using primers recommended by CDC, USA, and Super-
Script™ III One-Step RT-PCR and Platinum® Tag DNA
Polymerase kits (Invitrogen). The cycling protocol was:
30 minutes at 50°C, 2 minutes at 95°C, and 45 cycles of
15 seconds at 95°C, 30 seconds at 55°C."

Rapid detection of influenza infected cells has been per-
formed by DFA using the infected hybrid cells of R-Mix
within 48 hours after inoculation, according to the manu-
facturers instruction (Diagnostic Hybrids, Inc., USA).?

Cell cultures

The isolation of influenza viruses was performed on
MDCK cell culture by the protocol recommended by
CDC, USA.?

Results

We detected 1891(252%) influenza virus-specific nucleic
acid fragments from all tested samples by rt-RT-PCR.
Among the positive samples, there were 25:6% A(HINI),
04% A(H3N2), 56% influenza B, and 195%
A(HIN1)pdm with different distributions by time series in
different age-groups.

Inoculation of the cell lines by rt-RT-PCR positive sam-
ples selected randomly has detected influenza virus in
52:3% (521/995) on MDCK cell culture and 51% (77/151)
on R-Mix hybrid cell culture with varying distribution for
different strains. In other words, MDCK cell culture tech-
nique was better for isolation for pandemic influenza
viruses and DFA using R-Mix hybrid cell culture technique
for detection of seasonal influenza viruses (Table 1).

Average times needed for the final results for different
methods were: 4 hours for rt-RT-PCR, 48 hours for DFA

on R-Mix and 10 days for MDCK cell culture with two
passages at least.

The peak of the seasonal influenza A virus detection
occurred in the 7-8th weeks of 2009, however the pan-
demic influenza detection peak was observed in the 43—
44th weeks of 2009 (Figure 1). The outbreaks by seasonal
influenza viruses was observed mostly among the children
of 0-15 years of age, and pandemic influenza virus out-
break was observed mostly in the adults of 16-64 years of
age.

Discussion

The results of this study indicate that rt-RT-PCR is the
most suitable method for decision makers in epidemiologi-
cal and clinical settings by sensitivity and timeliness. The
final results show that R-Mix DFA requires 12 times longer,
and by MDCK cell culturing, 60 times longer periods, than
by rtRT-PCR. MDCK cell culture technique has a higher
isolation of pandemic influenza viruses, and R-Mix DFA
has a greater detection rate of seasonal influenza viruses by
our results.
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Figure 1. ILI virological surveillance results in Mongolia (2009-2010).
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According to our study, with rtRT-PCR, the isolation
of positive samples by tissue culture of influenza A
viruses was 24% and influenza B viruses was 66:5%,
which is lower than in similar Spanish study.* However
our study illustrates similar results with a Canadian study
> where the sensitivity of DFA method and tissue culture
technique was shown to be lower than rtRT-PCR sensi-
tivity.

As recorded by a study of American researchers,’ R-Mix
hybrid and conventional cell culture techniques have had
similar sensitivity, which does not match the results of our
study. However, the results of our study match with the
results of Italian and American scientists ”* where the R-
Mix hybrid method for seasonal influenza viruses is higher
than MDCK cell culture technique.
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Abstract

Background: Viral kinetics is increasingly used to study
influenza infectiousness. The choice of the study design, i.e.
when and how many times nasal samples are to be col-
lected in individuals depending on the sample size, is cru-
cial to efficiently estimate the viral kinetics (VK)
parameters. Material and methods: We performed a model
based optimal design analysis in order to determine the
minimal number of nasal samples needed to be collected
per subject and when to collect them in order to correctly
estimate the VK parameters. The model used was a non
linear mixed effect model developed with data collected
from 44 patients sampled nine times in 9 days (initial
design — 504 samples collected), and we used p-optimiza-
tion for design identification. We also computed the mini-
mal number of participants necessary. Results: Considering
that 25% of the influenza-like illness cases are not due to

influenza virus, we found that 20 participants with five
samples per subject during the two-first days of illness were
necessary to optimally perform a VK study in experimental
or natural influenza infection. Globally, 100 samples were
necessary for these designs, instead of 504 with the initial
design. Conclusions: These findings should help design fur-
ther studies on influenza VK, minimizing patient discom-
fort and cost.

Introduction

Volunteer challenge studies have been used since the 60’s
to provide data on virus shedding from the respiratory
tract during influenza infection.! Recently, VK was stud-
ied in naturally acquired influenza infection.>® These
data are invaluable to describe the natural history of
compute natural history
parameters such as the latent period, generation time, or

influenza-infection and to
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the duration of infectiousness."™ However, among the 56
studies used in a meta-analysis about viral shedding
kinetics," the designs varied greatly from one to another.
These differences led to variable amount of available
information concerning the VK. The lack of adequate
sampling leads to imprecise estimates. On the other
hand, intensive sampling or over-sampling, while associ-
ated with highly informative data, may lead to unneces-
sary discomfort for the patient and cost to the
investigator. Optimal design is increasingly used to con-
ceive studies’ and provides cost-efficient designs. Here
we propose an optimised design to model VK in the
case of influenza infection. We defined the number of
participants, the number of samples to collect and their
allocations. This design allows, at a minimum cost and
discomfort, accurate VK curves and allows the natural
history parameters to be well described.

Materials and methods
Model

A VK population model was proposed for influenza infec-
tion. This model describes with eight parameters the rela-
tions between free virus, uninfected target epithelial cells,
infected epithelial cells, and early immune response. This
model was built on a dataset of 44 volunteers from which
nasal samples were collected once a day over 9 days. We
call this dataset the “original dataset”.

Three parameters, the induction of the early immune
response, the virus production rate, and the virus clearance,
did not show inter-individual variability and were precisely
estimated (relative standard error below 10%). We consid-
ered them as fixed in this research work. Five parameters
were hence considered here: f the infection rate, o the
infected cell mortality rate, Y the effect of early immune
response on virus production rate and Vi, the initial value
of virus titre.

Optimisation of the sample times

In order to correctly estimate these parameters it is cru-
cial to determine a design to collect informative data.
Optimal designs maximise the amount of information
provided by the study. It involves the determination of
the number and allocation of sample times per subject
as well as the number of participants.® p-optimization is
based on the maximization of the determinant of the
Fisher information matrix and thus minimizes the vari-
ance of the parameters.” We used the Fedorov—Wynn
algorithm implemented in PFIM 3.0 to maximize this
determinant,® which implies to pre-define a set of possi-
ble sample times. With the hypothesis that the inocula-
tion occurred at 8:00 am, we chose three possible hours

Options for the control of influenza VII |

(8:00, 14:00, and 20:00) for each day with respect of the
sleep-time.®

To validate the design, we simulated 100 datasets of 44
volunteers with the optimised design obtained. We then
estimated the population parameters using MONOLIX 3.1
for each of the datasets. We compared the estimated
parameters obtained with the simulated datasets to the
parameters used to build the optimal design. We computed
the relative bias as:

With n: number of successful estimations among the 100
simulated datasets.

0;: parameter value obtained with the ith dataset.

0: parameter value obtained with the original dataset.

We also compared the observed RSE from these simula-
tions with the RSE predicted by PFIM and the RSE
obtained with the original dataset.

Population size

The RSE is proportional to y/n, where n is the population
size. We can hence deduce the smallest number of partici-
pants necessary to obtain RSE below 50%.

2
Mmin = Mpredicted (M)
RSEmin

Where RSEp edictea is the highest predicted RSE (here
RSE for ) with 44 participants and nNpregictea = 44 and
RSE i, is equal to 0-5.

Considering that 25% of the influenza-like illness cases
are not due to influenza virus, the total number of partici-
pants should be multiplied by 1-25.

Results

Sampling times

We found that the best design was when all the partici-
pants are sampled five times: three times during the second
day post-inoculation at 8:00, 14:00, and 20:00 hours and
twice on the third day post-inoculation at 8:00 and 20:00
(Figure 1).

Evaluation
The comparison of the relative bias and RSE predicted by
PFIM and those obtained after simulation and re-estima-
tion of the parameters are shown in Figure 2.

Vinic and 0 in a lesser extent present bias. Fixed effect
parameters are precisely estimated and accordingly to PFIM
except for Vip;.

© 2011 Blackwell Publishing Ltd, Influenza and Other Respiratory Viruses, 5 (Suppl. 1), 132-158
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Figure 1. 5-points design (line: population viral titre curve, crosses:
optimal sample times, light grey: incubation period, dark grey: systemic
symptoms period).
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Figure 2. Validation of the model (boxplot: distribution of the values
obtained from the 100 simulations, black line: reference value obtained
with the original dataset, grey cross: predicted RSE obtained with PFIM).

Population size

We found that 16 participants shedding virus or 20 partici-
pants with ILI symptoms are necessary if 25% of them are
not infected with influenza virus.

Discussion

We propose an optimised design to accurately study the VK
of influenza virus with the minimal number of samples. This
design is well balanced between the amount of necessary
information and the precision of estimation. We found that

100 samples are necessary to precisely fit the VK curves,
which is five times less than the number of samples collected
in the original study.”” The samples should be collected
during the second and third days after inoculation. Yet we
showed in a previous work that the incubation period lasted
19 days.*"* Hence, the optimised sample times correspond
to the two-first days of symptoms and this design could be
applied to naturally acquired infections studies in which the
inoculation time is unknown.

An advantage of this design is its practicality and conve-
nience. All samples are collected during the daytime and
after the onset of symptoms. It can thus be used for studies
with naturally acquired infections. The design was validated
with several criteria concerning the accuracy of the estima-
tion with the optimised design. The parameters estimates
were generally satisfactory. The parameter describing the
effect of the early immune response on the virus production
rate was, however, less precisely estimated (predicted
RSE = 62%), and the initial value of the viral titre was very
different of the one obtained with the original dataset (bias
Vinit on Figure 2). This is probably due to the fact that it was
measured at day 2 post inoculation, and that the inter-indi-
vidual variability is much higher than at day 0. Furthermore,
0 (the infected cell mortality rate) seems also to be biased.
This may be due to the fact that three parameters were fixed.

The model used was developed from experimentally
inoculated healthy volunteers with low serum haemaggluti-
nin antibody titre and with virus inoculation time at
8:00 am. The applicability of the design to naturally
acquired infection would depend on the pathogenicity of
the virus as well as pre-existing immunity and the relevance
of challenge method to natural influenza acquisition." Our
design could be directly used to accurately study VK during
influenza infections and would reduce the discomfort of
patients and the cost of the experimentation.
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Introduction

Influenza rapid antigen tests (IRAT) have become very
popular and are widely used for confirming suspected clini-
cal diagnosis of influenza in Japan." Most of the currently
used IRAT that are based on immunochromatography
(IC), nasopharyngeal swab, nasopharyngeal aspiration, and
throat swab have been approved as specimens for Japanese
national health insurance purposes. But the specimen col-
lection by these methods gives patients considerable dis-
comfort, and sometimes appropriate specimens cannot be
obtained due to patient resistance, especially by children.

In the present studies, self-blown nasal discharge was
used as the specimen for an IRAT, and the results were
compared with the results of viral isolation and an identical
kit primed with nasopharyngeal swab specimens for sea-
sonal influenza viruses and pandemic (HIN1)2009 virus.

Materials and methods

Patients who visited any of the 10 clinics that belong to the
Influenza Study Group of the Japan Physicians Association
in the 2006-2007 and the 2009-2010 influenza seasons with
influenza-like illnesses exhibiting findings were registered
after providing informed consent.

A square plastic sheet of 20 X 20 cm was handed to the
patient. Nasal discharge was collected by blowing the nose
into the plastic sheet as a specimen for IRAT, i.e. self-blown
specimen. Two nasopharyngeal swab specimens were also
obtained at the same time for IRAT and virus isolation.

A commercial IRAT, Quick Vue Rapid SP influ (DS
Pharma Biomedical Co., Ltd) in the 2006-2007 influenza
season and Quicknavi™-Flu (Denka-seiken Co., Ltd) in the
2009-2010, both based on IC were used. Virus isolation
was performed by standard methods using Madin-Darby
canine kidney cells with one of the nasopharyngeal swab
specimens. Influenza A (H3N2), A (HIN1), influenza B, or
Pandemic (HIN1) 2009 was determined by haemagglutina-
tion inhibition test and/or PCR using specific primer sets.

Results

Self-blown specimens were obtained successfully by 152
(82:2%) of 185 consecutive outpatients in the 2006-2007
season, as seen in Table 1. They comprised 68 males, mean
age 23 £ 18 years, and 84 females, mean age 23 + 17 years.
The other specimens from 145 patients were obtained
enough to be examined in the 2009-2010 season.

Seasonal Influenza A were isolated from the nasopharyn-
geal swab specimens of 69 patients, 55 A (H3N2) and 14 A
(HIN1) were determined, and B were from 35 patients in
the 2006-2007 season. Pandemic (HIN1) 2009 virus was
isolated in 100 of 145 patients in the 2009-2010 season.

Comparison of the IC kit results primed with self-blown
specimens to the results of viral isolation showed sensitivity
to be 87:0% (60/69), specificity 94:6% (80/83), and accu-
racy 92:1% (140/152) for influenza A. The sensitivity was
85-7% (30/35), specificity 99-1% (116/117), and accuracy
96-1% (146/152) for influenza B. The sensitivity was 88%
(88/100), specificity 88:9% (40/45), and accuracy 88:3%

© 2011 Blackwell Publishing Ltd, Influenza and Other Respiratory Viruses, 5 (Suppl. 1), 132-158
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Table 1. Collectable rate of the self-blown nasal dis-
charge specimen compared with age groups in the
2006-2007 influenza season

Number of
Number of collectable blown Percentage of

Age registered nasal discharge collectable
years patients specimens rate (%)

0-6 18 14 77-8

7-15 78 58 74-4

16-65 89 80 89-9

Total 185 152 82:2

Self-blown specimens enough to be examined were obtained 152
from 185 consecutive outpatients, and specimens showed a ten-
dency to be obtained large amount from children rather than the
aged.

(124/145) for pandemic (HIN1) 2009. There was no statis-
tically significant difference between the IC kit results
primed with self-blown and nasopharyngeal swab speci-
mens for influenza A, influenza B, and pandemic (HINTI)
2009. Correlation between blown nasal discharge specimens
and nasopharyngeal swab specimens in the cases of Pan-
demic HIN1 2009 of the 2009-2010 season is shown in
Table 2.

Table 2. Correlation between blown nasal discharge
and nasopharyngeal swab specimens in the cases of Pan-
demic HINI 2009 of the 2009-2010

Quicknavi™-Flu

Pandemic H1N1 2009
nasopharyngeal swab specimens

H1N1pdm Negative Total
Quicknavi™-Flu A positive 78 2 80
Blown nasal Negative 3 42 45
discharge Total 81 44 125
specimens
Sensitivity 96:3% (78/81)
Specificity 95-5% (42/44)
PPV 97-5% (78/80)
NPV 93:3% (42/45)
Accuracy 96:0% (120/125)

There were no statistically significant differences between the IC kit
results primed with self-blown discharge and nasopharyngeal swab
specimens for influenza A, influenza B and Pandemic (H1N1) 2009.

Discussion

The sensitivity and specificity of various influenza rapid
antigen tests have been reported in various settings.'™
Direct comparison of the results is difficult because of dif-
ferences in patient or influenza virus, characteristics such
as age, study designs, and other features. In this study of
the 2006-2007 influenza season, the sensitivity, specificity,
and accuracy of the IC kit primed with nasopharyngeal
swab specimens were 87-0%, 94:0%, and 90-8%, respec-
tively. These results were quite comparable to our results of
the 2005-2006 season,” in which the overall results of other
IC kits were 82:9%, 81:0%, and 82:3%, respectively, indi-
cating that the IC kit used is quite reliable.

The sensitivity, specificity, and accuracy of an IC kit will
vary by the method of specimen collection. In general,
virus titer is considered to be highest with nasopharyngeal
aspiration, lower with nasopharyngeal swabs, and lowest
with throat swabs. Practically, nasopharyngeal swab is the
most popular. The sensitivity, specificity, and accuracy of
the IC kit with self-blown discharge specimens compared
well with those of an identical IC kit primed with nasopha-
ryngeal swab specimens.

For self-blown specimens, sensitivity and specificity were
87:0% and 94:6% for influenza A, 857% and 99:1% for
influenza B, 88% and 88:9% for pandemic (HIN1) 2009.
Self-blown specimens display sensitivity, specificity, and
accuracy comparable to that of conventional nasopharyn-
geal swab specimens. There was no significant difference in
sensitivity, specificity, or accuracy between self-blown speci-
mens and nasopharyngeal swab for influenza A, influenza B,
and pandemic (HIN1) 2009. These results suggest that self-
blown specimens are as useful as nasal cavity swab speci-
mens for the diagnosis of influenza in the clinical settings.

Nasal discharge, obviously, cannot be collected from
infants incapable of blowing their own nose or patients who
do not develop a nasal discharge. In this study, self-blown
specimens were obtained from 82:2% of the patients. The
rate of successful collection was over 70% in the age groups
of 0-6 and 7-15 years. These rates would seem to be suffi-
cient for clinical use. The procedure of self-blown specimen
collection using a plastic sheet is easy and causes no pain or
discomfort. It seems to be more acceptable and safe than
the other methods, especially for children. Furthermore, this
procedure reduces the risk of influenza transmission from
patients to the medical staff members involved in sample
collection. Self-blown sample collection may be superior to
other sample collection methods in these respects.

We previously reported an inverse correlation between
the amount of virus in a specimen and the time to a
positive reaction.* In this study, there was no significant
difference in the mean time to a positive between self-blown
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and nasal swab specimens, suggesting that the self-blown
specimens contained sufficient viral antigen for the IC Kkits.
The influence of the presence or absence of nasal congestion
on the results of the kit was assessed. The sensitivity of self-
blown specimens from patients with nasal congestion was
significantly lower than that from patients without nasal
congestion. It is possible that insufficient capability to blow
the nose due to nasal congestion might tend to lead to false
negatives. The observation that the time to positive is longer
for patients with nasal congestion than for patients without
nasal congestion is concordant. Application of self-blown
specimen collection only to appropriate patients would
increase the sensitivity, which would be important in a clin-
ical setting.

We tested only two commercial antigen detection Kkit,
the Quick Vue Rapid SP influ kit and Quicknavi™-Flu
(Denka-seiken Co., Ltd). The resulting sensitivity, specific-
ity, and accuracy of the IC kit primed with self-blown spec-
imens were considered adequate for clinical use. To
confirm the usefulness of self-blown nasal discharge speci-
mens, further investigation is necessary using other Kkits
and in different settings.

Conclusion

The usefulness of a self-blown nasal discharge specimen for
an influenza rapid antigen test based on immunochroma-

Options for the control of influenza VII |

tography was evaluated in the 2006-2007 and 2009-2010
influenza season. Results suggest that self-blown nasal dis-
charge specimens are useful as specimens for influenza
rapid antigen tests based on immunochromatography for
not only seasonal influenza viruses, but also pandemic
(HINT1) 2009 virus.

The specimen collection by the patients themselves will
reduce the burden of other collection methods and the risk
of infection to the medical staff.
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Introduction

In April 2009, a mixed-origin HIN1 influenza virus was
recognized as a new causative agent of influenza-like ill-
nesses (ILI) in humans. Since its emergence, the virus has
spread rapidly throughout the world and caused a pan-
demic. Most commercial rapid antigen tests (RAT) can
detect influenza A or B viruses, but cannot specifically dis-
tinguish pandemic (HIN1) 2009 virus with seasonal influ-
enza. Recent studies have indicated that the poor
performance of the RAT approach and nonspecific detec-

tion of the pandemic (HINI1) 2009 virus was the main
obstacle to their widespread use in private clinics."* With
the need for a new rapid kit with reasonable sensitivity and
specificity for pandemic (HIN1) 2009 virus, we developed
a new RAT kit in collaboration with company, Standard
Diagnostics, Inc., (Yongin-si, Gyonggi, Korea).

Materials and methods

Monoclonal antibody (mAb) against haemagglutinin (HA)
of the pandemic (HIN1) 2009 virus was developed using
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Korean isolate and applied to the new kit with the mAb to
seasonal influenza virus. We examined the detection limit
of the kit using the serial dilution of Korean pandemic
virus isolate (A/Korea/01/2009). During December 2009,
432 clinical specimens from patients with ILI were collected
at 11 sentinel clinics of six provinces in Korea. The speci-
mens were tested by the new RAT, and the results were
compared with those of real-time reverse transcription
polymerase chain reaction (rRT-PCR) by US CDC and
virus isolation in MDCK cell culture to determine the sen-
sitivity and specificity for the diagnosis of pandemic
(HINT1) 2009.

Results

The detection limit of the new kit against HA of
A/Korea/01/2009 virus was confirmed to be 10* PFU/ml.
By contrast, the detection limit against the NP protein was
10° PFU. However, when the kit was applied to clinical
specimens, no difference between the two targets was
found. Using rRT-PCR and viral culture as the references,
the performance of the RIDT is shown in Table 1.

Among 432 specimens, 178 were tested positive by rRT-
PCR and 186 were tested positive by viral culture. Among
the 178 rRT-PCR confirmed cases, 122 were positive, and
among the 186 viral culture confirmed cases, 120 were
positive with the new RAT. Using rRT-PCR as the refer-
ence standard, the overall sensitivity of RAT was 68-5%
(95% confidence interval (CI): 61-7-75-3%) and specificity

was 98:4% (CI: 96:9-99-9%). With viral culture as the ref-
erence, the RAT sensitivity and specificity was 64:5% (CI:
57-:6-71-4%) and 97-6% (CL: 957-99-5%), respectively.
When analyzed by the regions tested, the sensitivity ranged
between 57:1% and 95:5% for rRT-PCR and between
53:3% and 87-0% for viral culture as a reference. Among
340 patients who had a record of their symptom onset and
sample collection date, 86 (25:3%) visited the clinic on the
day of symptom onset, and 158 (46-5%) visited 1 day later.
When the RAT performance was evaluated by day of onset,
the sensitivity was lower at three or more days after the
onset of symptoms; however, the sensitivity was highest at
2 days after onset and reasonable on the day of onset or at
1 day after (Table 2).

Discussion

We found that this new RAT had reasonable sensitivity and
high specificity compared with rRT-PCR and viral culture
for detecting the pandemic (HIN1) 2009 virus. In one
recent study, the sensitivity and specificity of the new RAT
kit was 77% and 100%, respectively, and the HA protein
for pandemic (HIN1) 2009 was detected more sensitively
than the NP protein for influenza A virus.” The sensitivity
and specificity of our new RAT were lower than those of
that study. We found that the test performance varied
depending on the clinics in which the tests were performed,
and this might be attributable to the persons who collected
the specimens. Although the clinicians were trained well for

Table 1. Performance of the new rapid antigen test (RAT) compared with real-time reverse transcription polymerase
chain reaction (rRT-PCR) and viral culture for the diagnosis of pandemic (HIN1) 2009 influenza virus

PPV**, % (95% CI) NPV***, % (95% Cl)

No. of
samples Sensitivity, %
Region tested Method (95% CI*) Specificity, % (95% Cl)
Seoul 82 rRT-PCR 688 (52:7-84-8) 100-0 (94-6-100:0)
Viral culture 629 (46-8-78-9) 100-0 (94-1-100-0)
Incheon 90 rRT-PCR 64-7 (48-:6-80-8) 100-0 (95-0-100:0)
Viral culture 629 (46-8-78-9) 100-0 (94-9-100-0)
Daejeon 37 rRT-PCR 81-8 (65:7-97-9) 100-0 (84-8-100:0)
Viral culture 70-8 (52:0-89-0) 92-3 (77-8-100:0)
Gwangju 71 rRT-PCR 95-5 (86-:8-100-0) 93-9 (87-:2-100:0)
Viral culture 87-0 (73-2-100-0) 91-7 (83-8-99-5)
Jeonbuk 74 rRT-PCR 575 (12:2-72-8) 97-1 (91-4-100:0)
Viral culture 59-0 (43-5-74-4) 97-1 (91-6-100:0)
Gangwon 78 rRT-PCR 571 (38:8-75-5) 100-0 (94-7-100:0)
Viral culture 53-3 (35:5-71-2) 100-0 (94-4-100-0)
Overall 432 rRT-PCR 685 (61:7-753) 984 (96:9-99-9)
Viral culture 645 (57-6-71-4) 97-6 (95-7-99-5)

100-0 (87:6-100-0)
100-0 (87-4-100-0)
100-0 (87-4-100-0)
100-0 (87-3-100-0)
100-0 (87-3-100-0)
94-4 (89-9-94-4)
875 (74:3-100-0)
83-3 (684-98-2)
95-8 (87-:8-100-0)
95-8 (87-:8-100-0)
100-0 (83:3-100-0)
100-0 (83:1-100-0)
968 (93:8-99-9)
95-2 (91-5-99:0)

83-3 (73:9-92-8
783 (67-9-88-8
824 (73:0-91-4
80-9 (71-5-90-2
789 (60-6-97-3
63-2 (41-5-84-8
97-9 (93-7-100-0)
936 (86:6-100-0)
660 (52:9-79-1
68-0 (55-1-80-9
80-6 (70-8-90-5
77-4 (67-0-87-8
817 (77-4-860
784 (73-8-83-0

*Cl, confidence interval.

**PPV/, positive predictive value.
***NPV, negative predictive value.
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Table 2. Performance of the new RAT according to the date of onset and sample collection for detecting the pandemic

(HIN1) 2009 influenza virus*

Performance against rRT-PCR

Performance against viral culture

Day after

symptom No. of

onset total Sensitivity, % Specificity, % Sensitivity, % Specificity, %
0 86 61-1 960 61-8 94-2

1 158 61-3 99-0 55-1 989

2 59 92-3 97-0 923 97-0

3 22 50-0 100-0 50-0 100-0

4-12 15 375 100:0 375 100-0

Overall 340 650 980 625 97-4

*Three hundred and forty samples with a known date of onset and sample collection were analyzed.

collecting specimens, there might be some differences in
performance. The new RAT kit could detect pandemic
(HIN1) 2009 virus specifically. Although the sensitivity was
lower than those of rRT-PCR and virus culture, and nega-
tive RAT results should be confirmed with more sensitive
methods, this kit could be useful in sentinel clinics if used
with caution.
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Introduction

Determination of infectious virus titres is central to many
experiments designed to study the biology of influenza

virus. Assays based on the measurements of viral compo-
nents, whether viral protein or nucleic acid, does not dif-
ferentiate infectious virus from non-infectious or defective
viral particles, which may have no infectivity or biological
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activity. Therefore the “gold standard” of virus measure-
ment requires bioassays that examine the ability of viral
particles to replicate and further infect other cells. Titration
on Madin-Darby canine kidney (MDCK) cells in a 96 well
plate format is commonly used to measure influenza virus
titre. This method is labour intensive, subjective in their
read out of cytopathic effect, and takes several days to
obtain a result. Microneutralization tests that quantitate
neutralizing antibody titres and assays of drugs for antiviral
activity also require 96 well based assays of residual virus
infectivity. Therefore, technologies that improve on the
titration of infectious virus will be of great benefit.

This study utilized the xCelligence system (Roche
Applied Science), which adopts microelectronic biosensor
technology to monitor dynamic, real-time label free and
non-invasive analysis of cellular events." The system mea-
sures electronic impedance using an array of microelec-
trodes located at the bottom of each culture well (E-plate
96). Adherent cells are attached to the sensor surface of
electrode arrays, and changes in impedance can be detected
and recorded. The xCelligence system can monitor cell
events induced by viral infection, such as changes in cell
number, adhesion, viability, morphology, and motility.
Measured electrode impedance is expressed as dimension-
less Cell Index and is graphically represented using software
to show the phenotypic changes of a cell population over
time. The aim of this study is to demonstrate that using
this platform to measure real-time cell index has potential
to circumvent many of the limitations of the currently
established procedures of end point titration of virus infec-
tivity and for microneutralization assays.

Materials and methods

Cells and viruses

Madin-Darby canine kidney cells were propagated in
growth medium consisting of Minimum Eagle’s medium
(Invitrogen) supplemented with 10% fetal bovine serum
(Invitrogen), 0-6 mg/1 penicillin (Invitrogen), and 60 mg/1
streptomycin (Invitrogen), with incubation at 37°C in a
5% CO, humidified atmosphere.

Influenza A/Hong Kong/54/1998 (HIN1), a seasonal
influenza virus from a patient who suffered from a mild
febrile illness, was propagated in MDCK cells maintained
in virus medium consisting of Minimum Eagle’s medium
(Invitrogen) supplemented with 0-6 mg/1 penicillin (Invi-
trogen), 60 mg/1 streptomycin (Invitrogen), and 2 mg/1 N-
p-tosyl-L-phenylalaninechloromethyl ketone-treated trypsin
(Sigma, St Louis, MO, USA), with incubation at 37°C in a
5% CO, humidified atmosphere. Virus stocks were aliquot-
ed and stored at 70°C until use, and the 50% tissue culture
infectious dose (TCIDsg) of the virus stock was determined

by titration in MDCK cells according to standard proce-
dures,? and the TCIDs, of the stock virus was calculated by
the method of Reed and Muench.?

Microneutralization assay

To perform a microneutralization assay, MDCK cells
seeded at a density of 1000 cells/well in an E-Plate 96 was
removed from the xCelligence system after approximately
48 hour; growth medium was then removed, cells washed,
and replaced with 100 ul virus-medium.

A human serum, which is known to contain high titre
antibody against the HIN1 virus was heat inactivated for
30 min at 56°C, and twofold serial dilutions were per-
formed in virus medium. The diluted serum was mixed
with an equal volume of virus medium containing influ-
enza virus at 400 TCIDsy/100 pl. After incubation for 2 h
at 37°C in a 5% CO, humidified atmosphere, 50 ul of
virus-antibody mixture was added to the MDCK cells to
give each well an equivalent virus dose of 100 TCIDso. A
back titration of the virus challenge dose was performed,
and a cell control (free of virus) was performed in quadru-
plicates. After incubation at room temperature for 30 min-
utes, the E-Plate 96 was then placed back onto the
xCelligence system in the incubator and maintain at 37°C
with 5% CO,, and the Cell Index values were measured
every 15 minutes for at least a further 72 hour.

The same procedures were performed with cells seeded
in conventional 96 well cell culture plates for parallel com-
parison with the currently used standard method. In this
case, cells were examined for cytopathic effect under an
inverted microscope after 3 days of infection and the lowest
virus dilution, which protected the cells from viral induced
cytopathic effect taken as the neutralizing end point.

Results

Real time cell index monitoring during influenza
virus infection MDCK cells

After 48 hour of seeding MDCK cells at 1000 cells/well,
standard microneutralization assay for influenza virus was
performed. Integral to this assay, a serial titration of the
input virus at 0-5 log;o increments was carried out. Wells
infected with the undiluted virus (100 TCIDsy/well), the
Cell Index commenced dropping at a steeper gradient than
the no-virus cell control after approximately 3 hour of
infection (Figure 1). This drop in cell index continues at a
consistent slope until it flattened out when approaching
zero Cell Index. This steep decrease in Cell Index with con-
stant gradient was also observed for virus dilutions up to
and including 2 log;, (100-folds), and the profile shifted
with increased time in proportion to the dilution made to
the virus. Virus dilutions beyond 2 log;, have Cell Index
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Figure 1. Real time cell index monitoring during influenza virus infection
of Madin-Darby canine kidney (MDCK) cells. Cells were infected with
serial dilutions of influenza virus commencing at 100 TCIDs, per well at
0.5 log increments (dilutions in parenthesis). Data shown is the mean of
4 replicate culture wells.

profiles similar to the no virus input control, and this cor-
responds to the absence of cytopathic effect as determined
by microscopic observation at 72 hour after infection.
Hence, there was a correlation between the amount of virus
used for infection, the onset of the influenza virus-medi-
ated cytopathic effect, and the steep decline in cell index.

Real-time cell index monitoring of
microneutralization assay

A human serum with known microneutralization antibody
titre to HIN1 virus was used in this study to investigate
the real time Cell Index changes that occur during the
assay (Figure 2). Using influenza virus treated with serum
dilutions up to and including a dilution of 1:160, the cell
index profile remained essentially the same as the no virus
cell control, which correlates with the lack of cytopathic
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Figure 2. Real time cell index monitoring of microneutralization assay.
Human serum at 1:1 dilution increments were used (serum dilution factor
in parenthesis) to neutralize HIN1 virus at 100 TCIDs,. Data shown is the
mean of 4 replicate culture wells.
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effects under microscopic observation at 72 hour of infec-
tion. At a serum dilution of 1:320, the steep decrease in
Cell Index, which is characteristic of cellular cytopathic
effect induced by the virus, became evident at around
50 hour post infection, and this was reduced to 40 hour
when serum dilution of 1:940 was used. In contrast, for the
virus — no antibody control, the onset time for this steep
decrease in Cell Index occurs at approximately 7 hour. For
both serum dilutions of 1:320 and 1:940, full cytopathic
effect was observed microscopically at 72 hour of infection.
From microscopic observation of cytopathic effect, accord-
ing to the current standard procedures, the neutralizing
titre of the human serum used in this study is at 1:160 as
it is the last dilution of the serum that prevented cyto-
pathic effect from being detected.

Discussion

An essential part of the microneutralization assay is to con-
firm the titre of the input virus (normally 100 TCIDsy/-
well) by performing a titration assay with decreasing serial
dilutions of the virus. Under normal procedures, cells are
examined microscopically after 72 hour of infection for
sign of cytopathic effects. In the case of MDCK cells, the
cytopathic effect is cell death, which is indicative of the
presence of live influenza virus infecting and replicating in
the cells. Therefore, the titre of the virus is taken as the last
dilution in which cytopathic effect is present. Parallel real-
time cell index measurements demonstrated that for wells
with cytopathic effects, the profile exhibits a steep gradient
linear decrease in cell index after infection with the virus,
which can be termed the “CPE plunge.” The time in which
the CPE plunge became evident appears to be inversely
proportional to the amount of virus, therefore the oppor-
tunity exists to utilize this aspect to calculate or compare
quantitatively different virus concentrations.

For unequivocal assignment of cytopathic effect, it nor-
mally requires 2-3 days after infecting the cells, with 3 days
after infection being the standard time to read virus titra-
tion and microneutralization assays. Using the real-time
cell index monitoring, it is found that apparent cytopathic
effect can only be observed microscopically when the Cell
Index has dropped to near zero. As the time of onset of
the “CPE plunge” becomes evident many hours prior to
observable cytopathic effect, it is possible that the time to
results can be drastically reduced after some formulation of
the method.

We compared the current standard method in perfoming
a microneutralization assay with one utilizing the real-time
cell index measurement to investigate whether this
approach is able to offer better performance over the exist-
ing one. The current standard neutralization assay is the
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microscopic observation of antibody mediated protection
from virus cytopathic effect in MDCK cells. This study
showed that this may also be achieved by examining the
profile generated from the real-time measurements of the
cell index. Using real-time cell index monitoring, it is pos-
sible to detect inhibitory activity at higher dilutions of the
anti-serum than can be detected by the standard micro-
scopic observation of cytopathic effect. Therefore, the real-
time cell index monitoring could potentially be developed
to be a more sensitive method for measuring anti-viral
activity. As drug resistant strains of influenza A viruses *
including the 2009 pandemic HIN1 are being reported, the
real-time cell based monitoring system may also have the
potential to be developed for use as a diagnostic platform
for drug resistance assays.

This study suggests that real-time cell index monitoring
has the potential to substantially reduce human resources
in reading results, as well as reducing time-to-result of
these assays from 3 days to two. The saving could be sub-
stantial for work involving bio-hazard level 3/4 pathogens
such as H5NI1 viruses as personnel working with these
organisms are require to be highly trained and experienced.
In addition, the reduction in transferring plates to and
from the microscope in reading cytopathic effect will sub-
stantially reduce the possibility of accidents from occurring.
Furthermore, the system provides objective digital data to
an otherwise subjective assay method, which can improve
standardization, data exchange, and hence collaboration

between different laboratories. With more detailed valida-
tion and development, real-time cell index monitoring
could transform the way we study and diagnose infection
with pathogens such as influenza viruses.
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Abstract

The emergence of a novel HIN1 influenza A virus of swine
origin, the pandemic A(HIN1) 2009, with transmissibility
from human to human in April 2009 posed pandemic con-

cern and required modifications to laboratory testing pro-
tocols. A new protocol for universal detection of influenza
A and B viruses and simultaneous subtyping of influenza A
(HIN1) 2009 virus, composed of two-one-step RT-PCRs,
Fast Set InfA/InfB and Fast Set HIN1v (Relab, Italy), was
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evaluated and compared to the reference protocol recom-
mended by WHO. Fast Set InfA/InfB was able to detect
influenza A and B viruses circulating between 1995 and
2008 belonging to different subtypes and lineages, and no
cross reactions were observed by either Fast Set InfA/InfB
or Fast Set HIN1v. The WHO assay was found to have a
slightly lower end-point detection limit (107> dilution) in
comparison to the new protocol (107°). Specificity of the
assays was 100% as assessed on a panel of stored clinical
samples including Adenovirus, Respiratory Syncytial virus,
Metapneumovirus, Parainfluenza virus, S. pneumoniae,
N. meningitidis, H. influenza, and human influenza viruses.
The new assay panel allows the detection, typing, and sub-
typing of influenza viruses as requested for diagnostic and
surveillance purposes. The high sensitivity of the protocol
is coupled with capacity to detect viruses presenting signifi-
cant heterogeneity by Fast Set InfA/InfB and with high dis-
criminatory ability by Fast Set HIN1v.

Introduction

A rapid and sensitive assay for the detection of influenza
virus in clinical samples from subjects with ILI or low
respiratory tract infections is a fundamental tool for epide-
miological and virological surveillance, management of
hospitalized patients, and control of virus nosocomial
transmission. The emergence, in April 2009, of a novel
HINI influenza A virus of swine origin, the pandemic
(A(HINI) 2009), with transmissibility from human to
human poses pandemic concern and required modifica-
tions to the laboratory testing protocols." Molecular diag-
nosis of influenza is generally achieved through a two-
phase process: a screening phase for the detection of virus,
and the subsequent strain characterization performed by
either sub-type-specific RT-PCR or entire/partial genome
sequencing.” During a pandemic, simultaneous implemen-
tation of both the detection of influenza A and B influ-
enza viruses and identification of the new subtype is
useful for clinical and epidemiological reasons. Here, we
describe a new protocol including two-one-step RT-PCRs,
Fast Set InfA/InfB and Fast Set HIN1v (Relab, Italy) that
allows universal detection of all influenza A viruses and,
simultaneously, all subtypes that are influenza A(HINI1)
2009.

Materials and methods

Specificity and clinical sensitivity of the two-one-step RT-
PCRs (Fast Set InfA/InfB and Fast Set HIN1v; Relab, Italy)
were evaluated by testing 306 selected specimens, including:
o Fifty samples collected from nasopharyngeal swabs
representative of influenza viruses, belonging to differ-
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ent subtypes and lineages, and other respiratory
viruses and bacteria circulating in Italy between 1995
and 2008.

e Six purified A(H5N1), A(H7N7), and A(H9N2)
strains, kindly supplied by Alan Hay, WHO Influenza
Centre, London, UK.

e Two hundred-fifty influenza positive samples selected
according to type, subtype, clade and viral concentra-
tion from >2500 specimens received by the Liguria
Influenza Reference Laboratory between January Ist
and December 31st, 2009.

Since 1995, nasopharyngeal swabs sampled from patients
suspected of having contracted the influenza virus have
been collected in viral transport medium, and upon arrival
into the laboratory, the samples were divided in >3 aliquots.
Those not immediately processed were stored frozen at
—80°C. Stored samples were used for this evaluation, and all
specimens were re-extracted for the study. Samples collected
between 1995 and 2008 included specimens positive for:

e Human seasonal influenza A(HIN1) viruses (N = 14)
including A/New Caledonia/20/99(HIN1) and A/Sol-
omon Islands/3/2006 clusters.

e Human seasonal influenza A(H3N2) viruses (N = 16)
including A/Sydney/5/97(H3N2)-like, A/Fujian/411/
2002(H3N?2)-like, A/California/7/2004(H3N2)-like,
and A/Wisconsin/67/2005 (H3N2)-like viruses.

e Human influenza B viruses (N = 7) belonging to both
B/Yamagata and B/Victoria lineages.

e Nasopharyngeal swabs positive for other respiratory
viruses and bacteria (adenovirus, A and B respiratory
syncytial viruses (RSVA and RSVB), metapneumovi-
rus, parainfluenza virus type 1, 2 and 3, S. pneumo-
niae, N. meningitidis, H. influenzae) (N = 13).

Samples collected during 2009 included 150 specimens
resulting positive for influenza A(HIN1) 2009 with high
(Ct < 32, N = 60) or low (Ct 32-37, N = 90) title, 36 spec-
imens resulting positive for influenza A(H3N2) with high
(Ct < 32, N = 34) or low (Ct 32-37, N = 2) title, 8 speci-
mens resulting positive for influenza B (Ct 25-32), and 55
negative samples using Fast Set InfA/InfB and Fast Set
HINI1v and typing/subtyping assays.

No seasonal A(HIN1) have been detected since January
Ist, 2009. Furthermore, 1 weak positive sample using Fast
Set InfA/InfB, but negative at block PCR and typing/sub-
typing assays was tested. The analytical sensitivity of the
test under investigation was determined testing ten-fold
serial dilutions of seasonal influenza A(HINI1), seasonal
influenza A(H3N2), new pandemic influenza A(HINI)
2009, and B cell culture-grown viruses. The intra-assay
reproducibility was measured by testing the same A(HIN1)
2009 positive sample 15 times in the same experiment,
while the inter-assay reproducibility was confirmed by
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testing the same samples in 3 independent experiments. To
evaluate the performance of the protocol, all samples were
tested using a block PCR confirmation test (Seeplex® RV12
ACE Detection),” and all specimens collected between Jan-
uary Ist and December 31st, 2009 and dilutions were also
assayed using the recommended WHO/CDC protocol of
real-time RTPCR for influenza A(HIN1). Typing and sub
typing were performed using the WHO protocol and/or
sequencing.* Viral RNA was extracted from swabs using the
QIAamp Viral RNA Mini Kit (Qiagen) according to the
manufacturer’s protocol. Fast Set InfA/InfB and Fast Set
HINlv are two multiplex one-step Real Time PCR assays
developed and evaluated by the Liguria Regional Reference
Centre for diagnosis and surveillance of influenza in collab-
oration with Relab Diagnostics. Both assays contain prim-
ers and a dual-labelled hydrolysis probe that targets two
regions of the matrix gene (Table 1).

Amplification conditions were as follows: reverse-tran-
scription 50°C for 15 minutes, denaturation 94°C for
2 minutes, then 40 cycles of 95°C for 15 seconds, 58°C
for 30 seconds. The entire amplification process extended
for 110 minutes. An internal control real-time assay was
also incorporated in order to detect PCR inhibition, failed
extraction/PCR and technical error. The CDC Realtime
RTPCR (rRTPCR) Protocol for Detection and Character-
ization of Swine Influenza includes a panel of oligonucleo-
tide primers and dual-labelled hydrolysis (Tagman®)
probes to be used in real-time RTPCR assays for the in vi-
tro qualitative detection and characterization of swine influ-
enza viruses in respiratory specimens and viral cultures.
This protocol recommends three primer-and-probe sets:
InfA, amplifying a conserved region of the matrix gene
from all influenza A viruses; SW InfA, designed to specifi-
cally detect the nucleoprotein (NP) gene segment from all
swine influenza viruses and SW H1, designed to specifically
detect the hemagglutinin gene segment from A(HIN1)
2009.° The Seeplex® RV12 ACE Detection for auto-capil-

lary electrophoresis is a multiplex block RT-PCR that
applies DPO™ (Dual Priming Oligonucleotide) technology
and is designed to detect 12 major respiratory viruses, 11
respiratory RNA (influenza A and B virus, Parainfluenza
virus type 1, 2 and 3, respiratory Syncytial virus A and B,
A/B, Coronavirus OC43 and 229E/NL63)
viruses and 1 DNA (adenovirus) virus, from patients’ sam-
ples including nasopharyngeal aspirates, nasopharyngeal

rhinovirus

swabs and bronchoalveolar lavage.’

Conventional viral culture was performed inoculating
0-1 ml of each specimen into MDCK-SIATI seeded into
24-well plates for influenza isolation. Virus detection was
performed by the hemagglutination test using 0-75% guinea
pig red blood cells (RBC).

Results

Specificity and clinical sensitivity results of the new proto-
col are reported in Table 2. Fast Set InfA/InfB was able to
detect influenza A and B virus circulating between 1995
and 2008 belonging to different subtypes and lineages, and
no cross-reactions were observed by either Fast Set
InfA/InfB or Fast Set HIN1v. Among specimens collected
between January Ist and December 31st, 2009, all 60 Fast
Set InfA/InfB and Fast Set HIN1v high titre positive sam-
ples resulted positive using the WHO/CDC assay and
showing reactivity using InfA and SW InfA primer-and-
probe sets. Among 90 low titre A(HIN1) 2009 positive
samples at Fast Set InfA/InfB, 28 (31-1%) were not
detected by the WHO/CDC assay, but were positive using
Seeplex® RV12. The WHO/CDC SW H1 primer-and-probe
set works in 96:7% (58/60) and 1:1% (1/90) of high and
low titre A(HIN1) 2009 positive samples, respectively. All
A(H3N2) strains collected during 2009 and initially
detected by Fast Set InfA/InfB were confirmed after RNA
re-extraction by Seeplex® RV12 and WHO/CDC assay
showing reactivity using the InfA primer-and-probe set. All

Table 1. Primer and probe sequences used for the new protocol

Virus target Target gene

Sequence Primer

Influenza A Matrix protein

Influenza B

Matrix protein

Influenza H1IN1 2009 Matrix protein

Forward ACAAGACCAATCCTGTCACCTCT

Reverse GCATTTTGGACAAAGCGTCTAC

Probe CAGTCCTCGCTCACTGGGCAC

Forward ACCAGTGGGACAACCAGAC

Reverse GCTCTTTCCGGGGATGG

Probe ATCATCAGACCAGCAACCCTTGCC

Forward CCAAGGAGGTGTCACTAAGC

Reverse TTCACAGCATCGGTCTCAC
GTGAGACCGATGCTGTGAA

Probe GCTGCTTTTGGTCTAGTGTGTGCCACTCAC

| 156

© 2011 Blackwell Publishing Ltd, Influenza and Other Respiratory Viruses, 5 (Suppl. 1), 132-158



Table 2. On-field specificity and sensitivity results
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Fast Set WHO/CDC Seeplex

Collection

period A B H12009 InfA SWInfA SWH1 A B H12009 Typing/subtyping N samples (%)

1995-2008 Pos Neg Neg N.P. Pos Neg N.P. AHINT) 14 (25)
Pos Neg Neg N.P. Pos Neg N.P. A(H3N2) 16 (286)
Pos Neg Neg N.P. Pos Neg N.P. A(H5N1) 2 (3:6)
Pos Neg Neg N.P. Pos Neg N.P. A(H7N7) 2 (3:6)
Pos Neg Neg N.P. Pos Neg N.P. A(HION2) 2 (3:6)
Neg Pos Neg N.P. Neg Pos N.P. B 7 (12°5)
Neg Neg  Neg N.P. Neg Neg N.P. Neg 13 (23-2)

56

2009 Pos Neg Pos Pos Pos Pos Pos Neg Pos A(HIN1) 2009 58 (23-2)
Pos Neg  Pos Pos Pos Neg Pos Neg Pos A(H1TN1) 2009 2 (0-8)
Pos* Neg Pos Pos Pos Pos Pos Neg Pos A(HIN1) 2009 1(0-4)
Pos* Neg Pos Pos Pos Neg Pos Neg Pos A(H1IN1) 2009 61 (24-4)
Pos*  Neg  Pos Neg Neg Neg Pos Neg  Pos A(H1IN1) 2009 28 (11-2)
Pos Neg Neg Pos Neg Neg Pos Neg Neg A(H3N2) 34 (136)
Pos*  Neg Neg Pos Neg Neg Pos Neg  Neg A(H3N2) 2 (0-8)
Pos* Neg Neg Pos Neg Neg Neg Neg Neg Neg 1(0-4)
Neg Pos Neg N.P. Neg  Pos Neg B 8(3-2)
Neg Neg Neg Neg Neg Neg Neg Neg Neg Neg 55 (22)

250

*Ct > 32 using Fast set InfA/Inf B; N.P., not performed; Pos, positive; Neg, negative.

B viruses initially detected by Fast Set InfA/InfB were con-
firmed after RNA re-extraction by Seeplex® RVI2. One
influenza A case identified by the WHO/CDC kit (InfA
primer-and-probe set, Ct values: 37-5, SW InfA primer-
and-probe set: negative) and new protocol (A primer-and-
probe set, Ct values: 34-1, A(HIN1) 2009 primer-and-probe
set, Ct values: 346) was not detected by either Seeplex®
RV12 or by WHO subtyping protocol and/or sequencing,
suggesting a very low viral load or unspecific results by real
time assays. The analysis of serial dilutions of cell culture-
grown A(HIN1) 2009 showed that the detection limit of
Fast Set InfA/InfB, Fast Set HINIv, and Seeplex® RV12
was identical (107°) and llog;o lower than that using the
WHO/CDC protocol (107°). A similar analysis with respect
to A(HIN1) and A(H3N2) strains indicated that Fast Set
InfA/InfB sensitivity (107° and 1077, respectively) was
1log;, lower than that showed by Seeplex® RV12 (107> and
107, respectively). In comparison with the new protocol,
the WHO/CDC assays, considering InfA primer-and-probe
set, was found to have a slightly lower end-point detection,
detecting the 10~ A(HIN1) and A(H3N2) dilution. Also
in detecting influenza B virus, Fast Set InfA/InfB sensitivity
(107° and 1077, respectively) was llog;, lower than that
showed by Seeplex® RV12 and the WHO/CDC protocol.
Data on intra-assay and inter-assay precision, measured as
CV% of Ct showed that the dispersion indices observed
had values of less than 3%.

Discussion

Since the identification of influenza A(H1N1) 2009 virus in
the U.S. and Mexico, and since sustained human-to-human
transmission of the virus was clear, a number of assays
were developed for the detection of the new strain."”'* One
possible criticism is the integration of the new assays in the
laboratory algorithm for diagnostic and surveillance pur-
poses. In particular, the rapid and sensitive detection of
influenza A and B viruses and subtyping of new A(HINI)
2009 is critical for the determination of the spread and
extent of new virus and to define the epidemiological pic-
ture of circulating strains. This article describes the perfor-
mance of a rapid and sensitive real-time PCR-based
protocol including three primer-and-probe sets with the
same amplification profile: A) amplifying a conserved
region of the matrix (M) gene from all influenza A viruses;
B) designed to specifically detect the NP gene segment
from lineage Yamagata- and Victoria-lineage B viruses, and
A(HINI) 2009, designed to specifically detect the M gene
segment from A(HIN1) 2009. In our experience, the new
protocol is more sensitive than the WHO/CDC assays,
showing 1-2 log;, lower detection limit in detecting
A(HIN1), A(H3N2), A(HIN1) 2009, and B viruses. The
higher sensitivity of the new protocol was confirmed by
clinical sensitivity data: 31-1% out of low titre A(HINI1)
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2009 samples were detected using the new protocol that
resulted negative using the WHO/CDC assays. The unfor-
tunately low quantity of low titre A(H3N2) samples col-
lected during 2009 did not allow us to highlight differences
between assays Fast Set InfA/InfB, and Fast Set HINlv
positivity was always confirmed by Seeplex® RV12, which
demonstrated high sensitivity, showing a detection limit
comparable or lower when compared with those observed
using the WHO/CDC assays. The high analytical sensitivity
of Seeplex® RV12 is reported by Kim * who observed a
detection limit of 10 copies per reaction for each type/sub-
type of influenza viruses.

The high sensitivity of the new protocol is coupled with
its capacity to detect viruses presenting a significant hetero-
geneity by Fast Set InfA/InfB and high discriminatory abil-
ity by Fast Set HINI1v. Fast Set InfA/InfB was able to
identify representative influenza viruses of circulating
strains during the last decade belonging to different sub-
types, lineages, and clusters, and Fast Set HIN1v primer-
and-probe set reacted selectively with A(HIN1) 2009 target.
A recent report demonstrated that the SW InfA assay is
not specific to A(HIN1) 2009 and is able to detect both
human and avian (H5N1) influenza A viruses and so there
is the potential for misidentification.'® High titre (Ct 85
and 156 at Fast Set InfA/InfB) A(H5N1) viruses did not
react with Fast Set HIN1v primer-and-probe set (data not
shown). Available human A(H5N1) sequences are similar
within the HINI1v primer-and-probe regions, but having
4-5 mismatches in the forward primer and, more notably,
two of the mismatches occurred within 9 nucleotides of the
3 end, an important determinant for primer specificity. In
conclusion, this protocol can be a powerful tool in the
diagnostic laboratory setting for specific simultaneous anal-
ysis of several samples in minimal time, showing enhanced
sensitivity in detecting influenza viruses, and high discrimi-
natory ability in identifying the new pandemic A(HIN1)
2009.
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Abstract

Public health campaigns usually rely on governmental
infrastructure and finance for vaccine implementation pro-
grams. However, there are many financial and physical bar-
riers which preclude widespread and effective vaccine
administration, especially among the elderly. On an inter-
national scale, both government agencies and citizen
groups have a vested interest in searching for more
resourceful methods of attaining significant immunization
levels (>75% of the population). In fact, it seems to have
become both a grassroots civic and governmental goal,
especially among developing countries.

We implemented the unique strategy of enlisting the
assistance of a privately-owned food market chain to
address the public health issue of mass vaccination for the
elderly. In this context, Publix Pharmacy and the University
of South Florida (USF) recently developed both a hand-
book and a training program to facilitate the administra-
tion of vaccinations.

Between 2008 and 2009, the Publix-USF partnership
resulted in administration of over thirty thousand influ-
enza A (H3N2) vaccinations, 76% of which were given
to adults over 55 years of age. Consequently, vaccine
administration costs were decreased by using corporate
resources and bypassing overly strained municipal
resources.

This unique university—corporate partnership successfully
delivered H3N2 vaccine to a vulnerable cross-section of
society at a lower cost and with minimal side effects and
morbidity. It may be safely projected that university-corpo-
rate partnerships could result in an effective method for
rendering a vital service to an aging and especially vulnera-
ble segment of the population.

Introduction

Government policy and funding are the foundation of
immunization programs on an international scale. For
example, in the United States, governmental programs
account for over 50% of the monetary outlay used for
immunization." Until 2006, the Global Alliance for Vac-
cines and Immunizations (GAVI) acted as a catalyst for
implementing vaccine and immunization programs in each
targeted country.” Under the auspices of GAVI—collabora-
tions between governments, charitable organizations, and
multinational health agencies (such as UNCIEF and the
WHO)—many countries have increased their spending for
vaccination programs. However, development of financially
sustainable immunization programs geared toward reaching
the majority of the population are still at a nascent level of
evolution.> The development of more innovative and cost-
effective approaches has become imperative in order to
reach a greater number of vaccination candidates.
Administering the influenza vaccine only to the subpop-
ulation of over 65 year olds would save an estimated
220 000 quality-adjusted life years in a cohort of approxi-
mately half the world’s population.* Widespread public
vaccination programs are made more complex by the
continuing development of newer vaccines, concomitant
specialized administration costs, and the logistical challenge
of conveying recipients to vaccination points of service."”
In spite of the increasing complexity of mass vaccination,
cost-benefit analyses clearly favor annual influenza vaccina-
tion in the elderly population on an international scale.»®
Recently, in 2008, influenza vaccine administration was
reported to reach between 32% and 82% of the elderly
population, which denotes varying degrees of success
within each particular country.”® However, there was also
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a report of a uniform plateau effect at around 75% of the
population, beyond which additional vaccination coverage
was difficult to achieve.” Physical limitations to vaccination
seem to be more insurmountable for the elderly. Unfortu-
nately, this is the population segment which could experi-
ence the most significant vaccination-associated mortality
reduction. '’

Methods

We employed the wunique strategy of involving the
resources of Publix supermarkets, a corporate food market
chain, to address the public health issue of widespread vac-
cination for the elderly. We took advantage of recent 2005
changes in the Florida statutes, which expanded the scope
of pharmacists’ practice to include administration of vac-
cines. Subsequently, Publix Pharmacy and the University of
South Florida (USF) developed a handbook and training
program to facilitate and enhance vaccine administration
by Publix pharmacists.

By using proprietary pharmacists and more practical sup-
ply storage, we were able to decrease the costs of vaccine
administration. The consumer was charged $10 for admin-
istration costs plus the cost of the injection itself, regardless
of insurance or eligibility for governmental subsidy.

Although patients were initially self-selected, they were
ultimately excluded if they had demonstrated prior adverse
effects to influenza vaccinations or to any of the compo-
nents of such vaccinations.

Results

Between 2008 and 2009, the Publix—USF partnership vacci-
nated 30 063 people against influenza A (H3N2), of which
29 404 were Florida residents. The age range was 1-
105 years old with a median age of 65 years old. Seventy-
six percent of the participants were over 50 years old (see
Figure 1).

Age Range of Patients Receiving
Vaccinations at Publix Pharmacies
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Figure 1. Percent of vaccinated patients in each age range. Three-quarters
of the population was >50 years old.

Within the population surveyed, the reported side effects
of the vaccine in this study were not serious, but included:
vertigo, cold sweats, chills, vomiting, syncope, rash, nausea,
stomach pain, elevated blood pressure, injection site reac-
tion, inflamed bursa, and bilateral thigh discomfort.

Participants from all socioeconomic classes were vacci-
nated. An income-by-zip code analysis revealed 44% of
those vaccinated resided in zip code areas where the average
household income was <$50 000 per year. Of those remain-
ing, 25% had an average income of $50 000-$70 000 per
year, and 31% had an income of >$70 000 per year.

Each person vaccinated was charged ten dollars for
administration costs. This represents a decrease in the
administration costs ranging from one dollar to ten dollars

: 11,12
saved per vaccine.

Conclusion

This unique university—corporate partnership successfully
delivered H3N2 vaccine to a high-risk population with
decreased vaccine administration costs. The influenza vac-
cine is well-tolerated, with minimal side effects when
patients who have a history of adverse reactions are
excluded. We can postulate that university-corporate part-
nerships may indeed be effective at reaching the aging pop-
ulation which is a challenge in most communities.

This delivery model may prove to be another tool for
improving the efficiency of mass immunization by facilitat-
ing accessibility, which results in wider coverage. This model
also enhances delivery of healthcare by decreasing costs of
immunization regardless of whether the payer is a govern-
ment, insurance company, or self-pay consumer. The GAVI
initiative stressed three goals for accomplishing sustainabil-
ity and independence in immunization programs.’ The goals
were to: (i) mobilize additional resources from governmen-
tal and non-governmental sources; (ii) improve program
efficiency to minimize additional administration resources
needed; and (iii) increase the reliability of funding.

Empowering privately owned corporations within the
community, such as food markets or pharmacies, to
administer vaccines mobilizes additional resources to read-
ily achieve the first goal of GAVI. Mobilizing resources of
non-healthcare, corporate vaccination locations enhances
accessibility due to travel convenience. In our study, partic-
ipants came from all socioeconomic classes, suggesting that
ease of access is independently hindering mass vaccination,
and that people of all incomes are more likely engaged
when access issues are eliminated.

The second and third goals were also accomplished by
recruiting a corporation’s resources for vaccine administra-
tion (refrigeration, storage, and employees). This minimizes
the money spent from vaccine program funds to support
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the infrastructure of immunizations, thus improving finan-
cial efficiency and sustainability. Financial efficiency implies
that money is spent to safely reach as large a portion of the
population as possible. By using corporate storage facilities
instead of paying for independent facilities, money can be
spent elsewhere. More vaccines can be purchased and more
money can be spent on media communications to encour-
age vaccination. Sustainability requires the ability to fund
annual vaccination programs which reach 75% of the pop-
ulation or greater.
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Background

Key to the control of pandemic influenza are surveillance
systems that raise alarms rapidly and sensitively. In addition,
they must minimise false alarms during a normal influenza
season. We develop a method that uses historical syndromic
influenza data from the existing surveillance system
‘SERVIS’' monitoring seasonal ILI activities in Scotland.

Materials and methods

We develop an algorithm based on WCR of reported ILI
cases to generate an alarm for pandemic influenza. WCR is
defined as the ratio of the number of reported cases in a
week to the number of cases reported in the previous week.

From the seasonal influenza data from 13 Scottish health
boards, we estimate the joint probability distribution
(Figure 1) of the country-level WCR and the number of
health boards (denoted by Nyp) showing synchronous
increases in reported influenza cases over the previous week.
Pandemic cases are sampled with various case reporting
rates from simulated pandemic influenza infections (using
an individual-based stochastic model of the spread of pan-
demic cases in Great Britain®) and overlaid with seasonal
SERVIS data from six influenza seasons 2001-2007. A typi-
cal influenza season in a temperate country like Scotland is
of 33 weeks. Although pandemic influenza can start any
time of the year, in order to overlay simulated pandemic
cases with seasonal ILI cases, we consider only these 33
weeks as pandemic starting weeks. Using these combined
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Figure 1. The joint probability distribution of (WCR, Ngg). The joint
probability distribution of WCR and Ny reporting increases in the ILI
cases over the previous week. This probability diagram was constructed
using SERVIS data from six seasons, 2001-2002 to 2006-2007. WCR is
binned with bin size 0.1.

time series we test our method, as well as the ILI rate thresh-
old method (similar to the UK HPA’s ILI baseline activity
rate) and the Mov-Avg Cusum method,> for speed of
detection and sensitivity, at pre-set specificity values of 95%
and 99%. A total of 59 400 (300 simulated pandemics X 6
influenza seasons X 33 weeks) combined time series were
used for the results presented in this paper. Also, the 2008—
2009 SERVIS ILI cases were used for testing detection per-
formances of the three methods with a real pandemic data.

Results

We compare our method, based on our simulation study,
to the Mov-Avg Cusum and ILI rate threshold methods
and find it to be more sensitive and rapid. The WCR
method detects pandemics in larger fraction of total runs
within the same early weeks of pandemic starting than does
any of the other two methods (Figure 2).

As shown in the table, for 1% pandemic case reporting
rate and detection specificity of 95%, our method is 100%
sensitive and has MDT of 4 weeks, while the Mov-Avg Cu-
sum and ILI rate threshold methods are, respectively, 97%
and 100% sensitive with MDT of 5 weeks. At 99% specific-
ity, our method remains 100% sensitive with MDT of 5
weeks. Although the threshold method maintains its sensi-
tivity of 100% with MDT of 5 weeks, sensitivity of Mov-
Avg Cusum declines to 92% with increased MDT of 6
weeks. For a two-fold decrease in the case reporting rate
(0-5%) and 99% specificity, the WCR and threshold meth-
ods, respectively, have MDT of 5 and 6 weeks with both
having sensitivity close to 100%, while the Mov-Avg Cu-
sum method can only manage sensitivity of 77% with
MDT of 6 weeks.

—— WCR —— ILI rate threshold —%— Mov-Avg Cusum

100

o
o

o

Cumulative detection (%)
I}
o

o
o
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Figure 2. Speed of detection in the early weeks of pandemics. Cumulative
probability of detection as a function of times taken in pandemic detection
(i.e., weeks within pandemic starting). These plots are for different
specificity and pandemic case reporting rate: (A) 99% and 0.5%; (B) 95%
and 0.5%; (C) 99% and 1%; (D) 95% and 1%; (E) 99% and 5%; and (F)
95% and 5%. The dashed line represents the 50%-level of pandemic
detections.

Retrospective detection of the HIN1 pandemic

The first cases of the 2009 pandemic were reported in Scot-
land in the 29th week of the season. The WCR algorithm
as well as the Mov-Avg Cusum method detects the pan-
demic 12 weeks later in week 41. The ILI threshold method
detects it 1 week later in week 42. Both the WCR and
Mov-Avg Cusum methods therefore outperform the ILI
threshold method by 1 week in the retrospective detection
of the 2009 pandemic in Scotland.

Conclusions

While computationally and statistically very simple to
implement, the WCR method is capable of raising alarms
rapidly and sensitively for influenza pandemics against a
background of seasonal influenza. Although the algorithm
has been developed using the SERVIS data, it has the
capacity to be used at large scale and for different disease
systems where buying some early extra time is critical.

More generally, we suggest that a combination of differ-
ent statistical methods should be employed in generating
alarms for infectious disease outbreaks. Different detection
methods would provide cross-checks on one another,
boosting confidence in the outputs of the surveillance sys-
tem as a whole.
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Introduction

Real-time evidence being created worldwide will greatly
contribute to the full understanding of influenza pandem-
ics. Here we report the real-time epidemiology and virology
findings of the influenza A(HIN1)2009 pandemics in Mon-
golia.

Materials and methods

The epidemiological and virological data collected through
ISSS of NIC, NCCD, Mongolia (real-time information on
registered ILI cases and virological laboratory results are
available from the weekly updates in the NIC, Mongolia
website:  http://www.flu.mn/eng/index.php?option=com_
content&task=category&sectionid=5&id=36&Itemid=51)
were used for analysis in relation to the previous seasonal
influenza activities in the country.

Influenza viruses were detected in naso-pharyngeal sam-
ples from ILI patients by rt-RT-PCR with Applied Biosys-
tems Fast Real Time PCR System 7500, using primers and
instructions supplied by CDC, USA." Influenza viruses were
isolated by inoculation of rt-RT-PCR-positive samples of
MDCK cell culture according to the standard protocol.” Ten
representative strains of A(HIN1)pdm viruses were selected
for sequencing of different gene segments, namely: A/Ula-

anbaatar/5882/2009, A/Ulaanbaatar/6133/2009, A/Ulaanb-
aatar/6266/2009, A/Ulaanbaatar/6525/2009, A/Zavkhan/
8299/2009, A/Umnugovi/9586/2009, A/Dundgovi/9746/2009,
A/Ulgii/9911/2009, A/Bayanulgii’9912/2009, and A/Dundg-
ovi/381/2010. Sequencing of influenza virus gene segments was
performed in Applied Biosystems 3130x] Genetic Analyzer using
primers and instructions supplied by CDC, USA,” and bioinfor-
matic analysis was performed with ABL/SeqScape v.2.5 and mega4
programs.

Results

The pandemic alert in Mongolia was announced by the
Government on April 28, 2009, just after the WHO
announcement of the pandemic alert phase, and planned
containment measures were intensified. Despite intensive
surveillance, no A(HIN1)pdm virus was detected in Mon-
golia until the beginning of October 2009. Around 40 sus-
pected cases, mostly arriving from the A(HINI1)pdm
epidemic countries, tested zero by rt-RT-PCR for
A(HIN1)pdm virus. The first A(HIN1)pdm case detected
by the routine surveillance system in Ulaanbaatar City, the
Capital of Mongolia, was confirmed by rt-RT-PCR on
October 12, 2009 (41st week of 2009). The reported ILI
cases escalated rapidly, reached the peak in the 43-44th
week of 2009, and gradually decreased thereafter (Figure 1).
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Figure 1. Dynamics of the registered ILI cases and viruses detected in
Mongolia in 2009/2010 season.

Influenza viruses detected in October, November and
December 2009 were 100% A(HINI1)pdm strains (Table 1),
confirming the 1st wave of ILI epidemics in 2009/2010 sea-
son was caused by the pandemic virus. The registered ILI
cases dropped under the upper tolerant level in the 3rd
week of 2010. However, the registered ILI cases increased
again from the 5th week of 2010, and peaked at the 8-9th
weeks of 2010. The viruses isolated during this 2nd peak
were influenza B strains (Figure 1 and Table 1).

For the genetic characterization of the Mongolian pan-
demic isolates, 3 gene segments I (PB2), 2 gene segments II
(PB1), 3 gene segments III (PA), 9 gene segments IV (HA),
3 gene segments V (NP), 4 gene segments VI (NA), 7 gene

segments VII (M), and 3 gene segments VIII (NS) of the
representative A(HIN1)pdm Mongolian strains were
sequenced, and all sequences have been deposited in the
GenBank (accession numbers: CY050844, CY0533648,
CY050846, CY050845, CY065987, CY065989, CY065990, CY
065988, CY065991, CY065985, CY065984, CY065986,
CY052366, CY053365, CY054546, CY054547, CY055169, CY
055170, CY055171, CY056363, CY055308, CY057191,
CY057083, CY065995, CY065997, CY065998, CY065996, CY
065999, CY065993, CY065992, CY065994, CY054548,
CY054549, CY073448). All 8 genes of Mongolian strains were
possessing 99-4-99-9% similarity with the GenBank deposited
gene sequences of the original pandemic strain A/Califor-
nia/072009(HIN1).

Discussion

The WHO declared the pandemic alert phase (phase IV)
on April 27, 2009,* and was prompted to announce the
pandemic phase (phase V) two days later.” After 43 days,
the WHO declared the beginning of the pandemic peak
period (phase VI) on June 11, 2009.°

However, in Mongolia, the pandemic alert period con-
tinued for 168 days. Mongolia was free of the pandemic
virus during the whole first wave of the pandemics in the
Northern Hemisphere.

With the confirmation of the Ist influenza A(HIN1)pdm
case on October 12, 2009 in Ulaanbaatar, Mongolia entered
into the pandemic phase (phase V), and after just 2 weeks,
the registered ILI cases peaked, confirming Mongolia
shifted into the pandemic peak period (phase VI), which

Table 1. Dynamics of the detected and isolated influenza viruses in Mongolia in 2009/2010 season

rt-RT-PCR

Inoculation of MDCK cell culture

Among them

Among them

Tested Tested samples

Months  samples Positive (%) A(HIN1) pdm B (rt-RT-PCR) Positive (%)  A(H1IN1) pdm B

2009.X 2805 1154 (41:1%) 1154 (100%) 0 (0%) 339 (29:3%) 86 (25:3%) 86 (100%) 0 (0%)
2009.XI 1449 484 (33-4%) 484 (100%) 0 (0%) 257 (53%) 148 (57-5%) 148 (100%) 0 (0%)
2009.XII 800 86 (10:7%) 85 (98:8%) 0 (0%) 63 (73:2%) 55 (87:3%) 55 (100%) 0 (0%)
2010.1 534 80 (14-9%) 79 (98-:8%) 1(1-2%) 36 (45%) 28 (77-7%) 28 (100%) 0 (0%)
2010.1 684 201 (29:3%) 45 (22:4%) 156 (77:6%) 148 (73:6%) 83 (56%) 3 (3:6%) 80 (96:4%)
2010.11 690 239 (34-6%) 0 (0%) 239 (100-4%) 224 (93-7%) 158 (70:5%) 0 (0%) 158 (100%)
2010.1vV 336 10 (2:9%) 0 (0%) 10 (100%) 0 (0%) 0 (0%) 0 (0%) 0 (0%)
2010.V 221 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%)
2010.VI 176 1 (0-5%) 0 (0%) 1 (100%) 1 (100%) 0 (0%) 0 (0%) 0 (0%)
2010.VIl 67 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%)
2010Vl 95 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%)
Huir 7857 2255 (287%) 1847 (81-9%) 408 (18:1%) 1068 (47-4%) 558 (52:2%) 320 (57-3%) 238 (42-7%)
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coincided with the 2nd wave of pandemics in many coun-
tries of the Northern Hemisphere (see, picture 1 and
Table 1). Despite the relatively milder clinical manifesta-
tions, the disease burden for the health service was enor-
mous, while the morbidity per 10 000 population at the
peak period was 5-6 times higher above the upper tolerant
limit, and 3—4 times higher above the seasonal influenza
outbreaks. In contrast to the seasonal influenza outbreaks
where over 80% of the registered ILI cases have been in the
age group under 15,% it has been observed that over 50%
of the registered cases in this pandemic peak period were
in the age group of 16—60.

On January 18, 2010, we regarded the pandemic had
entered into the post-peak period (phase VII) when the
registered ILI cases became lower than the upper tolerant
limit, during which time Mongolia experienced an influ-
enza B outbreak.

On May 24, 2010 we determined that Mongolia entered
the post-pandemic period (phase VIII) as the influenza
virus isolations were almost stopped, and after no pan-
demic virus detected for 3 months. WHO announced pan-
demic VII and VIII phases much later.”®

This first ever real-time laboratory confirmed influenza
pandemics in Mongolia and confirmed some variations of
pandemic spread in different parts of the World. The com-
parison of deduced amino-acid sequence changes have
shown that the Mongolian strains belong to the clade 7,
according to the classification of A(HIN1)pdm influenza
strains  suggested by M. Nelson,” which has circulated
worldwide since July 2009. This is also evidence that the
1st wave of the pandemics did not hit Mongolia.
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Abstract

WHO initiated the development and implementation of a
WHO Public Health Research Agenda for Influenza to facili-
tate research to respond to public health needs related to
influenza. The Agenda is built around five major research
“streams”: (i) reducing the risk of emergence of pandemic
influenza; (ii) limiting the spread of pandemic, zoonotic,
and seasonal epidemic influenza; (iii) minimizing the
impact of pandemic, zoonotic, and seasonal epidemic influ-
enza; (iv) optimizing the treatment of patients; and (v)
promoting the development and application of modern
public health tools. Implementation of the identified
research topics is expected to underpin public health deci-
sion-making that can save lives and mitigate potential med-
ical, economical, and social disruption due to influenza.

Introduction

The WHO Public Health Research Agenda for Influenza' is aimed
to support the development of evidence needed to strengthen
public health guidance and actions essential for limiting the

Materials and methods

A review of WHO technical publications and other publi-
cations outlining influenza research from other global pub-
lic health and scientific organizations was conducted. Input
from technical experts on critical knowledge gaps in influ-
enza was sought. Proposed research topics were classified
into five research streams:
e Stream 1: Reducing the risk of emergence of pandemic
influenza
e Stream 2: Limiting the spread of pandemic, zoonotic,
and seasonal epidemic influenza
e Stream 3: Minimizing the impact of pandemic, zoo-
notic, and seasonal epidemic influenza
e Stream 4: Optimizing the treatment of patients
e Stream 5: Promoting the development and application
of modern public health tools
An interim document was developed and served as the
basis for the final document WHO Public Health Research
Agenda for Influenza through a global consultation held in
November 2009 at Geneva and to finalize the agenda and
facilitate its implementation.

impact of influenza on individuals and populations.

*Scientific Working Group Members: Stream 1 — Ilaria Capua, Istituto Zooprofilattico Sperimentale delle Venezie, Italy; Richard Webby, St Jude Children’s
Research Hospital, USA; Kate Glynn, OIE — World Organisation for Animal Health, France; Malik Peiris, Hong Kong University Pasteur Research Centre,
Hong Kong SAR; Ruben Donis, Centers for Disease Control and Prevention (CDC), US; Elizabeth Mumford, World Health Organization, Geneva, Switzer-
land. Stream 2 — Hitoshi Oshitani, Tohoku University School of Medicine, Japan; Jonathan Van Tam, University of Nottingham, UK; Vernon Lee, Ministry
of Defence, Singapore; Joseph Bresee, CDC, USA; Lance Jennings, University of Otago, New Zealand; Sylvie Van der Werf, Institut Pasteur, France; Anthony
Mounts, World Health Organization, Geneva, Switzerland. Stream 3 — Arnold Monto, University of Michigan, USA; Angus Nicoll, European Center for Dis-
ease Control, Sweden; Marc Girard, Académie nationale de medicine, France; Nancy Cox, CDC, USA, Michael Perdue, US Department of Health and
Human Services, USA; Masato Tashiro, National Institute of Infectious Diseases, Japan; Marie-Paule Kieny, World Health Organization, Geneva, Switzer-
land, David Wood, World Health Organization, Geneva, Switzerland. Stream 4 — Tawee Chotpitayasunondh, Queen Sirikit National Institute of Child
Health, Thailand; Ziad Memish, Ministry of Health, Saudi Arabia; Margaret Tisdale, World Health Organization, Geneva, Switzerland; Alan Hay, World
Influenza Centre at National Institute for Medical Research, UK; Frederic Hayden, University of Virginia, USA; David Hui, The Chinese University of Hong
Kong, Hong Kong SAR; Charles Penn, World Health Organization, Geneva, Switzerland. Stream 5 — Susan MacKay, Kasetsart University, Thailand; Neil Fer-
guson, Imperial College London, UK; Ljubica Latinovic, Direcciéon General de Promocién de la Salud, Mexico; Matthew Keeling University of Warwick, UK;
Nim Pathy, University of Oxford, UK; Emma Fitzpatrick, World Health Organization, Geneva, Switzerland; Mathilde Bourrier, University of Geneva, Swit-
zerland; Philippe Veltsos, World Health Organization, Geneva, Switzerland, Cathy Roth, World Health Organization, Geneva, Switzerland, Gregory Hartl,
World Health Organization, Geneva, Switzerland.
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Results

Each stream-specific group reviewed and discussed the pro-
posed organization, content, rationale, and global health impor-
tance of their designated research stream. Specific research
recommendations were made for topics within each stream:

Stream 1: Reducing the risk of emergence of
pandemic influenza

1.1

1.2

Factors associated with the emergence of influenza

viruses with zoonotic or pandemic potential

1.1.1 Investigate virus-specific factors associated with
zoonotic and pandemic potential

1.1.2 Assess the animal host-specific factors associated
with zoonotic and pandemic potential

1.1.3 Study the environmental and animal husbandry-
specific factors associated with zoonotic and pan-
demic potential

Factors associated with human infection at the human-

animal interface

1.2.1 Investigate modes of transmission in human
infection with animal viruses

1.2.2 Study human behavioral factors associated with
infection by animal viruses

1.2.3 Determine the genetic relationship to human sus-
ceptibility to animal viruses

1.3 Surveillance at the human-animal interface
1.3.1 Develop joint animal/human surveillance
1.3.2 Develop diagnostic tests for joint animal and
human surveillance
1.3.3 Perform operational research to evaluate joint
animal and human surveillance
1.3.4 Research on social, political, economic, and legal
strategies for animal influenza outbreak reporting
1.4 Preventive measures to reduce the risk of emergence of

zoonotic and pandemic influenza viruses

1.4.1 Investigate animal intervention strategies

1.4.2 Develop human intervention strategies related to
the animal-human interface

1.4.3 Conduct operational research to integrate animal
and human health strategies for prevention

1.4.4 Evaluate the public health, social, and other
impacts of intervention strategies under different
epidemiological conditions

Stream 2: Limiting the spread of pandemic,
zoonotic, and seasonal epidemic influenza

2.1 Factors affecting person-to-person transmission

2.1.1 Investigate the importance of droplet, contact,

and airborne transmission in influenza

2.2

2.3
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Study the transmission and infectivity of influ-

enza in different settings and activities

2.1.3 Investigate transmission potentials of influenza

during infection in humans

2.1.4 Examine host factors such as age, pre-existing

immunity, and vaccination in modulating influ-

enza transmission

2.1.5 Study the stability of influenza on different envi-

ronmental surfaces and under varying conditions

in virus transmission

Dynamics of virus spread at global and local levels

2.2.1 Studies the seasonality of influenza virus infec-
tion and its implication in global spread

2.2.2 Assess the spread of epidemic and pandemic
influenza in different epidemiological settings

2.2.3 Study the interaction between influenza strains
and other respiratory pathogens, and their effect
on transmission and spread

2.2.4 Study the response strategies during early spread
of human cases of pandemic influenza virus
including containment and border control policies

Public health measures to limit transmission

2.3.1 Study the effectiveness, cost-effectiveness, and

feasibility of measures such as hand hygiene,

masks, and respirators

Study the effectiveness, cost-effectiveness, and

feasibility of measures at the environmental and

community level

Research on the selection, timing, and implemen-

tation of public health measures

Usage of surveillance data in public health inter-

in different situations and decision-

2.3.2

2.3.3

2.3.4
ventions
making regarding cessation of public health
interventions

Stream 3: Minimizing the impact of pandemic,
zoonotic, and seasonal epidemic influenza

3.1

3.2

Determining disease burden and social impact

3.1.1 Conduct disease burden studies and its impact

3.1.2 Determine the methods for surveillance and bur-

den studies

Evaluate the influenza vaccine preventable disease

burden and impact

Establish the economic burden of seasonal and

pandemic influenza

Determine best approaches to inform influenza

control programs in competing health priorities

3.1.6 Assess social determinants of health under differ-
ent epidemiological settings and social impact

Improve immunogenicity, availability, and delivery of

3.1.3

influenza vaccines
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3.3

3.2.1
3.2.2

Improve vaccine strain selection process

Enhance applications of existing vaccines (immu-
nogenicity, safety, dose-sparing, etc.) especially
for high-risk groups

3.2.3 Evaluate procedures for rapid response, surge
capacity, rapid deployment, and tracking of
influenza vaccine usage

3.2.4 Research on animal models for evaluation of vac-
cines

Develop new vaccine for enhanced safety and
immunogenicity, particularly in under-resourced
settings

Identify and develop methodologies for correlates
of protection and priming for different vaccines

3.2.5

3.2.6
3.2.7 Develop innovative trial methodologies for effec-
tiveness and safety of novel vaccines for pre-
licensure and post-licensure studies

Expand studies on pharmacovigilance and reduc-
tion of disease burden for post-licensure vaccine

3.2.8

evaluation

Examine and develop ways to harmonize the reg-
ulatory processes for rapid safety monitoring and
standardized evaluation of potency

Public health policies to reduce the impact of disease

3.2.9

3.3.1 Evaluate strategies to optimize vaccine uptake
and acceptability

3.3.2 Develop immunization policies using commu-
nity-based input

3.3.3 Study social, ethical, and legal standards in public
health policy application, particularly in under-
resourced populations

Stream 4: Optimizing the treatment of patients

4.1

4.2

Factors associated with pathogenesis and clinical severity
4.1.1 Investigate virological factors, innate/adaptive
immune, and other host responses in the severity
of disease

Define the clinical spectrum of human disease,
including risk factors and prognostic markers for
severe disease

Assess the incidence, etiology, and pathogenesis
of bacterial infections associated with influenza,
as well as optimal treatment, prophylactic, and
preventive measures

Study the role of pre-existing and co-infections
in the severity of influenza disease

Study the role of host genetic factors on suscepti-
bility and severity of influenza infection

Improve clinical management of patients

4.2.1 Develop reliable and affordable point-of-care

4.1.3

4.1.4

4.1.5

diagnostics for influenza

4.3

4.2.2 Identify markers and develop point-of-care tools
for the management of influenza disease

4.2.3 Optimize antiviral treatments through develop-

ment of new formulations, delivery routes or sys-

tems, and antiviral drug combinations

Develop treatment including adjunctive treat-

ments for low resource settings and ease of use

in pediatric and intensive care settings

4.2.4

4.2.5 Optimize management of increased risk groups
for severe disease and complications including
intensive care practices

Health care capacity and response

4.3.1 Evaluate the effectiveness of responses to pan-
demic, epidemic, and zoonotic influenza, and
development of new assessment tools

Conduct studies on surge capacity needs, includ-
ing development of triage schemes in different
resource settings, and surge planning to maintain
adequate staffing

4.3.2

4.3.3 Research to develop alternative health delivery
systems including home care, community facili-
ties other than hospitals, and others

Develop best practices for the protection of

health care workers

4.3.4
4.3.5 Identify clinical care pathways and principles
which optimize health care delivery in different
resource settings

Develop rapid assessment methods and new
interventions during health emergencies, includ-
ing systems for clinical data collation, sharing,
and assessment in real time

4.3.6

Stream 5: Promoting the development and applica-
tion of modern public health tools

5.1

5.2

Modern tools for early detection and monitoring of
disease

5.1.1 Identify, appraise, and adapt technologies for
early detection and application in surveillance at
the human-animal interface

Develop, integrate, and continuously evaluate
innovative approaches for influenza surveillance
and monitoring with other existing disease moni-
toring systems

Study on efficient sharing
data, clinical specimens, and viruses with consid-
eration for local, ethical, legal, and research

mechanisms on

perspectives

Examine the timeliness and quality of data needs
for early detection from local to district, regional,
national, and global levels

Role of modeling in public health decision making
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5.2.1 Studies to assess the application of modeling to
understand epidemiological and evolutionary
processes and estimate key parameters for pan-
demic and seasonal influenza

5.2.2 Examine the application of modeling to assess
public health impact of influenza and the effec-
tiveness of interventions

5.2.3 Evaluate the application of modeling to assist
public health policy planning and strategic deci-
sion making

5.2.4 Conduct studies to improve model accuracy and
realism, and incorporation of emergent interdis-
ciplinary advances

5.3 Modern tools for strategic communication

5.3.1 Review evidence on crisis communication from
behavioral and social sciences to support com-
munication

5.3.2 Develop methods that can rapidly assess knowl-
edge, attitudes, beliefs, and practices to guide
communication efforts

5.3.3 Develop communication tools and approaches in
different cultural settings to promote appropriate
risk reduction measures
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5.3.4 Study the dynamics of rumors, myths, etc.
through monitoring and analyzing communica-
tion and to develop effective ways to respond

5.3.5 Study the ethical, social, economic, and political
dimensions of communicating in crisis and
develop strategies for working within constraints
and maximizing opportunities

Conclusions

Implementation of the identified research priorities is
expected to underpin public health decision-making that
will help to save lives, reduce health costs and economic
loss, and mitigate potential social disruption.
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Abstract

Background: A syndromic surveillance system using non-
classical data sources for detection and monitoring evolu-
tion of flu and flu-like illness (ILI) in Djibouti is reported
here as part of the preliminary report of Djibouti WHO-
Copanflu International Study (WCIS)**. Methodology:
Clinical reports, over-the-counter drug sales, lab diagnosis
report, and health communication trends were obtained for
an integrated statistical analysis. Results: transition to win-
ter is concomitant with upsurge of ILI cases and ILI drug

sales. In addition, more rural folks manage ILI infections
on self medicament than through clinical consultancy. Inef-
ficient and vague data collections were observed. A success-
ful implementation of WCIS will create a platform upon
which challenges faced in Djibouti Health Department in
routine surveillance will be addressed to achieve a near-real
time surveillance of flu pandemic. Conclusion: Innovations,
prompt reporting, and instituting open source syndromic
surveillance system software’s in resource limited environ-
ment like Djibouti will enhance early detection and evolu-
tion monitoring of pandemic flu.

**WHO-CoPanFlu International Consortium Study is a Multicenter households cohort study on 2009 A(HIN1) virus by French EHESP and partners in
France, Bolivia, Djibouti, Laos, and Mali. Aimed at between countries comparisons of the flu pandemic burden, epidemiology, socio-economic impact,

immunology and viral risk determinant factors to infection of an individual at household level.
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Introduction

The Spanish flu in 1918/1919 infected and killed millions
of people, and threatened to wipe humanity off the face of
planet. However, the recent scenarios of influenza HINI
(2009) pandemics’ worldwide occurrence fell short of most
scientific prediction on its magnitude and intensity. This
dampened their confidence; they cannot state precisely as
to when, how, where, and which of the Spanish flu-like
pandemic will occur in the future. In support of scientific
community and governments, the WHO hasn’t gone to
slumber, but is reminding its member states to up their
post pandemic surveillance and monitoring of influenza
virus in circulation for advance preparedness in case of an
outbreak." Despite all uncertainty around the pandemic flu
HINI1 2009, there remains a common knowledge and
understanding that this flu has shown a great potential to
evolve and cause huge morbidity and mortality. Although
its future magnitude may be unpredictable, its recurring
events have severe consequences on human health and the
economic well being of everyone." And therefore, advance
planning and preparedness is critical in protecting any pop-
ulation in the future, especially those located in resource
limited environment without universal health cover and
generous disaster emergency funds.” In respond to this call,
National Institute of Public Health NIPH (Ministry of
Health) Djibouti in collaboration with the EHESP French
School of Public Health Paris France has launched a 350
household longitudinal prospective cohort study in Dji-
bouti, as part of the WHO-Copanflu International Study
Consortium. Of which it intends to unravel the determi-
nants of risks to an individual infection to HIN1 virus at
household level. Concomitantly, the strength, weakness,
opportunities, and threats of existing surveillance system
are evaluated. The systems’ potential to predict a near-real-
time syndromic outbreak for ILI (and other illnesses) will
be done and what can be improved or done away with
based on local cohort study shall be adjusted.

Materials and methods

Study Area: Djibouti Nation is located at the horn of Africa,
bordering Red Sea, Somali, Ethiopia, and Eritrea. Health
care systems relay on subsidies from pocket payment for
medical services and non subsidized fee for private health
facilities services. Population: Estimated population of Dji-
bouti is >818 159, distributed among the six administrative
regions of Djibouti City (475 322), Ali Sabieh (86 949), Dik-
hil (88 948), Tadjourah (86 704), Obock (37 856), and Arta
(42 380), the majority of whom dwell in urban centers
(70-6%), and the rest adopts ether nomadic (19:7%) or rural
sedentary lifestyle (9-7%).> Data Collection: Weekly docu-
mentation from NIPH Health Information Department was

obtained on: Clinical Services, Pharmaco-Surveillance Ser-
vices, Laboratory Diagnostics services, Vaccination Program
and Health Promotion and Hygiene Services. They were
from 19 Health facilities in Djibouti city; 15 governments
(Balbalal, Balbala2, Hayableh, PK12, Doraleh, Einguella,
Ambouli, Arhiba, Ibrahim Balala, Farahad, Khor Bourhan
and Djibouti ville- including General Peltier), and three pri-
vates (FNP, FAD and Gendarmerie). Five other regional cen-
ters, namely Dikhil, Ali Sabieh, Arta, Obock, and Tadjoura
data were used, too.* Statistics: All cases of influenza and
influenza like (ILI) cases, including pneumonia, from each
centre, reported since August 2006—August 2010, were
obtained in Excel 2007 (Window 2007 software). Two col-
lapsed sets of a weekly and monthly mean data (of four years
period) were clustered in five categories of ILI cases, drug
sales, lab results, vaccine consumption, and health promo-
tion. This was followed by a descriptive statistics analysis of
cumulative weekly and monthly data to establish presence or
absence of trend. Time series analysis was not done due to
data limitation. Copanflu Program: As at the time of going
to press, the cohort study is at the household recruitment
and inclusion Phase and the study covers the Djibouti City.
It is in our intention to use the cohort study findings to vali-
date or improve the NIPH Ministry of Health Djibouti ILI
surveillance effort for better preparedness.

Results

Clinical Service: 83% of all health facilities are in Djibouti
city. Of the 39:9% (326 445) of the population that seeks
medical care on influenza and influenza like illness each
year, 582% (187 586) and 119% (38 389) of them are
attended to at the city’s public and private clinics, respec-
tively (Figure 1). The rest are attended from the Regional
Health Centers. The majority of ILI incidence sharply rise
with the onset of the winter season (October to April),
affecting mostly the middle age group (1-24 years).
Pharmaco-Surveillance: 2% (99 350) of total prescrip-
tions were antipyretic and antiflu drugs, 91-4% (90 765) of
which were consumed by peripheral regions, the non Dji-
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Figure 1. Influenza and LIL case prevalence in Djibouti City.
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Distribution of ILI drugs Use in Djibouti
(Over-Counter-Sales per Region)

Figure 2. Distribution of ILI drugs used in Djibouti (over-counter-sales
per region).

bouti city dwellers (Figure 2). Most ILI drug uptakes in the
region were done during the cold seasons of the year.
However, the documentation of antivirals use (Tamiflu and
acylivir) was lacking in all drug stores of Djibouti.

Lab Diagnostics: The annual ILI lab diagnosis was negli-
gible 0-0072% (250), which can be attributed to less
equipped virology laboratories to warrant routine service
utility. Documented cases were from previous bouts of
avian influenza that had a human incidence from 2006 and
2009.> With support of Egypt-based Naval Army Medical
Research Unit three (NAMRU 3), clinicians were motivated
to sample all ILI patients and submit to collaborating inter-
national reference influenza Lab in Cairo, Egypt.

Vaccination: Influenza vaccinations were undocumented,
but at least 0-4% (3122) of population sought the service
(for yellow fever and meningitis) as mandatory travel advi-
sory or as childhood immunization need. At the time of
going to the press, there were at least 80 000 vaccine doses
of HINT (2009) virus donations yet to be administered.

Health Promotion and Hygiene: Print and audiovisual
risk communication remained favorite means of reaching
out to urban dwellers (70:6%). While to the rural and
nomadic population, person to person communications
was the preferable means. To increasing public awareness
that will encourage reporting of ILI cases and entrench risk
aversion health behavior that limits flu spread, WHO-Co-
panflu International Study Djibouti has incorporated basic
training on ILI infection and personal hygiene by inter-
viewers during household inclusion.

Discussion

Improving national epidemic surveillance capacity and
response under new International Health Regulation® is
important for any nation, including Djibouti. Our finding
indicates the winter season predisposes one to ILI infections;
they therefore opt for medical services or self medication
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depending on their capability and/or understanding. In Dji-
bouti, almost no city dwellers favors self medication over
clinical consultation, suggesting the presence of inhibitory
factors like distance from the health centers and the cost of
accessing consultancy. Common in the absence of universal
primary health care setting, it therefore calls for active inno-
vativeness in outbreak detection, disease reporting, and pre-
ventive medicine on the part of health authority so as to
achieve good population health.” In respond to these, NIPH
has turned resource limitation to a motivation instead and is
working towards institutionalizing a near-real-time syndro-
mic surveillance system as a core functional unit. It capital-
izes on three major aspects within its reach: prompt accurate
data generation for analysis, EHESP WCIC-study input, and
Information Technology use.

Prompt accurate data generation for analysis: Data used
in our analysis suffered from un-timeliness (weekly instead
of daily basis), incompleteness (vague over-counter drug
sales records), entry errors (incidence case reports), and
poor collection format (most of data collection forms). Use
of satellite handset phones for regional health centers and
mobile phones for city sentinel clinics will reduce unneces-
sary data delivery delays. In addition, creating awareness to
data entry personnel on the importance of careful and
completeness of entries is important, as is the need to
reformat data collection forms to capture exact aspects of
surveillance needs for relevant executable analysis.® Besides
alerting for immediate impending epidemics, these data
can also be adopted for projective predictive modeling of
annual epidemics, including that for influenza.’

EHESP WCIC-study input: Djibouti WCIC-study is com-
plementary to the existing syndromic surveillance system,
but with emphasis on flu and flu-like illness. Various inno-
vations as suggested above are used in seeking to overcome
the prevailing challenges. While every attempt is made to
realize its (WCIC-study) objective and for global compari-
son, lessons learned from successful implementation will
form a platform for future refined syndromic surveillance
protocol as equally reported elsewhere in Asian countries.””"

Information Technology: National Institute of Public
Health Djibouti has an informatics department with suffi-
cient working PCs and personnel to execute efficient data
collection and management for epidemiological analysis.
However, licensing cost of near-real time syndromic sur-
veillance software is prohibitive, but the open access soft-
ware with capacity to generate custom graphs, maps, plots,
and temporal-spatial analysis output for specific syndromes
should make implementation a lot easier. Such output for
conditions like flu (or gastroenteritis) will be essential to
cause prompt response of the local Public Health Office
and International Partners in saving lives and suffering of
Djibouti people.'!
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Conclusion

Pandemic flu surveillance and preparedness requires multi-
faceted, interdisciplinary, and international approach whose
efficiency and efficacy can only be refined over time. Build-
ing on the Health Care System’s SWOT for preparedness,
the EHESP WCIC-study promises to refine surveillance sys-
tem operation and knowledge on individual’s risk determi-
nants to swine flu (HIN1) 2009 virus infection at the
household level in Djibouti. These efforts are ultimately
creating available control options at the time of need (pan-
demic occurrence), and at the same time exploring invest-
ment in quality data profiling and information technology,
which will include syndrome surveillance software systems
like essence, ewors, or other open sourced ones.
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Introduction

The antibody efficacy — which compares the illness fre-
quency between those with and those without a protec-
tive level of pre-epidemic HI antibodies (=1:40) — has
been proposed'; however, this index has rarely been used
due to practical difficulties in confirming the strain-spe-

cific disease corresponding to each of the vaccine-induced
antibodies.

Materials and methods

We followed 114 elderly individuals residing in a nursing
home, whose serum specimens were obtained before and
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after undergoing trivalent influenza vaccination, in 2002/
2003 influenza season (medium-scale mixed [A/H3N2 and
B] epidemic in study area, and A/H3N2 was circulating at
the nursing home).? The serum antibody titre to each strain
of influenza virus was measured by the HI method, using the
same antigens as those in the vaccine. All participants’ body
temperatures, respiratory symptoms, other general symp-
toms, hospitalization, discharge, and death were recorded
daily from 1 November 2002 to 30 April 2003 in a prospec-
tive manner. When the participants suffered any influenza-
like symptoms, such as sudden fever >237-8°C, throat swabs
were collected and tested using a rapid diagnosis kit for
influenza, which utilizes an immunochromatographic
method. The adjusted odds ratios (OR,q;) for febrile illness
and kit diagnosed influenza were evaluated using multiple
logistic regression models adjusting for possible confounders
(i.e., age, sex, coexisting conditions, and vaccine strains).

Results

After vaccination, the proportion of subjects achieving an
HI antibody titre 21:40 (seroprotection level) were 61-4%
(51-8-70-4%) for A/HINI, 79-8% (713-86:8%) for
A/H3N2, and 26:3% (185-354%) for B. During the fol-
low-up period, the A/H3N2 strain was isolated therein,
and 44 subjects experienced sudden-onset fever (=37-8°C),
and eight subjects were positive for rapid diagnosis kit.

Options for the control of influenza VII |

Patients with a seroprotection level of the HI antibody titre
(21:40) had lower incidences of febrile illness (OR,gj, 0-35;
95% CI, 0-09-1-28) and rapid kit diagnosed influenza
(OR,gj, 0:35; 95% CI, 0-03—4-64) than those with a lower
titre. Thus antibody efficacy (1 — OR,q) against fever
related to A/H3N2 and kit diagnosed influenza were both
estimated to be 65%.

Discussion

Although statistical significance was not detected due to
limited sample size, these results lend support for the use-
fulness of antibody efficacy.
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Some data presented within this manuscript was also pub-
lished in Hara et al.”
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Introduction

Following an outbreak of the A/Fujian/411/2002-like
strains in Asia including China, Japan, and Korea in 2002,
Australia and New Zealand experienced substantial out-
breaks of the same strains in 2003 and worldwide in the
2003-2004 season. There was a continuous circulation of
human influenza A/H3N2 viruses in East and Southeast

Asia via a regional network from which epidemics in the
: 1
temperate regions were seeded.

Materials and methods

The virus isolates obtained from nasopharyngeal swab spec-
imens from outpatients were typed and subtyped by the
hemagglutination (HA) inhibition assay.> 116 HA amino
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Figure 1. The ML tree of 53 strains around the emergence of the Fujian-

411 strain. The grey bar indicates accumulation of amino acid changes and
the first reported dates of isolates having the mutations.

acid sequences of Korean strains were included for the
reconstruction of a phylogenetic tree. The dataset for ML
phylogenetic analysis contained HA1 of H3N2 viruses col-
lected globally from 2001 to 2002. For further technical
details of the laboratory methods used, see Kang et al.’

Results

The emergence of A/Fujian/411/2002 coincided with
higher levels of influenza-like illness in Korea than what is

typically seen at the peak of a normal season. Most of the
intermediates and Fujian-like strains were isolated from
Asian countries, and the mutational events associated with
the Fujian strains took place in Asia. Closely dated phylog-
eny from December 26, 2001 to August 11, 2002 showed
that the antigenic evolution of the H3N2 Fujian strains had
periods of rapid antigenic changes, equivalent to 10 amino
acid changes per year (Figure 1).

Discussion

The Fujian-like influenza strains were disseminated with
rapid sequence variation across the antigenic sites of the
HA1 domain. The antigenic evolution of the Fujian strains
was initiated by exceptionally rapid antigenic change that
occurred in Asia, which was then followed by relatively
modest changes.

Disclosure

Some of the data presented in this manuscript was previ-
ously published in Kang et al.’
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Abstract

Assessment of population exposure to the influenza
A(HIN1) 2009 (pHIN1) outbreaks in Australia was made
difficult by the generally mild nature of observed disease.
We aimed to establish a representative collection of plasma
samples from Australian Red Cross Blood Service donors
within which to chart the proportion of the population
with demonstrated immunity to the novel virus over a ser-
ies of timepoints, from April 2009 to October 2010. We
here present data up to the March/April 2010 timepoint.
We compared reactivity to the novel virus strain using hae-
magglutination inhibition (HI) assays performed on dis-
carded plasma specimens left over from routine testing.
Samples were taken from healthy adult blood donors
(>16 years) before and after the pHIN1 influenza epidemic
that occurred during the Southern Hemisphere winter of
2009, and again prior to onset of the 2010 Southern Hemi-
sphere influenza season. Reactivity to the novel HIN1 2009
strain of influenza was relatively uncommon among the
healthy adult population during the first Australian winter
wave, rising from a baseline of 12% to 22%. A further
increase in the seropositive proportion from 22% to 43%
was observed over the summer months, most likely attrib-
utable to immunisation. This level of immunity appears to
have been sufficient to constrain the 2010 winter epidemic.
Together with a final serum collection, planned for late
2010, these data will aid evaluation of the extent and sever-
ity of disease in this ‘second wave’ of pHINI.

Introduction

Assessment of the extent of disease due to novel influenza
A(HIN1) virus (pHIN1) during the 2009 winter outbreaks

in Australia was made difficult by the generally mild nature
of disease. The epidemic was experienced in a staggered
fashion around the country,' reflecting the considerable
geographical distances between state and territory capital
cities (Figure 1). Differences in the intensity of case-finding
during the evolving pandemic response and between juris-
dictions hindered comparisons of disease burden in distinct
geographical regions.” Rates of reported hospitalisations
and deaths appeared fairly similar across states' but, with-
out a consistent exposure denominator, assessment of rela-
tive severity was difficult.

We conducted a national serosurvey of antibody to
pHIN1 using residual plasma from healthy blood donors
collected before and after the 2009 epidemic to estimate
pHIN1 exposure.” Here we report the findings of that first
collection, together with new data on seroprevalence of
pHINI1 antibody in specimens gathered in March—April
2010. These latter samples were collected prior to onset of
seasonal influenza activity to assess the impact of a national
pHIN1 vaccine program conducted in Spring/Summer
2009/10 on the proportion of individuals with antibody
titres deemed protective.* Findings informed estimates of
population susceptibility to pHIN1 prior to the 2010 influ-
enza season and provided a baseline for a subsequent sero-
survey that will be collected at the end of 2010 to assess
the extent of exposure during the ‘second wave.’

Materials and methods

Study populations

Five hundred-one pre-pandemic plasma samples were ran-
domly selected from specimens collected from Cairns and
Townsville blood donors in April/May 2009. These samples
had been taken at the time of blood donation by the Aus-
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Figure 1. Geographical distribution of specimen collection centres,
marked in black. Non-participating state/territory capital cities are shown
in grey. *The number of specimens tested from each site is shown for the
pre-pandemic collection (Bold), the post-pandemic collection (Normal
text) and the pre-influenza season 2010 collection (Italics).

tralian Red Cross Blood Service (the Blood Service) for
dengue fever surveillance studies. These samples were used
to provide a baseline estimate of prevalence of cross-reac-
tive antibody to pHIN1 in the Australian population.
Discarded plasma specimens, taken for virologic testing
from healthy adult Blood Service donors, were prospec-
tively collected at two additional timepoints for measure-
ment of antibody to pHINI. Collection periods were as
follows:
1. Late October—early December 2009 (post-pandemic
samples).
2. March—early May 2010 (pre-flu season 2010 samples).
Approximately 120 plasma samples were randomly
selected from donors in each of Brisbane, Hobart, Mel-
bourne, Newcastle, Perth, Sydney, and Townsville on each
occasion. Up to 20 specimens were identified in each of the
following age strata: 16-24, 25-34, 35-44, 45-54, 55-64,
and >65 years. At the last collection timepoint, there was
deliberate over-sampling of the oldest and youngest age
strata in which approximately 40 specimens were collected
(i.e., up to 160 specimens per site).

Ethical approvals

In accordance with the provisions of the National Health
and Medical Research Council’s National Statement on
Ethical Conduct in Human Research, individual consent
was not required for use of these specimens, given the
granting of institutional approval by the Blood Service
Human Research Ethics Committee.

Laboratory assays

Reactivity of plasma against pHIN1 was measured in hae-
magglutination inhibition (HI) assays using turkey red blood
cells (RBC).” Egg-grown A/California/7/2009 virus was
purified by sucrose gradient, concentrated and inactivated
with f-propiolactone, to create an influenza zonal pool prep-
aration (a gift from CSL Limited). Plasma samples were pre-
treated with receptor destroying enzyme II (Denka Seiken
Co. Ltd), 1:5 (volume/volume) and tested as previously
described.® Following 1 hour incubation, 25 ul 1% (vol-
ume/volume) of RBC was added to each well. HI was read
after 30 minutes. Any samples that bound to the RBC in the
absence of virus were adsorbed with RBC for 1 hour and re-
assayed. Samples in which background activity could not be
eliminated by these means were excluded from the analysis.
Titres were expressed as the reciprocal of the highest dilution
of plasma where haemagglutination was prevented.

A panel of control sera and plasma samples was included
in all assays. It comprised paired ferret sera pre- and post-
infection with the pandemic virus or seasonal influenza
A(HIN1), A(H3N2), or influenza B viruses and paired
human plasma and sera collected from donors before April
2009 or after known infection with the pandemic virus or
after immunisation with the Australian monovalent pan-
demic 2009 vaccine. All assays were performed by the
WHO Collaborating Centre for Reference and Research on
Influenza.

Statistical analysis

For each of the three study timepoints and within each age
group, the proportion of seropositive individuals (HI titres
240) was calculated, with exact (Clopper—Pearson) confi-
dence intervals. The contribution of individual variables
(age, gender) and location to seropositive status was assessed
in separate multivariate logistic regression models developed
to assess the post-pandemic and pre-influenza season 2010
collections. All statistical analyses were conducted in stata 10.

Results

Locations of specimen collection are shown in Figure 1,
together with the number of samples tested from each cen-
tre. Samples with high background HI titres or discrepan-
cies between assays were excluded at each timepoint as
follows: 5 at baseline, 27 from the post-pandemic collec-
tion, and 0 in early 2010.

Post-pandemic collection

Exposure to the novel HINI1 2009 strain of influenza was
relatively uncommon among the healthy adult population
during the Australian winter 2009 outbreak. The difference
in seropositivity (HI titre >40) assessed by HI assay com-
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Table 1. Percentage of donors with HI antibody titres to influenza A (HIN1) 2009 240 by age and timing of specimen

collection (with 95% confidence intervals)

Post-pandemic

Pre-pandemic October/November Pre-influenza season
Donor age April/May 2009 2009 March/April 2010
16-24 years 16 (83, 23:7) 88* 37 (289, 45-1)** 138 49 (425, 55-5) 225
25-34 years 7 (0-4, 13-5) 59 22 (151, 289) 739 41 (32-7, 49-3) 136
35-44 years 13 (48, 21-2) 64 15 (89, 21-1) 131 32 (242, 39:8) 139
45-54 years 9 (41, 140) 129 16 (99, 22:1) 138 32 (243, 397) 140
55-64 years 13 (7-2, 18:8) 129 20 (13-2, 26:8) 131 45 (37-0, 53-0) 7148
>65 years 19 (4-2, 33-8) 27 25 (166, 33-4) 102 53 (460, 60:0) 798
All ages 12 (91, 14-9) 496 22 (191, 249) 779 43 (399, 46-1) 986

*Numbers of specimens per group at each timepoint are shown in italics.

**Values highlighted in bold are significantly higher than at the previous timepoint, as shown by non-overlapping 95% confidence intervals.

pared with baseline was 10% overall, rising from 12% to
22% (Table 1). The only jurisdictions in which seropositive
proportions were higher in October/November than in the
baseline collection were Hobart [31% (95% CI 22-3, 397)],
Perth [24% (163, 31-7)], and Sydney [24% (163, 31-7)]. In
the multivariate regression model, the only jurisdiction in
which exposure appeared somewhat higher than the refer-
ence population of Brisbane was Hobart [OR 1-83 (95% CI
0-99, 3:4), P = 0-06].

A marked age effect on antibody status was observed at
this timepoint, with an increase in the proportion of sero-
positive individuals in relation to the baseline collection
only noted for those aged between 16 and 34 years
(Table 1). According to the multivariate model, the youn-
gest and oldest cohorts had similar titres, with all other
groups showing significantly lower seropositive proportions
than the reference population of 16-24 years [e.g. 45—
54 years OR 0-36 (95% CI 0-21, 0-64, P < 0-0001)].

Pre-influenza season 2010
An overall increase in the seropositive proportion from
22% to 43% was observed between October 2009 and April
2010, distributed throughout all jurisdictions (Table 1).
The proportion protected at this time was lowest in
Brisbane [35%, (95% CI 276, 42-4)], compared to which
immunity was significantly higher in Hobart [49% (413,
56'7)], Perth [45%, (36'1, 53'9)], and Townsville [51%
(43-3, 58:7)]. The greatest titre difference between the two
timepoints was observed in Townsville [32% (21, 43)]
compared with the national average [21% (17, 25)].
Antibody titres prior to the 2010 influenza season rose
in all age groups, but remained significantly lower among
35-54 year olds than in the youngest age cohort (Table 1).
Adjusted ORs for the seropositive proportion in the multi-
variate model in these age groups were: 35-44 years [OR
049 (95% CI 031, 0-77)]; 45-54 years [OR 0-48 (0-31,

0-75)]. The relatively low titres observed in these groups
reflected small incremental increases in the seropositive
proportion across each of the time points studied, sugges-
tive of both low rates of infection and vaccination.

The rise in immunity observed across the population
was most likely attributable to immunisation in the major-
ity, given the absence of observed outbreaks and very few
notified cases of pHIN1 during the period between the two
plasma collections.

Discussion

This study suggests that, while adult exposure to pHINI
during the 2009 Southern Hemisphere winter was uncom-
mon at around 10%, vaccine uptake in the Australian pop-
ulation over the period November 2009-May 2010 was in
the order of 20%. This latter estimate is in keeping with
recently published figures for adult pHIN1 vaccine cover-
age from a national immunisation survey conducted by the
Australian Institute of Health and Welfare.* In that survey,
vaccine coverage was significantly higher in Tasmania than
in other states, but mostly in those over 65 years of age,
possibly in a subgroup whose health status may have dif-
fered from that of the donor population.*

No allowance has been made in this analysis for likely
waning of natural or vaccine induced immunity, possibly
resulting in lower estimates of natural and/or vaccine expo-
sure than may have occurred over the period. Regardless of
such intervening processes, the seropositive proportion
among Australian adults at the start of the 2010 winter sea-
son appeared likely to be sufficient to constrain transmission
of infection in the age groups tested. This assertion has been
borne out in practice, with only modest levels of influenza
reported during the late and protracted 2010 season.”

A final serum collection is planned for the end of the
2010 influenza season in Australia from which to assess the
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level of exposure in relation to the baseline observed here.
The need for epidemiologic studies such as this has been
highlighted by groups such as the European Centre for Dis-
ease Control to aid evaluation of the extent and severity of
the ‘second wave, ® known to be variable from historical
reports of past pandemics in disparate populations.’
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Introduction

In 2009-2010, the first wave of the swine-origin novel
HINI flu (HIN1) pandemic swept across the world,
including Japan. To examine the epidemiological nature
of this novel infectious disease among school children
within and among small regional communities, we have
carried out a complete survey on the incidence of HIN1
among school children using absentee reports provided
by school health teachers in two small administrative dis-
tricts (population: about 140 000 in total) in Japan. We
then examined the epidemiological diversity on the inci-

dence of HIN1 within and among small regional com-
munities.

Materials and methods

We investigated seventeen elementary and ten junior high
schools in Moroyama-town and Sakado-city located in the
central part of Saitama Prefecture. Populations are: all ages,
37 015 and 100 634; elementary schools, 1873 and 5389;
junior high schools, 1131 and 2568, respectively. The num-
ber of school children in each school ranges from 137 to
876. The surveillance system was built on an Apache- and
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Figure 1. Cumulative incidence in each School. a-m and o—0, elementary;
A-H and (A)—(B), junior high schools in Sakado and Moroyama,
respectively. The HINI outbreak began immediately after summer vacation
(36th week, 2009). The CIs in each school reached 16:2-50-2% and 16-6—
50-5% as of the end of December 2009 and March 2010, respectively. The
outbreak had almost ceased by the end of Dec 2009. In some schools,
however, small recurrences of HIN1 were seen after year-end and New
Year vacation (January—March 2010).

MySQL-based WEB server using html, PHP, and Java-
Script." School health teachers enter information on chil-
dren absenteeism due to school infectious diseases via WEB
browsers at each school infirmary on a daily basis. In addi-
tion to the trend graphs shown on the WEB browser,
detailed analyses were reported to the schools and local
educational boards weekly. The basic reproduction number
(Ro) of HIN1 was estimated according to Becker.? Agent-
based modeling and simulations were also performed using
a multi-paradigm simulator AnyLogic Version 6.5 (X]
Technologies, St. Petersburg, Russia).

Results

By the end of March 2010, cumulative incidence (CI) of
HINI among school children in Moroyama and Sakado
reached 30% and 34%, respectively. The overall Ry among
school children in this area was 1-43. Vaccination rate of
children in this area during the surveillance period was
reported to be very low (<10%). There was no considerable
difference between the epidemic curves in this neighboring
town and city. On the other hand, in the individual
schools, the Cls as of the end of March 2010 scattered from
16% to 51% (Figure 1) even though the schools are closely
located.

To examine the cause of this diversity, we built an
agent-based community model®> consisted of the same
numbers of agents as those of children in the actual schools
and people in Moroyama and Sakado to simulate the infec-
tion. The ratio of probability of infection in schools and
the remaining places were assumed to be 1:1 or 10:1. Using
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a heuristic optimization scheme, we estimated the parame-
ters for the simulations to give the overall CI of 33% (the
CI as of the end of March 2010). We then performed sim-
ulations repeatedly. The Cls obtained with the repetitive
simulations with the assumption of higher probability of
infection in schools scattered from 23% to 44%, indicating
that the CIs of the small population communities may vary
considerably, even though all the agents were assumed to
have the same susceptibility to infection at the beginning,
and the other conditions were the same.

Discussion

The policies for surveillance/analyses/prevention of com-
municable diseases in local communities have generally
been decided on governmental- and/or each local adminis-
trative district-basis (populations: several hundred thou-
sands to several millions) in Japan. We found the
considerable variations in the CIs of HIN1 for children
among much smaller areas, i.e., the school districts (popu-
lations: all ages, several thousands; school children, several
hundreds).

We thus conclude that the granularity of surveil-
lance/analyses/prevention should be finer than in the past
to achieve the most effective policies against influenza and
similar communicable diseases in the local communities.
The cause of this diversity can be explained in part by the
stochastic nature of infection transmission processes in the
small populations shown by the agent-based simulations.

We have already conducted a complete questionnaire
survey for the school children and their parents to clarify
the relevance of the other issues including differences in
environmental factors, preventive policies (e.g., vaccination,
school closures), etc., in each school. The detailed analyses
will be reported elsewhere.
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Abstract

This study relies on the first available data from the
Cohorts for Pandemic Influenza (CoPanFlu)-France pro-
ject, which is part of the CoPanFlu international consor-
tium, aimed at studying individual and collective
determinants of pandemic A/HINI1v influenza across dif-
ferent countries by setting up prospective cohorts of
households. This primary analysis studies the association
between elevated haemagglutination inhibition (HAI) anti-
body titers against A/HIN1v and influenza vaccination
(seasonal or pandemic) at entry in the cohort. Inclusions
began on December 4, 2009 and ended on July 23, 2010.
Households were sampled using a random telephonic
design in French general population. All household mem-
bers were eligible to the cohort; however the inclusion of a
household required the participation of all members. Dur-
ing the inclusion visits, nurses collected detailed data on

subjects as well as blood samples. A standard HAI tech-
nique was adapted to the detection and quantification of
antibodies to the 2009 A/HINlv virus. Geometric mean
titers (GMTs) were calculated for HAI assays with the use
of generalized estimating equations for interval-censored
data, and a “GMT ratio” (GMTR) was defined as the mul-
tiplicative factor applied to the GMT in presence of an
explanatory variable.

This preliminary analysis included 1304 subjects belong-
ing to 544 households. The GMT in the population was
354 [95% CI: 30-1; 41-8]. This GMT varied among age
classes with values of 526 [39-2; 70-6], 285 [21-2; 38-3],
and 383 [33-1; 44'5] for subjects below 15, between 15 and
50, and over 50, respectively. The other factors associated
to an elevated GMT were previous vaccination by either
the pandemic or the seasonal strain and history of influ-
enza-like illness (ILI) since the beginning of the epidemic.
In pandemic vaccine recipients, the GMT decreased after
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vaccination (GMTR: 0-89 [0-81; 0-99]) per month since
pandemic vaccination.

This study confirms previous findings that age, pandemic
influenza vaccination, and history of ILI are associated with
elevated post-seasonal GMT. This study also shows that
seasonal influenza vaccination may have contributed to an
increase of the HAI titer, especially in the elderly. Further
analyses in this cohort are needed to confirm and explain
these first results. The follow-up of subjects involved in the
CoPanFlu-France cohort will provide data to study the risk
factors for infection by the influenza virus.

Introduction

The first cases of the 2009 A/HINlv pandemic influenza
were reported in Mexico and the United States in April
2009. Given the context of this new influenza virus and
considering the likelihood of its pandemic spread, the
Cohorts for Pandemic Influenza (CoPanFlu) international
consortium was created in order to study individual and
collective determinants of pandemic A/HINIv influenza
across different countries by setting up prospective cohorts
of households, followed during 2 years.

This study relies on the first available data from the
CoPanFlu-France project, which is part of the CoPanFlu
international consortium. We studied factors associated
with elevated haemagglutination antibody titers against
A/HIN1v at entry in the CoPanFlu-France cohort. We
focused in this primary analysis on the association between
the titers and influenza vaccination (seasonal or pandemic)
across age groups.

Materials and methods

Study design

The CoPanFlu-France cohort was set up in fall 2009. Inclu-
sions began on December 4, 2009 and ended on July 23,
2010. Households were sampled using a random telephonic
design (Mitofsky—Waksberg method)' in a stratified geo-
graphical sampling scheme, aimed at including a sample of
subjects representative of French general population. All
household members were eligible to the cohort, without
any age limit. The inclusion of a household required the
participation of all members: the refusal of one or more
member(s) prevented the inclusion of other members. The
protocol was approved by a research ethics committee and
written informed consent was obtained for all subjects.

Data collection

This study requires several visits to the households by
nurses who collect written data with questionnaires and
biological samples. During the inclusion visits, nurses
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collected from all subjects detailed data regarding medical
history, including vaccination and preventive measures
against influenza. Blood samples were collected at entry
and centralized.

Haemagglutination inhibition assay

A standard HAI technique was adapted to the detection
and quantification of antibodies to the 2009 A/HINIv
virus.” The titration endpoint was the highest dilution that
exhibited complete inhibition of haemagglutination in two
independent readings. The lowest read dilution was 1/40.

Statistical analysis

Geometric mean titers were calculated for HAI assays with
the use of generalized estimating equations for interval-cen-
sored data,>* taking into account a within-household cor-
relation. Multivariate models were derived from this
method to identify factors associated with elevated GMTs.
We defined the “GMT ratio” (GMTR) as the multiplicative
factor applied to the GMT in presence of an explanatory
variable. For qualitative explanatory variables, a GMTR of
N means a predicted N-fold higher GMT for subjects
exposed to the considered factor compared to others. For
continuous explanatory variable, the same interpretation
applies to a unit difference.

Studied factors

The following variables were included in the multivariate
models: age, history of pandemic or seasonal influenza vacci-
nation, and history of ILI. Age was categorized in three
groups: 0-15 years (reference group), 15-50 years and over
50 years. The definition of ILI was that used by the CDC’:
fever 237-8°C and cough and/or sore throat without another
known cause. History of ILI was defined as an ILI reported
by the subject between September 12, 2009 (beginning of the
influenza epidemic in France) and the date of inclusion.

Results

This preliminary analysis included 1304 subjects belonging
to 544 households. Results reported hereafter do not
account for missing data.

Description of subjects

Participating households were sized 1-7 subjects, mean
size = 2:4. In comparison, the mean size of French house-
holds is 2:3 according to the latest national census.’ The
median age of subjects at entry was 406 years [IQR: 165;
58:6] versus 34-4 [152; 52-5] for French population.7 The
proportion of subjects reporting a history of ILI since the
beginning of the epidemic varied from 2:9% for subjects
over 50 years to 9:1% for subjects below 15 years (Table 1).
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Vaccination with the pandemic strain was the highest in
subjects below 15 (16%) whereas vaccination with the sea-
sonal strain was the highest in subjects over 50 (44-9%).
Detailed data regarding vaccination is given in Table 1.

Factors associated to the GMT

The GMT in the population was 354 [95%CI: 30-1; 41-8].
This GMT varied among age classes with values of 517
[38:0; 70-5], 29-4 [22-0; 39-4], and 37-4 [32-0; 43-9] for sub-
jects below 15, between 15 and 50, and over 50, respectively
(Table 1).

In a multivariate analysis (Table 2), the other factors
associated to an elevated GMT were previous vaccination
by either the pandemic or the seasonal strain (GMTR: 2-87
[2:28; 3-61] and 1-18 [1-01; 1:39] respectively), and history
of ILI (1-41 [1-10; 1-80]). Note that the role of seasonal
vaccination was significant only in subjects >50: GMTR:
1-29 [1-09; 1-54] versus 0-99 [0-75; 1-29] for subjects <50,
adjusted on pandemic vaccination and history of ILL In
pandemic vaccine recipients, the GMT decreased after vac-
cination (GMTR: 0-89 [0-81; 0-99]) per month since pan-
demic vaccination in a multivariate analysis (Table 2).

Discussion

This study confirms previous findings that age, pandemic
influenza vaccination, and history of ILI are associated with
elevated post-seasonal GMT.*'> Among non-vaccinated
subjects, elevated GMT in the elderly may be the result of
exposure to similar viruses in early life, whereas children
and young adults with elevated GMT are likely to have

Table 2. Factors associated to GMT (multivariate anal-
yses)

GMT ratio [95% CI] P

All subjects (N = 1254)

Age

0-15 years 1 (ref)

15-50 years 0:61 [0-50; 0-73] <0-00001

>50 years 0-60 [0-48; 0-75] <0-00001
Pandemic vaccine 2:87 [2:28; 3-61] <0-00001
Seasonal vaccine 1-18 [1-01; 1-39] <0-04
History of ILI 1-41 [1-10; 1-80] <0-01
Pandemic vaccine recipients only (N = 148)
Age

0-15 years 1 (ref)

15-50 years 0:74 [0-47; 1-16] 0-23

>50 years 0:30 [0:17; 0-52] <0-00001
Months since pandemic vaccine  0-89 [0-81; 0-99] <0-04
Seasonal vaccine 1-36 [0-90; 2-05] 015
History of ILI 1-65 [1-25; 2:17] <0-0004

GMT, geometric mean titer; ILI, influenza-like illness.

Interestingly, a significant drop in the HAI titer is
observed during the months following vaccination with the
pandemic strain.

This study also shows that seasonal influenza vaccination
may have contributed to an increase of the HAI titer, espe-
cially in the elderly. The reason for this association is not
obvious: although we cannot discard the hypothesis of a
higher incidence of A/HIN1v infections in seasonal vaccine

been infected by the 2009 A/HIN1v virus.">™'® recipients, as described by several other studies,'” " the
Table 1. Description of subjects at inclusion and estimated GMT by age class
0-15 years 15-50 years >50 years All subjects
Age class N = 242 N =534 N =478 N = 1254
Sex = male 104 (50:2%) 230 (453%) 218 (50-0%) 552 (47-7%)
History of ILI 19 (9:1%) 40 (7-9%) 13 (2:9%) 78 (6:8%)
Influenza vaccination
None 202 (81-7%) 406 (80-1%) 231 (53-0%) 828 (70-1%)
Seasonal only 6 (2:4%) 49 (9-7%) 147 (33:7%) 205 (17-4%)
Pandemic only 32 (15:5%) 40 (7-9%) 9 (2:1%) 81 (6:9%)
Both 1 (0:5%) 12 (2:4%) 49 (11-2%) 67 (5:7%)
Median time since pandemic vaccination (days) [IQR] 72 [46; 117] 72 [41; 132] 79 [51; 116] 76 [46; 122]
Estimated GMT [95% Cl] according to influenza vaccination
None 43-8 [31-9; 60-2] 290 [21-7; 387] 31-0 [23-6; 40-8] 30-8 [254; 37-4]
Seasonal only 400 [33:9; 47-2] 269 [12:7; 57-3] 413 [34-6; 49-2] 384 [32:2; 45-7]

Pandemic only
Both —*
All subjects

132:8 [79:4; 222-1]

51-7 [38:0; 70-5]

1026 [71-3; 147-5]
1499 [85:9; 261-5]
294 [22-0; 39-4]

40-2 [24-1; 66'9]
769 [57-0; 103-7]
37-4 [32:0; 43:9]

99-1 [70-4; 139-5]
860 [64-4; 114:8]
354 [30-1; 41-8]

GMT, geometric mean titer; ILI, influenza-like illness.

*No estimation of GMT (only one subject <15 years having received both vaccines).
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main explanation may be a cross-reaction between pan-

. . 16,2021
demic and seasonal strains.

Further analyses in this cohort are needed to confirm and
explain these first results. The follow-up of subjects involved
in the CoPanFlu-France cohort will provide data to study
the risk factors for infection by the influenza virus.
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Abstract

In April 2009, the CDC alerted about the appearance of a
new strain of IA HINI1 with unknown virulence. Infants
under 5 years old had higher risks of hospitalization, com-
plications, and rate of death for SARIL. Materials and meth-
ods: a cross-sectional study was executed from May to
December in 2009. The sources were: mandatory reporting
form of the province surveillance system, databases of the
hospital management information system, clinical pictures
reviews, and telephone daily medical reports. Inclusion cri-
teria: children under 5 years old with diagnostic of ILI or
SARI and confirmed cases with epidemiological nexus or
laboratory confirmation (rRT-PCR, IFI). The age specific
mortality rates were calculated with an estimated popula-
tion for the province according to the National Statistics
and Census Institution. Results: the ILI rate in infants
under 5 years old was 1295:19/100 000 people (95% CI
1236-1356) being higher in infants of 4 years old
(15697100 000 people of 4 years (95% CI 1426-1722)
(Table 1). Infants had less risk of getting sick in relation to
the rest of the population (RR 0-40 [95% CI 0-33-0-47])
(P < 0:05). The chance of SARI in infants was 2-:89 (95%
CI 2-46-3-39) compared to the rest of the population. The
lethality rate was higher in infants under 1 year old
(14/100 000 people [4/28 364]). Discussion: The evidence
suggests that the infants under 5 years old had lower risk
of getting sick than the rest of the population, but had
higher risk of SARI if they had some past illness. The high-
est lethality rate was presented in infants under 1 year old.
Non-medical interventions had an important role in the
epidemic containment for not having a specific vaccination
available. As this age group had high risks of hospitaliza-
tion, it would be advisable to prioritize their vaccination.

Introduction

In April 2009, the CDC alerted about the appearance of a
new strain of TA HIN1 with unknown dissemination and

virulence. In June, the World Health Organization declared
the pandemic."?

The ILI often presents an unspecific clinical picture in
infants under 5 years old, from mild symptoms to SARI,
especially in the newborn babies. Infants under 5 years old
have higher risks of hospitalization, complications, and rate
of death for SARL>*

On May 7th, Argentina declared the first imported case
of IA HIN1, and by the end of the month, it announced
the viral circulation in the country. The epidemiological
surveillance system of the province arranged that all the
patients with influenza diagnosis made by a doctor must
be reported. From April 24th to November 14th, 20 212
suspected cases of ILI in the province of Tucuman were
reported. The ILI rate was 1353/100 000 people, and IA
HINI1 comprised 40/100 000 people. The lethal rate of
SARI TA HINI was 3067/100 000 people (62/20 212).°
The objective of this research was to determine the epide-
miological characteristics of the pandemic IA HINI in
infants under 5 years old in the province of Tucuman
between May and December in 2009.

Location

The province of Tucuman is placed in the center of the
northwest of the Republic of Argentina. It has a population
of 1493 488 inhabitants of which 138 821 are infants
under 5 years old. The crude birth rate for 2008 was
19-9%,. The infant mortality rate was 13-89%,. Respiratory
pathologies in infants under 5 years old were the third
cause of death in the province (12%). The public health
system of the province is composed by three sectors: pub-
lic, private, and welfare. With 91 health facilities as a total,
the average of available beds is 3%, per inhabitants and 69,
per neonates.

Materials and methods

A cross-sectional study was executed from May to Decem-
ber in 2009 in the province of Tucuman, Argentina. The
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Figure 1. Epidemic curve of IA in infants under 5 years old by 2009
epidemiology week Tucuman, Argentina (n = 1798). Data from the
Epidemiology Department Tucuman, Argentina.

following sources were used: mandatory reporting form of
the surveillance system of the province filled by a doctor,
databases of the hospital management information system,
clinical pictures reviews, and telephone daily medical
reports (patients with SARI).

Inclusion criteria:

o Suspected Case of ILI: Sudden appearance of fever
higher than 38°C, cough, or sore throat. It may or
may not be accompanied by asthenia, myalgia or pros-
tration, nausea or vomiting, rhinorrhea, conjunctivitis,
adenopathy, or diarrhea.

o Confirmed Case: Every suspected patient with an epi-
demiological nexus or laboratory confirmation of IA
virus infection. Laboratory diagnosis of influenza was
confirmed in respiratory samples (nasopharyngeal and
pharyngeal swabs) with rRT-PCR specific primers for
pandemic HINTI influenza (performed at reference lab-
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oratories of the Argentina National Health System)
and with IFI (in an Influenza Sentinel Surveillance
Unit of province of Tucuman).

e Dismissed Case: those cases with negative laboratory
tests or different clinical evolutions.

o Comorbidity: ROBS, cardiovascular diseases, COPD,
immunosuppression, human immunodeficiency virus,
cancer, nephropathy, obesity, neurological diseases,
malnutrition, and aggravated bacterial infection.

Data were analyzed using EPI 2000 software (Epi Info™
CDC Atlanta, EEUU). Central tendency and perceptible
measures 25-75 (P,5_75) were used for the analysis. The
odds rations, risk ratio and 95% confidence interval were
calculated to compare ambulatory with hospitalized
patients, confirmed and dismissed, <5 years old and the
rest of the population. It was considered significant a rate
of P < 0-05. The age specific mortality rates were calculated
with an estimated population for the province according to
the National Statistics and Census Institution.

Results

The epidemiological surveillance system of the province
received 21 012 ILI reports, 11:77% (2474/21 012) were
infants under 5 years old. Twenty seven percent were dis-
missed (676/2474), and 34% (623/1798) of suspected cases
were confirmed. The first JA HIN1 case was a child of
2 years from the province of Buenos Aires, in 22th epide-
miological week, and the last suspected case was reported
in October 26, 2009 (Figure 1).

The ILI rate in infants under 5 years old was
1295:19/100 000 people (95% CI 1236-1356), being higher
in infants of 4 years old (1569/100 000 people of 4 years,
[95%CI 1426-1722]). The higher ILI rates in confirmed

Table 1. Effects of influenza A HIN1 by age. May—December 2009 (n = 1798)

Confirmed % ICU Mortality
Ages Population ILI rate IA rate SARI rate SARI IA rate admissions rate IA Lethality IA
(years) (N cases) (N cases) (N cases) (N cases) (N cases) (N cases) (N cases)
<1 28 364 96953 (263) 38429 (109) 46185 (131)  179-80 (51) 8% (4) 1410 @) 367 @)
1 26 078 1269-25 (329) 498-50 (130) 25692 (67) 111-20 (29) 7% (2) 7-67 (2) 1-54 (2)
2 28 862 1261-18 (364) 57515 (166) 114-:34 (33) 51,97 (15) 13% (2) - -
3 27 735 1409-77 (391) 573-28 (159) 90-14 (25) 32:45 (9) 33% (3) - -
4 27 782 1572-97 (437) 212-37 (59) 7919 (22) 3-60 (1) - - -
Total 138 821 1295-19 (1798) 44878 (623) 20026 (278) 7564 (105) 10% (11) 4-:32 (6) 0-96 (6)

Data from the Epidemiology Department Tucuman, Argentina and from National Statistics and Census Institution.

ILI, influenza-like illness; IA, influenza A; SARI, ILI admitted in hospitals. No cases, number of cases; ILI rate, ILI cases/Population for Same Speci-
fied Age Group x 100 000; Confirmed IA rate, confirmed IA cases/Population for Same Specified Age Group x 100 000; SARI rate, SARI/Popula-
tion for Same Specified Age Group x 100 000; SARI IA rate, SARI confirmed IA cases/Population for Same Specified Age Group x 100 000; %
ICU Admissions: Proportion SARI IA admission into intensive care, confirmed IA in ICU/SARI IA for Same Specified Age Group x 100; Confirmed
mortality rate, Deaths IA Confirmed/Population for Same Specified Age Group x 100 000; Lethatility IA, Deaths IA confirmed/ILI IA confirmed for

Same Specified Age Group x 100.
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and suspected cases of IA were reported in the epidemio-
logical week 28 (222-58/100 000 people [309/138 821]).
Infants had less risk of getting sick in relation to the rest of
the population (RR 040 [95% CI 0-33-0-47]) (P < 0-05).
There was no significant difference between both sexes. The
highest proportion of cases resided in the Capital (52%
[937/1798]) and Cruz Alta (14% [255/1798]). The symp-
toms, which were significantly different (P < 0-05) in the
confirmed cases with the rest of the population, were fever,
migraine, myalgia, sore throat and cough, in that order.
The highest proportion of comorbidity reported was ROBS
(8% [151/1798]). The chance of SARI in infants under
5 years old was 2:89 (95% CI 2-46-3-39) compared to the
rest of the population. The highest rate of SARI for IA was
observed in infants under 1 year old (180/100 000 people)
(Table 1). In infants under 5 years old the chance of SARI
for TIA was important if they had a previous illness (OR
4-97 [95% CI 3-45-7-20]). The median time of hospitaliza-
tion was 5 days Pys_75 (3-8). Ten percent (11/105) of SARI
IA went into intensive care and 5% (5/105) required
mechanical ventilation. The lethality rate was higher in
infants under 1 year old (14/100 000 people under 1 year
[4/28 364]) (Table 1). Fifty percent (3/6) of the deceased
for SARI IA presented comorbidity (malnutrition, neuro-
logical pathology, and Bordetella pertussis co-infection).

Discussion

The pandemic of IA HIN1 (2009) was detected for the first
time in the Province of Tucuman. The evidence suggests

that infants under 5 years old had lower risk of getting sick
than the rest of the population (protective factor), but had
higher risk of SARI if they had some past illness. The high-
est lethality rate was presented in infants under 1 year old.
Towns with the highest demographic density had superior
proportion of cases.

Non-medical interventions had an important role in the
epidemic containment for not having a specific vaccination
available. As this age group had high risks of hospitaliza-
tion, it would be advisable to prioritize their vaccination.
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Abstract

Objective: To describe the behavior of Influenza HINI1
2009 epidemic in school aged children population in Tuc-

uman, Argentina. Materials and methods: Cross-sectional
study. Data were gathered through mandatory reporting
forms. Inclusion Criteria: Patients with symptoms compati-
ble with Influenza A; school age (5-17 years). Exclusion
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Criteria: Patients treated with antiviral medication for pro-
phylaxis, respiratory pathologies which did not justify spe-
cific medication, and incomplete forms. Results: From all
notifications, 6342 were cases of ILI in the group aged 5-
17 years old; 53% were males. The incidence rate in this
group was 17-4 per thousands of inhabitants. The 13% of
laboratory samples were Influenza A HIN1, 34% were con-
firmed as unspecific Influenza, and 49% were dismissed.
The school aged children group had a high risks of getting
sick (RR. 178 [95% C.I. 1-55-2-04]), especially males. It
appeared that school aged children had a protective factor
for presenting SARI (OR 066 [95% C.I. 0-66-0-89],
P < 0:05). The lethality rate in this group was 9-32/10
thousands. Headaches, myalgia, coryza, and sore throat
were very common and significantly different (P < 0-05)
than the rest of the population. It was reported a decrease
in the EW 28 coinciding with winter holidays (EW 27).
The epidemic curve was different in males compared to
females during the winter holidays. Discussion: School aged
children got sick more than the rest of the population,
although they presented less proportions of SARI. How-
ever, comorbidities were decisive in order to present SARI
or death. The epidemic curve was different in males com-
pared to females. Through its analysis, the beneficial effect
of school closure was observed, as long as children meet
the recommendation to stay home.

Introduction

In April 2009, different countries reported cases of Influ-
enza A HIN1; Mexico reported a high mortality rate asso-
ciates with this disease.' The World Health Organization
(WHO) declared the Phase 6 Influenza Pandemic Alert on
June 11.2

Several reports from different countries describe the
behavior of the Pandemic in school aged children. This
group plays an important role in the transmission of Influ-
enza. In Germany, during the summer peak, pandemic
hardly spread within this group. This might be explained
by the timing of the summer school holidays, which started
between EW 27 and 31. Since mid October, after the
autumn holidays, the school-aged children began to be
more affected, and the proportion increased from 16% in
the initiation period to 43:8% in the acceleration period.’
In Australia, 55% of HIN1 cases were school aged children
(5-17 years), with a median age of 16 years (29% of cases
were aged 13-17 years and, and 26% between 5-12 years).*
In Canada, the infection rate was highest in this group.” In
Chile, the incidence rate was 4500/100 000 inhabitants,
although in general they had mild desease.®

School closure can operate as a proactive measure, aimed
at reducing transmission in the school and spread into the
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wider community, or reactive, when the high levels of
absenteeism among students and staff make it impractical
to continue classes. The main health benefit of proactive
school closure comes from slowing down the spread of an
outbreak within a given area and, thus, flattening the peak
of infections. This benefit becomes especially important
when the number of people requiring medical care threat-
ens to saturate health care capacity. It has its greatest bene-
fits when schools are closed very early in an outbreak,
before 1% of the population falls ill. School closure can
reduce the demand for health care by an estimated 30-50%
at the peak of the pandemic under ideal conditions, but
too late in the course of a community-wide outbreak, the
resulting reduction in transmission is likely to be very lim-
ited. Policies for school closure need to include measures
that limit contact among students when they are not in
school.”

Location

Tucuman is placed in northwest Argentina and has a total
area of 22 524 km®. The population (2001 Census, projec-
tion 2009) was 1 493 488 inhabitants; of wich 421 638 were
5-19 years old. The health system of the province is com-
posed of 3 sectors: public, private, and welfare. It has a
total of 91 health facilities with internement available and
an average of 3 9/ inhabitants.

Influenza-like illness (ILI) has seasonal and endemic
behavior in this province, as evidenced by past records
from the National Health Surveillance System and Influ-
enza Sentinel Surveillance Unit of the province. An increase
of ILI was reported in 2009, with a peak in the EW 28.

The objectives were:

General objective

To describe the behavior of the Influenza A HIN1 2009
epidemic in school aged children from the province of
Tucuman, Argentina.

Specific objectives

e To explore the response to preventive measures by

school aged population.

e To assess the effect of the suspension of classes in this

group.

e To estimate the magnitude and severity of the disease.

e To observe the effect of co-morbidities in this group.

Materials and methods

A Cross-sectional study was executed from May to Decem-
ber 2010. Data were gathered through mandatory reporting
forms, wich were collected from all public and private
health centers. Inclusion Criteria: Patients with compatible
symptoms with Influenza A; school aged children 5-
17 years old. Exclusion Criteria: Patients treated with antiv-
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iral medication as prophylaxis, respiratory pathologies
which did not justify specific antiviral medication, and
incomplete forms.

Definitions

e Suspected case of ILI: cases considered by clinical crite-
ria (Fever higher than 38°C, cough or sore throat. It
may or may not be accompanied by asthenia, myalgia
or prostration, nauseas or vomiting, rhinorrhea, con-
junctivitis, adenopathy, or diarrhea).

e Confirmed case: person with positive laboratory results
for Influenza A HIN1 or unspecificed Influenza A (by
laboratory results through rRT- PCR or immunofluo-
rescence techniques).

e Dismissed case: by negative or different laboratory
results, or different clinical evolution.

e Comorbidities: Chronic illnesses like arterial hyperten-
sion, diabetes, asthma, recurrent obstructive bronchial
syndrome (ROBS), smoking, chronic obstructive pul-
monary  disease (COPD), immunosuppression,
HIV/AIDS, cancer, nephropathy, obesity; pregnancy
was also considered.

Data were analyzed using Epi2000 software (Epi Info™
CDC, Atlanta, EEUU). Rates were calculated and RR was
estimated with their respective confidence interval (CI). Pop-
ulation data were taken from 2001 National Census projec-
tions. An estimation based on the same census was used for
the group between 5 and 17 years old. To observe the effects
of other co-variables, the OR and their CI were calculated.
Logistic regression was used to evaluate the influence of the
comorbidities. X* was used to compare proportions.

Laboratory diagnosis of influenza

Respiratory samples (nasopharyngeal and faryngeal swabs)
were obtained. They were analyzed at Influenza Sentinel
Surveillance Unit of Tucuman, and/or sent to National
Reference Laboratory Dr. C. Malbran (RT-PCR).

Results

From all notifications (20 212), 6342 were cases of ILI in
the group aged between 5 and 17 years old, 53%
(3340/6342) of which were males. The incidence rate was
17-4, and it differed according to the sexes: 18-:0 males and
16-7 females per thousands of inhabitants (P < 0-05).

Of all Laboratory samples (370) 13% were confirmed as
Influenza HI1N1, 34% were confirmed as unspecificied Influ-
enza, and 49% were dismissed. The remaining percentage
corresponded to the isolation of other viruses (Parainfluenza,
Respiratory Syncytial Virus, and Adenovirus).

The school aged group had higher risk of getting sick, in
relation to the rest of the population (RR 178 [95% CI
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Figure 1. Epidemic curve of Flu per age group and epidemiological week.
Tucuman, Argentina. May—December 2009. Source: Epidemiology
Department, Tucuman.
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Figure 2. Epidemic curve of Flu rates (CI 95%) per sex and
epidemiological week in the group 5-17 years old. Tucuman, Argentina.
May-December 2009. Source: Epidemiology Department, Tucuman.

1-55-2-04]), especially males (RR 1-97) compared with
females (RR 1:66). The highest attack rate was observed in
the capital of Tucuman (42/1000 inhabitants).

According to the rest of the population, it looked like
being school aged children meant a protective factor for
presenting SARI (Severe Acute Respiratory Infection) (OR
066 [95% CI 0-66—0-89], P < 0-05). The lethality rate was
9-32/10 thousand. The risk of dying was low compared to
other ages. Persons with comorbidities had significantly
higher risk of presenting SARI (OR 1-8 [95% CI 1-35-
2:58], P < 0-05) and of dying (OR 81 [95% CI 19-6-3-34],
P < 0-05). Respiratory comorbidities were the most fre-
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quent: asthma 2:5% (162/6342) and 2% RORS (122/6342).
The symptoms headaches, myalgia, coryza, and sore throat
were very common and significantly different (P < 0-05)
than the rest of the population.

If we compared the group aged 5-17 years with 18-
39 years old, the epidemic curve of the first group showed
a decrease in the EW 28, coinciding with winter holidays
(EW 27) (Figure 1). There was a slight increase in the ten-
dency when classes began, but it showed a clear declination
afterwards.

The analysis of rates in school aged children by EW
showed a reduction of 222% in males and 26:6% in
females (P < 0-05) at EW 28. However, after the first week
of winter holidays, the curve in males had a significant
increased to 65:6% compared to EW 27, reaching the high-
est weekly rate of the epidemic (18/10 000 inhabitants).
The reopening of classes coincided with a significant
decrease of the rate (349%), from 18 to 11:7/10 000
inhabitants in EW 31 (P < 0-05). In females, the school
closure coincided with a plateau-shaped curve, and the
reopening with a significant decrease of 43-4% of the rate,
from 12-1 to 6°9 in EW 32 (Figure 2).

Discussion

The school children got sick a lot more than the rest of the
population, although they presented less proportions of
SARI. However, comorbidities were determined in order to
present SARI or death. Symptoms like headache, myalgia,
coryza, and sore throat were considered more conducting
for the definition of cases in this population in Tucuman.
The epidemic curve was different in males compared to
females during the winter holidays. The beneficial effect of
school closure was observed as long as persons met the rec-
ommendations. The difference between males compared to
females during winter holidays could mean that women
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would have carried out social distance recommendations
much better, for example, remained at home. The signifi-
cant reduction after the opening of classes is a factor to be
considered as an effective intervention in the declining
stage of the curve.
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Introduction

Data on antibody levels to 2009 pandemic influenza
A/HINI (pdmHIN1) virus from a population can be
used to estimate the number of infections in the commu-
nity. In June 2009, we established a comprehensive sero-
logic survey of pdmHINI in Hong Kong in which blood
samples were collected from the community on a weekly
basis. Facilitated by enhanced local laboratory capacity
developed since the 2003 epidemic of Severe Acute Respi-
ratory Syndrome, Hong Kong used extensive laboratory
testing for pdmHIN1 for all hospitalizations with respira-
tory illness throughout the 2009 influenza pandemic.
Here, we report pdmHIN1 infection attack rate (IAR)
during the first wave of the pandemic. We used our IAR
estimates to infer the severity of the pandemic strain,
including the age-specific proportion of infections that led
to laboratory confirmation, hospitalization, intensive care
unit (ICU) admission, and death."™ Part of these results
are now available in Ref.’

Materials and methods
Subjects

Blood donors, 16—65 years old

Starting from 12 June 2009, blood donors from the Hong
Kong Red Cross Blood Transfusion Service (BTS) were
invited to participate in our serologic survey. Eligible
donors were healthy adults aged between 16 and 65 years
old. A total of 12 217 serum samples collected between 12

June and 31 December 2009 were tested. Blood donors do
not receive any remuneration or compensation.

Hospital outpatients, 5-59 years old

Between 2 September and 31 December 2009, we invited
patients visiting the Pediatric and Adolescent Medicine out-
patient clinic and the Medicine outpatient clinic at Queen
Mary Hospital to participate in our serologic survey. Patients
with acute respiratory infections or immunosuppression
(including patients on chemotherapy for various malignancy,
post-transplant or cirrhotic patients or any patients on sys-
temic immunosuppressants) at recruitment were excluded
from participation. A total of 2520 serum samples collected
between 2 September and 31 December 2009 were tested.

Subjects of a community study, 514 years old

Between 1 November 2008 and 31 October 2009, we con-
ducted a cohort study of pediatric seasonal influenza vacci-
nation and household transmission of influenza. One
hundred fifty-one children aged 5-14 were recruited and
provided baseline sera in November and December 2008.
Between September and December 2009 a further 766 chil-
dren aged 5-14 were recruited and provided baseline sera
for the second phase of the study. For this serologic survey,
we tested the 151 sera collected before the first wave and
the 766 sera collected after the first pandemic wave.

Informed consent

Written informed consent was obtained from all partici-
pants. Parental consent was obtained for participants aged
15 or younger, and children between the ages of 8 and 15
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gave written assent. All study protocols were approved by
the Institutional Review Board of the University of Hong
Kong/Hospital Authority Hong Kong West Cluster.

Data on hospitalization, intensive care admission
and death

Age-stratified data on virologically confirmed outpatient
consultations, hospitalizations, ICU admissions, and deaths
associated with pdmHIN1 from 29 April 2009 to 15
November 2009 were provided by the Hong Kong Hospital
Authority (the e-flu database).® Since May 2009, patients
admitted with acute respiratory illnesses routinely under-
went laboratory testing for pdmHIN1 virus by molecular
methods.

Laboratory methods
Sera were tested for antibody responses to A/Califor-
nia/4/2009 by viral microneutralization (MN).”

Outcomes

Most individuals infected with influenza develop antibody
titers >1:40 by viral microneutralization after recovery.® We
defined the pdmHINI1 seroprevalence rate as the propor-
tion of individuals who had antibody titers >1:40. While
MN antibody titers of 240 are not by themselves conclusive
evidence for pdmHIN1 infection, we have assumed that
the increase in cross-sectional seroprevalence between the
pre-and post-first wave time periods are evidence of recent
pdmHNT1 infection. The IAR was defined as the proportion
of individuals infected by pdmHINI1 during the first wave.
The case-confirmation rate (CCR), case-hospitalization rate
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(CHR), case-ICU-admission rate (CIR), and case-fatality
rate (CFR) were defined as the proportion of pdmHIN1
infections that led to laboratory-confirmation, hospitaliza-
tion, ICU admission, and death. Due to containment
efforts until June 29, 2009 all laboratory-confirmed cases
were required to be hospitalized for isolation regardless of
disease severity. As such, only surveillance data from June
30 onwards were used to estimate severity measures.

Statistical methods

We estimated the IAR as the difference between the pre-
first-wave and post-first-wave seroprevalence rate. We used
the estimated IAR as the denominator for calculating the
CCR, CHR, CIR, and CFR. We used an age-structured SIR
model with 5 age classes (0-12, 13-19, 20-29, 30-59, and
>60) to describe the transmission dynamics of pdmHIN1
in Hong Kong between 10 June and 15 November 2009.
We assumed that the mean generation time was 2-3 days.
Using the age-structured transmission model, we estimated
the following transmission parameters from the serial
cross-sectional serologic and hospitalization data: (i) R,
the basic reproductive number; (ii) n; and 7,, the reduc-
tion in within-age-group transmission for 0-12 and 13-
19 years old during summer vacation (compared to school
days during September—December 2009); (iii) Dy, the aver-
age time for neutralization antibodies titer to reach >1:40
after recovering from infection; (iv) h,, the age-specific rel-
ative susceptibility with 20-29 years old adults as the refer-
ence group. We assumed non-informative priors for all
parameters and used Monte Carlo Markov Chain methods
to obtain posterior distributions of the parameters.

Table 1. Estimated proportion of the population with antibody titers >1:40 by viral microneutralization against
pdmHIN1 before and after the first wave, and the estimated infection attack rate using the serial cross-sectional method

Before the first wave

After the first wave

Infection attack rate

Age No. positive/ % +ve No. positive/ Posterior mode
Groups No. specimens (95% ClI) Source No. specimens % +ve (95% Cl) Source (95% credible interval)
5-14 0/151 0 (0-0-2-4) [1] 183/422 43-4 (38:6-48-2) [3] 43-4 (37-9-47-6)

15-19 3/97 1 (0-6-8-8) [2] 34/180 189 (13-5-254) [4] 15-8 (8-2-22-1)

20-29 12/336 6 (1-9-6-2) [2] 135/879 15-4 (13-0-17-9) [4] 11 -8 (8:4-14-7)

30-39 17/302 6 (3-3-8:9) [2] 67/676 99 (7-8-12:4) [4] 3 (0-9-7'5)

40-49 10/238 2 (2:0-7-6) [2] 45/509 88 (6:5-11-7) [4] 6 (1-0-7-9)

50-59 6/352 7 (0:6-3-7) [2] 14/247 57 (3:1-9:3) [4] 0 (1-1-7-5)

Overall 5-59 33 (2:8-47) 14 (13:0-15-4) 10 7 (9:0-12-0)

Sources of specimens:
[1] Pediatric cohort study (2-29 April 2009).
[2] Hong Kong Red Cross Blood Transfusion Service (15-22 June 2009).

[3] Pediatric cohort study (6 November to 19 December 2009).

[4] Hong Kong Red Cross Blood Transfusion Service (1 November to 6 December 2009).
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Table 2. Estimated age-specific proportions of individuals with pdmHINI infections that were laboratory-confirmed, were hospitalized, were admitted to

ICU, and died. Case-ICU and case-fatality rates are expressed as number of episodes per 100 000 infections

Case-fatality (per 100 000 infec-

tions)

Case-ICU (per 100 000 infections)

Case-hospitalization (%)

Case-confirmation (%)

Posterior mode Counts Posterior mode
(95% cred. int.)

Counts

Posterior mode

Counts

Posterior mode

Counts

(95% cred. int.) (% of all) (95% cred. int.) (% of all) (95% cred. int.) (% of all)

(% of all)

Age group

0-4 (0-1-2-3)

1(3-8)
2 (7-7)
1(3-8)

5-2-12-6)

7-0-34-4)
3-:0-13-9)

3 (0:9-13-2)
0-9 (0-2-5-2)

85 (3-2-53-1)
104 (4-4-57-2)

4 (15-4)

6 (23:1)
12 (46-2)

10-7-130-5)
18-8-171-5)
32:7-281-3)
13:3-50-1)

265 (10-4-108-9)

4-4 (3-2-17)

26 (100-0)

7%
133

20 (194)

0-76-0-97)
0-53-1-50)
0-37-0-66)
0-45-3-66)
0-30-2-26)

0-45-3:16)

9 (87)

7 (6:8)
12 (11-7)
21 (20:4)
34 (33:0)

103 (100:0)

61

254

364

75
17-6

0-66-1-22)

0-84
077
0-47
0-80
0-51
0-87
073

2133 (50-2)

4-0 (3-6-4-6)
5-4 (3:9-10-5)
3-8 (3:0-5-3)
40 (2-2-18-2)
2-8 (1-6-125)
2-:8 (1-4-10-1)

39 (3:5-6-2)

10 060 (44-1)

5-14

522 (12:3)

3673 (16:1)

15-19
20-29
30-39
40-49
50-59

532 (12°5)
378 (89)
293 (6'9)
395 (9-3)
4253 (100-0)

4314 (18-9)

1868 (8-2)

1615 (7-1)

1264 (5-5)
22794 (100-0)

Overall 5-59

Results

Virological surveillance data suggested that the first wave of
pdmHIN1 in Hong Kong occurred from August to Octo-
ber 2009. Most of the laboratory-confirmed infections in
this first wave occurred in individuals aged below 25 years
old accounting for >72% of the lab-confirmed cases and
hospitalizations, 32% of ICU admissions, and 6% of
deaths. Taking into account a delay of 2-3 weeks for anti-
body titers to appear during convalescence,® we found that
these virological surveillance data were consistent with our
serial cross-sectional seroprevalence data, which indicated a
sharp rise in seroprevalence among the 5-25 years old from
September to November and a plateau thereafter (data not
shown).

Among individuals aged 5-14 years, the seroprevalence
rates were similar across time between pediatric outpatient
subjects and pediatric cohort study subjects (data not
shown). Similarly, for older age groups, the seroprevalence
rates were largely similar between blood donor subjects
and hospital outpatient subjects (except for the 20-
29 years old in November-December). This provided
some evidence that despite biases in our convenience sam-
pling scheme, the resulting serologic data provided a rea-
sonably representative description of seroprevalence in the
community.

The estimated pre- and post-first-wave seroprevalence
rates and the corresponding IAR estimates are shown in
Table 1. The severity estimates (CCR, CHR, CIR, and CFR)
are shown in Table 2. In summary, we estimated the IAR
was 43:4% among 5-14 years old, 15-8% among 15—
19 years old, 11:8% among 20-29 years old, 4:3% among
30-39 years old, 4:6% among 40-49 years old, and 4-0%
among 50-59 years old. Overall, we estimated a popula-
tion-weighted IAR of 10-7% (9-12%) among individuals
aged 5-59 years through the first wave in Hong Kong.
CCR were around 2:8-54% among the 5-59 years old.
CHR were around 0-47-0-87% among the 5-59 years old.
CIR increased from 7-9 (5:2-12:6) per 100 000 infections in
5-14 years old to 75 (32:7-281) per 100 000 infections in
50-59 years old. CFR followed a similar trend with 0-4
(0-1-2-3) death per 100 000 infections in 5-14 years old to
265 (10-4-109) deaths per 100 000 infections in 50—
59 years old. Compared to children aged 5-14, adults aged
50-59 were 9-5 and 66 times more likely to be admitted to
ICU and die if infected.

The best-fit age-structured transmission model gave the
following parameter estimates:

1. The basic reproductive number was 1-38 (95%CI, 1-36—

1-41).

2. It took an average of 14 (9-21) days for recovered indi-
viduals to develop neutralization antibody titer >1:40.
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3. Compared to 20-29 years old, 0-12 years old children
and 13-19 teenagers were 37 (3-2—4-5) and 16 (1-3-2)
times more susceptible to pdmHINT1 infection, respec-
tively.

4. Compared to 20-29 years old, 30-59 years old older
adults and 60-79 years old elderly were only 0-42 (0-3—
0-6) and 0-33 (0-18-1-5) times as susceptible as the 20—
29 years old, respectively.

5. Compared to the school period during September—
December 2009, summer vacation reduced within-age-
group transmission by 61% (53-72%) among 0—12 years
old, but only 12% (3-18%) among 13-19 years old.
Using computer simulations, we estimated that if pre-

existing seroprevalence is zero, real-time serologic monitor-

ing with about 1000 specimens per week would allow accu-
rate estimates of IAR and severity as soon as the true IAR
has reached 2% (data not shown).

Discussion

We estimated that during the first wave in Hong Kong,
43-4% of school-age children and 10-7% of individuals aged
5-59 were infected by pdmHINI1. A serologic survey in
England found similar IARs in London and the West Mid-
lands.® Both studies highlight the importance of including
serologic surveys in pandemic surveillance. The geographi-
cally compact and well-mixed population in the urban
environment of Hong Kong permits some degree of confi-
dence in the validity of our IAR and severity estimates. The
completeness of the pdmHIN1 surveillance system, well-
defined population denominator, and our large-scale sero-
logic survey provide accurate numerators and denomina-
tors for the severity measures.

We based severity estimates for pdmHINTI on the IAR as
the denominator. In most previous studies of pdmHINI
severity, the denominator was clinical illness attack rate,
which depends on the probability of symptoms as well as
medical care seeking behavior of the population.”® Our
estimated CIRs and CFRs are broadly consistent with
Presanis et al’s” ‘Approach 2’ severity estimates, but
around 7-9 times lower than their ‘Approach 1’ estimates.
Our estimates of CHR are 2-10 times higher than their
Approach 2 estimates of symptomatic CHR. However, the
hospitalization-death ratio was 4253/27 = 164 as of
November 15 in Hong Kong, but 996/53 = 19 as of June
14 in New York,” suggesting that the clinical threshold for
admission in terms of disease severity at presentation may
have been lower in Hong Kong.

Our study has a number of limitations. First, we have
used antibody titers of >1:40 by viral microneutralization
as an indicator of recent infection, correcting for pre-exist-
ing seroprevalence levels, but this may lead to underestima-
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tion of the IAR if some infections led to antibody titers
<1:40, or if some individuals with baseline titers >1:40 were
infected. Second, our estimates of the IAR would be biased
upwards if infection with other circulating influenza viruses
led to cross-reactive antibody responses resulting in anti-
body titers >1:40. However between August and October
2009, 83% of influenza A viruses detected in Hong Kong
were pdmHI1N1, and only 3% of isolated viruses were sea-
sonal HINT1 viruses.'” Third, a minority of severe illnesses
associated with pdmHINI infection might not be identified
by molecular detection methods, for example if admission
occurred after viral shedding from the primary infection
has ceased, in which case we may have underestimated the
disease burden of pdmHINI. Finally, our analyses are pri-
marily based on seroprevalence among blood donors to the
Hong Kong Red Cross, who may not be representative of
the whole population. We do not have detailed data on
donors to compare their risk of infection with the general
population, but we did observe very similar seroprevalence
rates across the three groups of subjects in our study, i.e.,
blood donors, hospital outpatients and participants in a
community cohort (data not shown).

In conclusion, around 10-7% of the population aged 5-
59 and half of all school-age children in Hong Kong were
infected during the first wave of pandemic HINI1. Com-
pared to school-children aged 5-14, older adults aged 50—
59, though less likely to acquire infection, had 9-5 and 66
times higher risk of ICU-admission and death if infected.
Thus, although the IAR of pdmHINT1 is similar to that of a
seasonal epidemic, the apparently low morbidity and mor-
tality of 2009 pandemic influenza (HIN1) appears to be
due to low infection rates in older adults who had a much
greater risk of severe illness if infected. The reasons why
older adults appear relatively resistant to pdmHINI infec-
tion even though they appear to lack neutralizing antibody
remains unclear. If antigenic drift or other adaptation of
the pdmHINI virus allows these older age groups to be
infected more efficiently, the morbidity and mortality of
subsequent waves of the pandemic could yet become sub-
stantial.
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Background

It is well known that a primary goal of vaccination is to
generate immunological memory against the targeted anti-
gen to prevent disease in a vaccinated person. This
ensures an accelerated immune response in the event of
future contact with the pathogenic agent, such as a virus.
Therefore, it is very important to develop criteria for the
assessment of vaccine immunogenicity by measuring both
T and B memory cell levels from the vaccinated host. In
contrast to inactivated influenza vaccines, live attenuated
influenza vaccines (LAIVs) have been shown to provide
primarily cellular and local immune responses.' To date,
however, the hemagglutination-inhibition (HAI) test (i.e.
detection of serum antibodies) remains the method widely
accepted for evaluation of an influenza vaccine’s immuno-
genicity. Improved understanding of the role of cellular
and mucosal immunity and their contribution to protect-
ing against severe illness caused by influenza infection has
emphasized the need to reconsider methodologies used to
evaluate the immunogenic impact of various influenza
vaccines. Such new assays need to include methods to
measure local antibodies and virus-specific lymphocytes,
especially in the case of live attenuated influenza vaccines,
because of their potential to induce such broad-based
immune responses.*

The aim of this study was to assess the ability of new
Russian pandemic LAIVs A/17/Duck/Potsdam/86/92
(H5N2) (‘Ultragrivak, registered 25:03-2009) and A/17/
California/2009/38 (HIN1) (‘Influvir,” registered 13-10-2009)
to induce memory T-cells in naive human subjects and to
compare results to levels of HAI antibodies from each
subject.

Materials and methods

Vaccines

A/17/Duck/Potsdam/86/92 (H5N2) LAIV was generated
by 7:1 genetic reassortment of low-pathogenic avian
influenza virus A/Duck/Potsdam/1406-86(H5N2) and
master donor strain A/Leningrad/134/17/57 (H2N2).>°
The vaccine strain contains HA gene from avian virus,
as well as NA and internal genes from the master donor
virus. A/17/California/2009/38 (HIN1) LAIV was gener-
ated by classical (6:2) reassortment of A/California/
07/2009 (HIN1) with the master donor virus.” The vac-
cine strain contains HA and NA genes from a ‘wild-type’
HINI strain and internal genes from the master donor
virus.

Volunteers and vaccination

Participants were aged 18 to 20 years and were without
contra-indication of LAIV vaccination. Immunogenicity of
A/17/Duck/Potsdam/86/92 (H5N2) LAIV was assessed in
ten vaccinated persons and ten volunteers inoculated with
a placebo (sterile physiological saline solution). Immunoge-
nicity of A/17/California/2009/38 (HIN1) LAIV was esti-
mated in 16 vaccinated volunteers and nine volunteers
inoculated with placebo. Viruses or placebo were adminis-
tered intranasally twice with an interval period of 21 days
at a dosage of 0-25 ml per nostril for each vaccination.
Physical examination, venous blood and nasal swab sam-
ples were collected at four time points during the study: (i)
before vaccination (day 0); (ii) 21 days after first vaccina-
tion (day 21); (iii) 21 days after the second vaccination
(day 42); and (iv) 6 weeks after the second vaccination
(day 63).
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Serum HAI antibodies were measured by standard HAI
assay® using 1% human red blood cells. Test antigens for
the assay were A/17/Duck/Potsdam/86/92 (H5N2) or
A/17/California’2009/38 (HIN1) to match the appropriate
vaccine antigen.

Local IgA antibodies in nasal swabs were evaluated by
ELISA® using whole purified A/17/Duck/Potsdam/86/92
(H5N2) or A/17/California/2009/38 (HIN1) viruses at 16
HAU per 0-05 ml for absorption to ELISA plates. Endpoint
ELISA titers were expressed as the highest dilution of sera
that gave an optical density (OD) greater than twice the
mean OD of six negative controls in the same assay.

Percentages of virus-specific CD3* CD8'IFN-y" and CD3"
CD4'IEN-y" peripheral blood memory cells were determined
using a flow cytometry ICCS assay performed by the pub-
lished method.” PBMCs were prepared with standard Hist-
opaque-1077 gradient centrifugation from heparinized
whole blood.

Statistics
Wilcoxon matched pair test, Mann—Whitney U test and the
Students t-test were used for statistical data analysis.

Results

Prior to the first vaccination (day 0), GMTs of HAI anti-
bodies to A/17/Duck/Potsdam/86/92 (H5N2) and A/17/
California/2009/38 (HIN1) LAIVs were 1/54 and 1/57,
respectively. In addition, GMTs of sIgA against these spe-
cific antigens from nasal swabs were 1/57 and 1/9-1,
respectively. No HAI antibody titers greater than 1:40 were
observed prior to vaccination. Background levels of virus-
specific T-cells varied significantly within groups. Mean
levels of virus-specific CD8'IFENy" cells were 0:151% to
A/17/Duck/Potsdam/86/92 (H5N2) and 0:173% to A/17/
California/2009/38 (HIN1). For CD4'IFNy" cells, initial
levels were 0-240% and 0-336%, respectively.

Thus, background levels of virus-specific antibodies were
low, but prior vaccination or virus exposure in some vol-
unteers produced some pre-existing levels of T cells, thus
they were not absolutely immunologically naive in this
sense. Preexistence of H5N1-crossreactive antibodies and
T-cells has been observed previously.'®*?

Effect of vaccination

Antibody immune responses

Both influenza A (H5N2) and influenza A (HIN1) LAIVs
stimulated production of serum HAI antibodies and local
IgA antibodies in nasal swabs. Following the first vaccina-
tion with influenza A/17/Duck/Potsdam/86/92 (H5N2)
LAIV, 20% percent of volunteers exhibited seroconversion
of HAI antibodies; after the second vaccination, 30% of

volunteers exhibited seroconversion. After the first vaccina-
tion, a 10% conversion rate of sIgA was observed; after the
second vaccination, 60% showed conversions in levels of
SsIGA. The first vaccination with A/17/California/2009/38
(HIN1) LAIV showed 63% of HAI antibodies seroconver-
sions vaccination, and 50% seroconversion after second
vaccination. For local sIgA, those results were 18:8% and
31-3% following the first and second inoculation, respec-
tively.

Cellular immune responses

Figure 1 summarizes cellular immune responses observed
in the vaccinated versus the placebo group. After the influ-
enza A (H5N2) LAIV inoculation, significant differences in
both CD4 and CD8 IFNy-producing T-cells were observed
at day 42 after the second vaccination (d63). These data
indicate that healthy young people who never received such
avian influenza vaccines and were not exposed to H5NI1
wild-type viruses were able to respond to the live attenu-
ated H5N2 influenza vaccine.
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Figure 1. Differences in LAIV-induced fold changes (FC) of
CD3+CD8+IFNy+ and CD3+CD4+IFNy+ T-cells versus Placebo FC = %
of cells after vaccination/% of cells before vaccination (Day 0). d21/d0 —
21 days after first vaccination; d42/d0 — 21 days after the second
vaccination; d63/d0 — 6 weeks after the second vaccination. Triangles —
individual FC data. Bars — mean FC levels. * — statistically significant data.
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Table 1. FCs of CD4 and CD8 T-cells after homological and heterological stimulation of PBMC from volunteers vacci-

nated with A (H5N2) live attenuated influenza vaccines

Mean FC after homological or heterological stimulation (mean and

dispersion)
Cells Group Day A/17/Duck/Pots-dam/86,/92 (H5N2) A/17/Solomon Islands/06/9(H1N1)
CD8* IFNy* Vaccine (n = 10) d21/do 1-24 (0-38 — 2-22) 1-35 (0-38 — 3-81)
d42/do 177 (041 — 3-89) 1:13 (0-26 — 2+46)
d63/d0 3-56 (0-30 — 12-09) 2:49 (0:09 — 851)
Placebo (n = 10) d21/do 1-05 (0-77 — 1-37) 1:04 (0-43 — 2:00)
d42/do 1-12 (0-83 — 1-59) 1-01 (0-67 — 1-53)
d63/d0 1:05 (064 — 1-39) 112 (024 - 3-12)
CD4* IFNy* Vaccine (n = 16) d21/do 1-04 (0-70 — 1-65) 1-59 (0-25 — 5-80)
d42/do 1-51 (0-86 — 2:70) 115 (0-17 — 4-25)
d63/d0 260 (0:84 — 6:35) 1-71 (0-08 — 3-75)
Placebo (n = 9) d21/do 1-06 (0-40 — 1-53) 098 (0:36 — 2-10)
d42/do 1-07 (0-66 — 1-44) 090 (044 — 1-53)
d63/d0 1-03 (0-64 — 1-52) 076 (0-18 — 1-24)

After the first influenza A (HIN1) LAIV vaccination,
reliable increases were observed in CD8" cells only. After
the second vaccination, increases in both CD4" and CD8"
fold changes were significantly higher in vaccinated volun-
teers compared to the placebo group. It is noteworthy that
cellular immune responses (CD4" and CD8" cells) were
more marked in the A/17/California/2009/38 (HINI).
Considering the long-term circulation of HI-subtype
viruses among humans in contrast to the novelty of H5-
viruses, such a result would be expected.

Similar data were also observed following vaccination
with the H5N2 LAIV. After first vaccination, the percent
of people with notable increases in virus-specific CD4"
and CD8" T-cells was 20% and 10% to H5N2 and 38%
and 75% to HINI, respectively. After the second vacci-
nation, these results were 40% and 30% to H5N2 and
69% and 69% to HINI, respectively. Importantly, a sig-
nificant number of vaccinated volunteers without remark-
able increases (=4-fold) in HAI antibodies had notable
increases in CD4" and/or CD8" memory cells. The
percent of people with notable increases in virus-specific
T cells after the second vaccination among HAI(-)
volunteers was 40% and 75% to H5N2 and HINI,
respectively.

These results indicate that LAIVs were able to induce
broadly responsive, key antiviral immune responses that
would not have been detected by the HAI assay alone.
Thus, it can be deduced that HAI data alone fails to reveal
important broad and specific immune responses to LAIV.
Consequently, the HAI test alone is not suitable for assess-
ment of LAIV immunogenicity. Furthermore, vaccination
with H5N2 LAIV was able to induce cross-reactive memory

T-cells to a seasonal vaccine strain, A/17/Solomon
Islands/06/9 (HIN1) (Table 1).

Reliable increases to A (HIN1) were observed in up to
20% of volunteers. There was an inverse dependence between
levels of memory T cells before and after vaccination.

Conclusions

1 There were observed crossreactive memory T-cells to
A/17/Duck/Potsdam/86,/92 (H5N2) and A/17/Califor-
nia/2009/38 (HIN1) in young human subjects prior to
vaccination.

2 Immunization of young adults with new pandemic live
attenuated reassortant influenza vaccines
A/17/Duck/Potsdam/86,/92 (H5N2) and A/17/Califor-
nia/2009/38 (HIN1) resulted in induction of antibody
and cellular immune responses. The HAI assay data did
not fully reflect the breadth or specificity of immune
responses to LAIV. Therefore, the HAI assay alone was
not sufficient for assessment of LAIV immunogenicity.

3 Cellular immune responses (CD4" and CD8" cells) was
more marked to A/17/California/2009/38 (HIN1) than
to A/17/Duck/Potsdam/86/92 (H5N2).

4 Vaccination with A/17/Duck/Potsdam/86/92 (H5N2)
LAIV caused the induction of crossreactive T-cells to
the seasonal strain A/17/Solomon Islands/06/9 (HIN1).
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Abstract

Background: Increased susceptibility of older populations
to secondary bacterial pneumonia-like infections following
influenza infection has been well documented.' Recent evi-
dence in mouse models suggests that this increased risk
from secondary bacterial infection occurs through a desen-
sitization of the innate immune response.” This recent
finding, however, does not account for potential differences
in immune responsiveness due to age. Materials and meth-
ods: To address this parameter, we used three age groups
(aged, adult, and young mice) to evaluate the role of age
in influenza-mediated vulnerability to secondary bacterial
challenge with Pseudomonas aeruginosa. All mice were
evaluated for multiple parameters including: (i) survival;
(ii) lung bacterial load; (iii) total lung protein content;
(iv) immune cell infiltration; (v) cytokine/chemokine
expression; and (vi) toll-like receptor (TLR) RNA expres-
sion profiles. Results: Prior challenge with influenza

contributed to aberrant cytokine/chemokine profiles and
increased lung cellular infiltrate in response to secondary
bacterial infection across all age groups, supporting a criti-
cal role for influenza infection in the alteration of immune
responses to other pathogens. Also similar to human influ-
enza, these changes were exacerbated by age in mice as
demonstrated by increased bacterial load, mortality, and
total lung protein content (an indicator of lung damage)
after P. aeruginosa challenge. Conclusions: These data sup-
port a potential role for virus-mediated and age-mediated
alteration of innate immune effectors in the pathogenesis
of influenza and the increased susceptibility of influenza
virus infected mice to secondary bacterial infection. The
understanding of the complex interaction of host and path-
ogen — and the role of age — in human influenza is critical
in the development of novel therapeutics and improved
vaccine approaches for influenza. Our results support fur-
ther examination of influenza-mediated alterations in
innate immune responses in aged and non-aged animals to
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allow elucidation of the molecular mechanisms of influenza
pathogenesis in humans.

Introduction

There is considerable evidence in the clinical literature to
support the role of influenza infections with an enhanced
risk for secondary bacterial pneumonias.”” Given the
increased pneumonia-related morbidity and mortality in
both the young and elderly populations, there is rationale
for gaining a deeper understanding as to the systemic
changes in the pulmonary microenvironment. Although
there are some recent reports that account for some of the
molecular mechanisms at work in this disease process,”
there is a paucity of experimental evidence that considers
the potential effects of age. Developmental changes in the
immune system that occur in the aged environment have
been well documented with regard to senescence of the
adaptive immunity, global changes in myeloid cell function,
and the establishment of a general pro-inflammatory
state.”” The aim of this work was to provide evidence for
the contribution of the aged immune environment to the
pathology of influenza mediated secondary bacterial infec-
tions.

Materials and methods

Animals used in this study were housed under conditions
approved by Tulane University’s Institutional Animal Use
and Care Committee. Female Balb/C mice used in these
studies were divided into three age groups: aged
(18 months old), adult (6 months old), and young
(2 months old). Each age group was subdivided into two
groups: influenza infected and naive (control). Mice were
infected by the intranasal route with 4 x 10° PFU of
mouse-adapted Influenza A/PR/8/34. Clinical disease was
measured by body weight changes over a 6 week period
post influenza challenge, and recovery was determined as
return to pre-infection weight. All mice were subsequently
challenged intransally withl x 10’ CFU Pseudomonas aeru-
ginosa strain PAOL.

Twenty-four hours post-Pseudomonas challenge, BAL
with sterile PBS was performed on all mice in all groups.
Total RNA from the cellular fraction was pooled from
three experimental animals from each group. TLR mRNA
was detected by qRT-PCR, where expression levels were
determined as relative to f-actin mRNA levels. cDNA was
synthesized from total cellular RNA from BAL samples
using iScript cDNA synthesis kit (Biorad). PCR reactions
were composed of 0-1 ug cDNA forward and reverse prim-
ers according to optimized conditions and 125 ul of
2 x Syber Green icycler supermix (Biorad), in a total vol-
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ume of 25 ul and were run using a Biorad iCycler utilizing
melting point determination. Primers and concentrations
used in this study included: MUS_TLR2F: TGCTTTCCT-
GCTGGAGATTT-600 nm, MUS_TLR2R: TGTAACGCAAC
AGCTTCAGG-900 nm, MUS_TLR3F: ATATGCGCTTCAA
TCCGTTC-300 nm, MUS_TLR3R: CAGGAGCATACTGGT
GCTGA-600 nm, MUS_TLR4F: GGCAGCAGGTGGAATTG
TAT-600 nm, MUS_TLR4R: AGGCCCCAGAGTTTTGTTC
T-900 nm, MUS_TLR5F: CTGGGGACCCAGTATGCTAA-
600 nm, MUS_TLR5R: ACAGCCGAAGTTCCAAGAGA-900
nm, MUS_TLR7F: GGAGCTCTGTCCTTGAGTGG-900 nm,
MUS_TLR7R: CAAGGCATGTCCTAGGTGGT-600 nm, MUS_
B-ACTINF: AGCCATGTACGTAGCCATCC-600 nm, MUS_B-
ACTINR: CTCTCAGCTGTGGTGGTGAA-900 nm. As a
measure of protein leakage into the alveolar space, total
protein content in each BAL was measured by BCA assay
of each supernatant fraction according to manufacturer’s
instructions (Pierce). Cytokine and chemokines levels were
measured by multiplexed bead array (Bioplex, BioRad).
Immune cell characterization of BAL was estimated by flow
cytometry. Lymphocyte populations were gated by forward
versus side scatter and characterized as B cells (F4/807,
CD19") or T cells (CD11b~, CD4"). The myeloid popula-
tion that is composed of macrophages, neutrophils, den-
dritic cells, and natural killer cells was enumerated by
gating all but those found in the lymphocyte gate using
forward versus side scatter plots. Flow cytometry data was
analyzed using FloJo software (TreeStar). Statistical analy-
sis, where appropriate, was performed using a two-way
analysis of variance (age versus influenza infection status)
supported by Bonferonni’s correction for multiple compar-
isons.®

Results and discussion

A recent finding by Didierlaurent, et al,” described an
influenza mediated desensitization of TLR function as a
primary contributor to an increase in bacterial burden
when challenged after resolution of the primary influenza
infection. This finding, however, was obtained using ani-
mals that were 6-8 weeks of age, where our study included
two cohorts of older mice (6 months and 18 months).
Using whole protein content of the BAL as an estimate of
protein leakage into the lumen of the lung, we found ele-
vated protein content in aged mice as compared to young
and adult mice. In aged mice, a slightly lower total lung
protein when comparing influenza infected to protein in
the BAL from influenza naive mice challenged with P. aeru-
ginosa (Table 1).

Supporting previously published studies showing a gen-
eralized pro-inflammatory cytokine environment in the
aged immune system, we provide evidence for significantly
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Table 1. Summary of experimental findings

Control Influenza
Endpoint Age Mean ) N Mean SD N
BAL total protein (ug/ml) Young 2-02E+03 1-8E+02 15 1-99E+03 8:0E+01 14
Adult 2-04E+03 1-4E+02 4 1-81E+03 7-4E+01 6
Aged 3-14E+03 1-6E+02 6 2-49E+03 3-1E+02 9
Pseudomonas aeruginosa Young 4-17E+06 6-6E+06 15 2:57E+06 3-8E+06 13
bacterial load Adult 1-51E+06 1-4E+06 4 3-40E+07 4-7E+07 2
Aged 1-76E+07 1-2E4+07 6 4-24E+07 4-8E+07 8
Cytokine/chemokines (pg/ml)
GM-CSF Young 9-31E+02 7-6E+02 4 7-18E+02 2-:3E+02 4
Adult 3-59E+02 3-3E+02 4 1-26E+02 1-9E+02 4
Aged 2-58E+03 7-3E+02 4 2-18E+03 8-8E+02 4
TNF-o Young 2-05E+03 7-2E+02 4 2-17E+03 8-5E+02 4
Adult 1-57E+03 1-0E+03 4 1-16E+03 8-:0E+02 4
Aged 5-66E+03 2-3E+03 4 5-34E+03 3-1E+03 4
IFN-y Young 1-00E-05 9-5E-13 4 9-08E-01 2-1E+00 4
Adult 1-25E+00 2-8E+00 4 1-01E+00 2-5E+00 4
Aged 1-42E+01 1-7E+01 4 4-53E+01 4-7E+01 4
IL-5 Young 3-96E+01 9-7E+00 4 4-04E+01 1-8E+01 4
Adult 1-04E+01 6:3E+00 4 2:01E+01 1-3E+01 4
Aged 8:02E+01 5-7E+01 4 9-31E+01 5-5E+01 4
IL-10 Young 8- 76E+01 7-2E+01 4 6-25E+01 2-5E+01 4
Adult 4-74E+01 4-3E+01 4 3-29E+01 4-7E+01 4
Aged 3-54E+02 1-0E+02 4 1-60E+02 7-1E+01 4
Inflammatory cell (% of BAL cells)
B cells Young 8-85E-01 3-7E-01 2 3-61E+00 3-7E+00 2
Adult 1-09E+00 0-0E+00 1 2-17E+00 2-1E+00 2
Aged 7-68E+00 9-1E-01 2 4-31E+00 2-3E+00 2
CD4* T cells Young 1-25E+01 3-5E-01 2 1-57E+01 6-4E-01 2
Adult 2-95E+00 1-8E+00 2 1-05E+01 9-7E+00 2
Aged 1-06E+01 9-2E-01 2 1-27E+01 4-5E+00 2
Myeloid Young 9-20E+01 1-4E+00 2 8-95E+01 7-1E-01 2
Adult 9-15E+01 2-1E+00 2 6-85E+01 7-8E+00 2
Aged 8-:60E+01 2-8E+00 2 8-00E+01 5-7E+00 2
TLR mRNA expression (relative expression to f-actin)
TLR2 Young 4-23E+01 3 2-57E+01 3
Adult 1-68E+01 3 2-11E+00 3
Aged 1-23E+02 3 8-60E+01 3
TLR3 Young 1-63E+03 3 2-23E+04 3
Adult 1-14E+04 3 8-:04E+03 3
Aged 1-21E+04 3 1-86E+03 3
TLR4 Young 1-70E+02 3 1-69E+02 3
Adult 9-40E+01 3 1-72E+01 3
Aged 2:57E+02 3 1-30E+02 3
TLR5 Young 2:39E+03 3 3-55E+02 3
Adult 5-24E+03 3 1-75E+03 3
Aged 4-71E+04 3 6-23E+03 3
TLR7 Young 3-53E+02 3 1-23E+02 3
Adult 2-00E+02 3 8-:04E+01 3
Aged 9-83E+02 3 3-75E+02 3

elevated cytokines/chemokines (TNFax, GM-CSF, IL-5, and
IFNy) in aged mice (P < 0-0001). Previously reported2 ele-
vations in TNF-uo expression in influenza infected animals
measured at earlier time points post challenge suggest an

earlier temporal expression of this cytokine not observed in
our later post-challenge evaluation. There is also a signifi-
cant difference in animals that have resolved influenza
infection where a decreased amount of GM-CSF
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(P = 00465) and an increase in IFNy (P = 00323) was
detected. The decrease in GM-CSF correlates well with a
previous report that GM-CSF is less prevalent in influenza
resolved animals (Table 1).2

We also report a noticeable change in the immune cell
populations with respect to B-cells, CD4" T-cells, and the
myeloid cell populations. There is a trend of increased
prevalence in CD4 T-cells in the post-influenza environ-
ment across all ages. B-cell numbers also trend toward
increase in influenza treated animals in young and adult
animals; however, there is a noticeable decrease in the B-
cells in aged animals. Across all age groups, there is a gen-
eral decrease in frequency of cells that would normally
make up the myeloid cellular fraction of the BAL (macro-
phages, neutrophils, dendritic cells, and natural killer cells)
(Table 1).

Our study also shows, as cited by others, that toll-like
receptor (TLR) gene expression in the post-influenza envi-
ronment is decreased in cells found in the BAL® after both
influenza and Pseudomonas infection. Our data support the
previous finding of a reduced expression of TLR mRNA in
influenza-cleared mice when we measured TLR 2, 3, 5, and
7. Only TLR4 showed differences with respect to age with
young mice showing little or no detectable change in TLR4
mRNA expression. Our results show an increase in the
expression across all TLRs examined in the aged mice
group (Table 1) irrespective of influenza infection status.
These data support earlier studies performed with adult
mice that showed reduced TLR mRNA expression in the
post-influenza environment. This study also expands the
current understanding of the potential role of age in influ-
enza mediated bacterial infection-induced mortality.

The impact of these alterations in the immune microen-
vironment across age groups and infection status is high-
lighted by the ability of bacterially challenged animals to
clear infection. Assessment of bacterial load in the lungs of
P. aeruginosa challenged mice indicated a difference in
young and adult mice if previously infected with influenza
virus. In aged mice, both influenza challenged and influ-
enza-naive mice had higher bacterial loads and less variabil-
ity when comparing within the age group, supporting the
risk of age alone in susceptibility to bacterial pneumonia
(Table 1, Figure 1).

Taken together, these data support the potential role for
both virus-mediated and age-mediated alteration of innate
immune effectors in the pathogenesis of influenza and
increased the susceptibility to secondary bacterial infection
that results from influenza infection in mice. These findings
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Figure 1. CFU Counts of Pseudomonas aeruginosa 24 h PI in BAL.

highlight distinct differences in the immune environment
between age groups and thus reveal necessity for further
examination as to the mechanisms of immunity across age
with respect to current infection status. Garnering a clearer
understanding as to the complex interaction of host and
pathogen with respect to age in influenza infections is cen-
tral to the development of increased efficacy in vaccine and
therapeutic strategies.

References

1 Castle SC, Uyemura K, Fulop T et al. Host resistance and immune
responses in advanced age. Clin Geriatr Med 2007; 23:463-479.

2 Didierlaurent A, Goulding J, Patel S et al. Sustained desensitization to
bacterial Toll-like receptor ligands after resolution of respiratory influ-
enza infection. J Exp Med 2008; 205:323-329.

3 Taubenberger JK, Morens DM. The pathology of influenza virus
infections. Annu Rev Pathol 2008; 3:499-522.

4 Palacios G, Hornig M, Cisterna D et al. Streptococcus pneumoniae
coinfection is correlated with the severity of HIN1 pandemic
influenza. PLoS ONE 2009; 4:e8540. doi:10.1371/journal.pone.
0008540.

5 Centers for Disease Control and Prevention. Bacterial Coinfections in
Lung Tissue Specimens from Fatal Cases of 2009 Pandemic Influenza
A (H1N1) — United States, May-August 2009. MMWR-September 29,
2009/58. Available at:  http://www.cdc.gov/mmwr/preview/mmw
rhtml/mm58e0929a1.htm (Accessed 1 October 2009).

6 Franceschi C, Bonafé M, Valensin S. Human immunosenescence: the
prevailing of innate immunity, the failing of clonotypic immunity,
and the filling of immunological space. Vaccine 2000; 18:1717-
1720.

7 Salminen A, Huuskonen J, Ojala J et al. Activation of innate immunity
system during aging: NF-kB signaling is the molecular culprit of in-
flamm-aging. Ageing Res Rev 2008; 7:83-105.

8 Neter J, Wasserman W, Kutner MH. Applied Linear Statistical Models,
3rd edn. Irwin: CRC press, 1990; 741-744.

© 2011 Blackwell Publishing Ltd, Influenza and Other Respiratory Viruses, 5 (Suppl. 1), 195-201

201 |



DOI:10.1111/j.1750-2659.2011.00217.x
www.influenzajournal.com

Prospective estimation of the effective reproduction
number of pandemic influenza in Hong Kong

Max S. Y. Lau,? Eric H. Y. Lau,? Lai-Ming Ho,? Shuk-Kwan Chuang,” Thomas Tsang,® Shao-Haei Liu,*

Pak-Yin Leung,® Su-Vui Lo,“ Benjamin J. Cowling®

*Infectious Disease Epidemiology Group, School of Public Health, The University of Hong Kong, Hong Kong Special Administrative Region, Hong
Kong, China. "Centre for Health Protection, Department of Health, Government of the Hong Kong Special Administrative Region, Hong Kong,
China. “Hospital Authority, Hong Kong Special Administrative Region, Hong Kong, China. “Food and Health Bureau, Government of the Hong

Kong Special Administrative Region, Hong Kong, China.

Keywords Hospitalisation, influenza, mathematical model, pandemic, transmissibility.

Please cite this paper as: Lau et al. (2011) Prospective estimation of the effective reproduction number of pandemic influenza in Hong Kong. Influenza and

Other Respiratory Viruses 5 (Suppl. 1), 202-229.

Background

Pandemic influenza A (HIN1) virus (pHIN1) emerged in
early 2009 and rapidly spread to every continent. An urgent
priority for international and national public health author-
ities was to estimate the transmissibility of the pandemic
strain for situational awareness and to permit calibration of
mitigation strategies. The basic reproductive number, Ry, is
defined as the average number of secondary cases that 1
index case generates in a completely susceptible population,
and is a common measure of transmissibility. However, it
is difficult to estimate R, without an understanding of the
degree of any pre-existing immunity in the population. The
effective reproductive number, R, is defined as the average
number of secondary cases that 1 index case generates, and
can be estimated over time (i.e. R,). Wallinga and Teunis'
described a method to estimate R, based on illness onset
dates of the cases while assuming that all secondary cases
would have been detected, and Cauchemez et al.® extended
the method to permit prospective estimation by adjusting
for secondary cases that have not yet experienced illness
onset at the time of analysis. We describe how the method
can further be extended to account for reporting delays,
allowing true real-time estimation of R, during an epi-
demic, and we illustrate the methodology on notifications
of pHIN1 and associated hospitalizations in Hong Kong.

Methods

Sources of data

We obtained data on all laboratory-confirmed pHINI1
infections (‘cases’) reported between May 1 and November
15, 2009 to the Hospital Authority and Center for Health
Protection in Hong Kong collated in the eflu database.

A subset of the cases was hospitalised. The database also
included information on age, sex, illness onset date, labora-
tory confirmation date, and contact history (for the early
cases). Laboratory-confirmed pHINI infection was a notifi-
able condition throughout our study period.

Statistical analysis

We extended existing methods for estimating R, over time
to allow for reporting delays between illness onset and
notification, and between illness onset, notification, and
hospitalisation for those cases that were hospitalised, where
the reporting delay distribution were estimated empirically
from the data.” We further extended the methodology to
allow for imported cases (infected outside Hong Kong)
contributing to the estimation of R, as infectors but not
infectees. We used multiple imputation to allow for miss-
ing data on some symptom onset dates to make best use of
all available data.* We used a serial interval with mean
(standard deviation) of 32 (1-3) days,5 and in sensitivity
analyses, we used serial intervals with mean 2-6 days® and
3-6 days.” Statistical analyses were performed in R version
2.9.2 (R Development Core Team, Vienna, Austria).

Results

In late April 2009 following the WHO global alert, Hong
Kong initiated containment protocols to attempt to delay
local transmission of pHIN1 for as long as possible. These
measures included screening at ports, airports, and border
crossings, and enhanced surveillance for people with influ-
enza-like illness, particularly for those who had recently
returned from abroad. Laboratory testing capacity was sub-
stantial due to heavy investment in local infrastructure fol-
lowing previous experiences with avian influenza A/H5N1
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in 1997 and severe acute respiratory syndrome in 2003.
Laboratory-confirmed pHINI cases were isolated until
recovery, and their close contacts were placed under quar-
antine for 7 days. Imported cases were identified sporadi-
cally through May and early June 2009.

The first case of pHINI not traceable to importation
(i.e. a local case) was identified on June 11 and triggered a
change to mitigation phase measures. Some containment
measures, including isolation of cases, were continued until
the end of June to allow a soft transition between contain-
ment and mitigation phases. As an immediate measure to
try to reduce community transmission of pHIN1, all child-
care centres, kindergartens, and primary schools were pro-
actively closed for 14 days (subsequently extended for
another 7-14 days to summer vacation in early July).® Any
secondary schools in which one or more confirmed pHINI
case was identified were reactively closed for 7 days. On
June 13 the government opened eight designated flu clinics
across the territory to provide free medical consultation for
outpatients with influenza-like illness and free laboratory
testing for pHIN1. These clinics resumed regular chronic
disease services in mid-August, and laboratory testing and
antiviral treatment was restricted to high risk groups in
September. The various interventions are highlighted in
Figure 1(A), superimposed on the epidemic curve of labo-
ratory-confirmed pHIN1 cases and pH1N1-associated hos-
pitalizations. Around 15% of the cases were hospitalised,
and this proportion increased somewhat towards the end
of the epidemic.’

Figure 1(B) shows the estimates of R, based on labora-
tory-confirmed pHINI cases. The estimated R, peaked at
15 on June 12, and fell below 1 between 20 June and 3
July (which was within the school closure period). R, fluc-
tuated between 0-8 and 1-3 through the school summer
vacations in July and August, it subsequently increased to
around 1-2-1-3 after schools reopened in September until
the epidemic peaked in late September, and then fluctuated
below 1 as the epidemic declined. The trends in R, based
on HINl-associated hospitalizations were similar, although
with wider confidence intervals due to the smaller number
of events (Figure 1C). The extension of the methods to
allow for reporting delays avoided substantial bias in real-
time estimates of R during the epidemic for the most
recent 7 days, and closely tracked the final estimates of R,.”

Discussion

Our results suggest that pHIN1 may have had slightly
lower transmissibility in Hong Kong than elsewhere. For
example, estimates of R, were around 1-5-2:0 in New Zea-
land® and Australia.'” Lower transmissibility in Hong Kong
has been associated with school closures in June and July
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Figure 1. (A) Number of cases of laboratory-confirmed cases of pandemic
influenza A (HIN1) virus infection (grey) and hospitalizations (black) by
date of illness onset and dates of important control measures, Hong Kong,
from April through October 2009. (B) Daily estimates of the effective
reproduction number R, based on pandemic HINI notifications with 95%
confidence intervals, where the dashed line represents the threshold of

R, = 1. (C) Daily estimates of the effective reproduction number R, based
on pandemic HIN1-associated hospitalizations with 95% confidence
intervals, where the dashed line represents the threshold of R, = 1.

followed by summer vacations from July through August.®
Furthermore, in Hong Kong the influenza virus usually
does not circulate after August,'' and therefore seasonality
could also be a cause for the lower R,. On the other hand,
the interventions applied during the mitigation phase, such
as the widespread use of antiviral treatment in Hong Kong
and the pre-existing immunity in the ageing population in
Hong Kong, may also be associated with lower transmissi-
bility.

There are some limitations to our work. First, we only
used aggregated data, and we did not consider the hetero-
geneity among the cases in terms of sex and age or other
factors. Therefore our estimates can only provide a snap-
shot of the overall trend, but limited information for any
specific subset of population. Secondly, we did not consider
the possibility that cases might be infected in Hong Kong
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and exported to other countries, which could lead to slight
underestimation of the transmissibility. One has to be care-
ful in translating the estimated R, to the effectiveness of
any specific interventions, as interventions may not be the
only factor influencing the transmissibility; for example, a
depletion of the susceptible population during an epidemic
can also be a factor for the decline in R..'?

In conclusion, real-time monitoring of the effective
reproduction number is feasible and can provide useful
information to public health authorities for situational
awareness and planning. In affected regions, laboratory
capacity was typically focused on more severe cases, and
changes in laboratory testing and notification rates meant
that that case counts may not necessarily reflect the under-
lying epidemic. A useful alternative to case-based surveil-
lance is surveillance of the subset of severe infections, for
example hospital admissions, or ICU admissions,"” and our
results show that it was feasible to monitor pH1N1-associ-
ated admissions in real-time to estimate transmissibility.
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Abstract

Influenza antigenic cartography projects influenza antigens
into a two or three dimensional map based on immunolog-
ical datasets, such as hemagglutination inhibition and mi-
croneutralization assays. A robust antigenic cartography
can facilitate influenza vaccine strain selection since the
antigenic map can simplify data interpretation through
intuitive antigenic map. However, antigenic cartography
construction is not trivial due to the challenging features
embedded in the immunological data, such as data incom-

pleteness, high noises, and low reactors. To overcome these
challenges, we developed a computational method, tempo-
ral Matrix Completion-Multidimensional Scaling (MC-
MDS), by adapting the low rank MC concept from the
movie recommendation system in Netflix and the MDS
method from geographic cartography construction. The
application on H3N2 and 2009 pandemic HINI influenza
A viruses demonstrates that temporal MC-MDS is effective
and efficient in constructing influenza antigenic cartogra-
phy. The web sever is available at http://sysbio.cvm.
msstate.edu/AntigenMap.
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Introduction

As a segmented, negative stranded RNA virus, influenza
virus is notorious for rapid mutations and reassortments.
The mutations on the surface glycoproteins (HA and NA) of
influenza viruses are called antigenic drifts, and these anti-
genic drift events allow the virus to evade the accumulating
immunity from previous infection or vaccination and lead
to seasonal influenza epidemics. A reassortment event with a
novel influenza antigen may result in antigenic shift and
cause influenza pandemic. For instance, the 2009 HIN1 pan-
demic virus is a reassortant with a swine origin HA antigen.
Vaccination is the primary option for reducing the effect
of influenza, and identification of the right vaccine strains
is the key to development of an effective vaccination pro-
gram. The antigenicity of an optimal vaccine strain should
match that of the epidemic strain. In influenza surveillance
program, the influenza antigenic variants are generally
identified by the immunological tests, such as hemaggluti-
nation inhibition (HI) assay, microneutralization (MN)
assay, or ELISA. These immunological assays measure the
antigenic diversity between influenza viruses by comparing
the reaction titers among the test antigens and reference
antisera. However, data interpretation of the data from
these assays is not trivial due to the embedded challenges
such as data incompleteness, high noises, and low reactors.
By mimicking geographic cartography, influenza antigenic
cartography projects influenza antigens into a two or three
dimensional map using immunological datasets." Antigenic
cartography can simplify the data interpretation, and thus,
facilitate influenza antigenic variant identification. Recently,
we developed a novel computational method, temporal
Matrix Completion-Multidimensional Scaling (MC-MDS), in
antigenic cartography construction.” In this paper, we
described the details of temporal MC-MDS, especially the ori-
ginal concepts introduced in this method, and how they can
achieve the robustness in antigenic cartography construction.

Methods

Our method included two integrative steps: it first recon-
structs the HI matrices using low rank MC method, and
then generates antigenic cartography using MDS with a
temporal regularization. The MC concept was adapted
from the movie recommendation system in Netflix and the
cartography concept from geographic cartography.

MC and Netflix

In 2006, Netflix, an online DVD and Blu-ray Disc rental-
by-mail and video streaming company, held a 3-year
Netflix Prize contest (http://www.netflixprize.com/) on
computational methods for improving its recommendation
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system.” In its recommendation system, Netflix collected
the rating data from the individuals. Based on his or her
renting history and the ratings in the systems (e.g., from
evaluators and other renters), Netflix recommendation sys-
tem suggests certain movies to a renter. Apparently, no
individuals would be feasible to provide ratings for all of
the movies, as it will take hundreds of years for a single
person to rate over 50 000 movies available from Netflix.
Thus, the resulting rating data is an incomplete matrix,
and it can be as sparse as less as 1%.* The challenge in
Netflix recommendation system is a classic MC problem.*™®
As the inspiration of Netflix Prize contest, many efficient
low rank MC algorithms were developed, for instance, Opt-
Space,” SVT,” CF,” BellKor,'"” PF,'" and FWLS.'"? Eventu-
ally, the team BellKor’s Pragmatic Chaos won this contest.
Their methods combines nonlinear probe blending and lin-
ear quiz blending to come up with a predictor BigChaos."?

Matrix completion estimates the unobserved values based
on the observed values. The users can refill the missing
data without repeating the experiments. Furthermore, MC
will help reduce the noises in the data, for instance, those
biases by different individuals performing experiments.

In influenza antigenic characterization, HI assay is a
commonly used assay for antigenic analysis, since HI assay
is relatively economic and easy to perform. However, HI is
labor intensive, and it is almost impossible for any individ-
ual lab to complete the HI assays for all pairs of antigens
and antisera during influenza surveillance. In addition,
both testing antigens and the reference antisera are
dynamic. For instance, in seasonal influenza surveillance,
generally only contemporary antisera are used in experi-
ments. Thus, we will have to integrate multiple HI tables in
order to evaluate the overall antigenic changes for influenza
vaccine strain selection. The resulting HI tables will be
incomplete, and the observed entries in the integrated HI
data can be as less as 3%. The completion of this matrix
can be formulated as a typical MC.

Briefly, given the combination of HI matrix with #m anti-
gens and n antisera, the HI matrix can be represented as
M, = (13j) s Where m;; denotes the HI values from the
reaction between testing antigen i and antiserum j. The low
rank MC assumes that both antigen and antiserum can be
embedded into a low rank space. To be specific, the low
rank MC method is to seek matrix U,,x,, V- and a diago-
nal matrix X,.,, where M = U, .,2..(V,,)'. In order to
achieve this goal, the optimization formulation has been
employed, which can be represent as following,

IR ,
ming D30 (M~ X5+ 25(). .
=1 j=

s.t. X - Umxrzrxr(VnXV)T
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where E denotes the observed entries in HI matrix and
g(X) is a regularization function. The Eqn (1) is the stan-
dard format of a low rank MC formulation.

MDS and geographic cartography construction

The geographic cartography is a common technique to dis-
play the cities and their geographic distances in a map.
This cartography can be generated using MDS based on a
geographic distance matrix. Figure 1(A) shows the anti-
genic cartography generated using a distance matrix with
seven cities, and Figure 1(B) is a map for comparison.

As an analog of geographic cartography, the influenza
antigenic cartography maps the influenza antigens into a
two or three dimensional map based on the distance matrix
generated using immunological data. This incomplete
matrix can be filled through MC algorithm discussed in
section MC and Netflix.

Low reactors, non-random date incompleteness,
and temporal model

Generally, three types of data are present in a combined HI
matrix: high reactor, low reactor, and missing values.
Among these three data types, high reactors are the most

100 km o hashvise

mBirringham

B w Searkcelie [HSL}
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M5 Bringhan
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New Orfeans

Figure 1. Comparison of the map and geographic cartography generated
solely based on seven cities. (A) The cartography constructed by using
Multidimensional Scaling; (B) the geographic map of this area generated
using ArcGIS 9.3 (Esri company, Redlands CA, USA).

reliable data points. The low reactors are those values pres-
ent in the HI matrix as “equal to or less than a threshold
07, where 0 can be 5, 10, 20, or 40. Low reactors have sim-
ilar values in the affinity dataset but could be from differ-
ent binding settings. These low reactors are present due to
the detection limits of biotechnology, and they are not reli-
able. Both these missing values and low reactors make it
very difficult to analyze and interpret antigenic correlations
amongst tested antigens and reference antigens. To our best
knowledge, none of the existing MC method can handle
the threshold values.

In addition, the non-random incompleteness of influenza
immunological datasets generates an additional challenge in
traditional MC methods, which are based on the assump-
tion that the observed values are randomly distributed
among the matrix. In a typical combined antigenic HI data,
most of the off-diagonal entries are missing values or low
reactor values.'

In order to overcome the above issues, we incorporated
a regularization function into the Eqn (1),

1 m n

s E E\2 E
mxmzz;zlj (M — XP)'I(X] > 0,) + 7g(X), o
=1 j=

s.t. X = Umxrzrxr(VnXY)T

where I(XI-I]'; >0, =1 if Xg > 0; and I(ijT >0;)=0
otherwise.

This indicator function is only valid for those entries
with low reactor values. An alternating gradient decent
method is applied to solve the optimization problem in
Eqn (2). In addition, a temporal MDS method is proposed
to project the antigens into a 2 or 3 dimensional map.

S0y

0<ti—tji<w acG;

+ ;v2 Z (dc,cj + dc/'ck

pr<j—i=k—j<p,

—d..) ®)

where Dj; is the average distance between virus I and virus
Jj» ti is the isolation year of virus i, d; is the distance
between virus i and virus j in cartography, dais the dis-
tance between virus a and center of group i, and d,,, is the
distance between the centers of group I and group j. All
the parameters are tuned by cross validation. We named
this method as temporal MC-MDS.

Results

By applying temporal MC-MDS method in an H3N2 data-
set,> which includes 4215 (19-56%) observed entries from
the reactions among 273 H3N2 testing antigens and 79 ref-
erence antisera, 937 of 4215 observed values (22-2%) are
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Figure 2. Antigenic cartography with and without temporal model. (A)
The three dimensional antigenic cartography for A/H3N2 seasonal
influenza virus (1968-2002) without temporal model, and the antigenic
clusters were defined in Ref. [2]; (B) the three dimensional antigenic
cartography for A/H3N2 seasonal influenza virus (1968-2002) with
temporal model; (C) the two dimensional antigenic cartography for 2009
A/HIN1 pandemic influenza without temporal model, and these viruses
were labeled in shape by the corresponding month for them to be detected.
One grid is corresponding to a twofold change in hemagglutination
inhibition experiment.

low reactors. Figure 2(A) is a three-dimensional influenza
antigenic map based on this data by using MC-MDS
method. The reported 11 clusters (HK68, EN72, VI75,
TX77, BK79, SI87, BE89, BE92, WU95, SY97, and FU(2)
were displayed in the core of a spiral S-shape, and BK79
and BE92 are located at the turning point of this S-shape.
However, the antigenic distances between some viruses are
incorrect. For example, the distance between HK68 and
FUO02 in the projection is 7-:1223 units, which is close to
the distance between HK68 and BK79 (65113 units). The
main reason leading to those inaccurate distances is the
unique distribution of HI datasets described in section 2.3.
In comparison, with the temporal model, not only the
viruses in 11 clusters have been clearly separated, but also
the antigenic distances between each cluster are propor-
tional to their isolation time interval. In this updated car-
tography (Figure 2B), the antigenic distance between HK68
and FUO02 is 15:0633 units, where the distance between
HK68 and FUO2 is 6:3984 units. This result suggested that
the temporal information is critical for antigenic cartogra-
phy construction for immunological datasets spanning a
long time period. The HI data from seasonal influenza sur-
veillance belong to this category.

For seasonal influenza virus/pandemic influenza viruses
within a short time span, the temporal model is probably
not necessary, as there is lack of long-term immunological
pressure present in the population. Figure 2(C) is an anti-
genic cartography generated using a HI dataset with 2009
HIN1 influenza viruses spanning from April of 2009 to
June of 2009. This map demonstrates that there is lack of
antigenic drifts during the first wave of this pandemic
influenza as all of these viruses are mixed altogether.

Our limited studies on H5 and H7 avian influenza
viruses suggested the temporal model is not needed for
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avian influenza viruses. However, extensive studies are
required to investigate whether there is any special data
structure present in this type of data.

Conclusion

In this study, we described in details the concepts and
applications of new computational method, temporal MC-
MDS for influenza antigenic cartography construction. We
formulate the influenza cartography as two integrative
steps: low rank MC problem from the concept of Netflix
movie recommendation system and MDS from geographic
cartography construction. In order to handle two addi-
tional challenges, including low reactor and non random
distribution of antigenic data, a temporal model is incorpo-
rated into MC-MDS as temporal MC-MDS. Our applica-
tions demonstrated that temporal MC-MDS is effective in
constructing influenza antigenic cartography.
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Introduction

The mechanisms driving the three waves of infection and
mortality in the UK in 1918-1919 are
Although the circulation of three distinct viruses could
have generated three waves of infection,' the virological

uncertain.

evidence required to prove or disprove this hypothesis is
lacking. Social distancing, an alternate mechanism for
generating fluctuations in the effective susceptible pool
and therefore explaining multiple waves of infection,’
was not generally imposed in the UK as it was in the
US and Australia. We are therefore motivated to explore
the possible role of continual population-level changes in
the average protective response against the circulating
virus in generating a multi-wave pandemic, within a bio-
logically motivated deterministic model for influenza
transmission.

The nature and duration of protection against further
infection following recovery from influenza is uncertain
and depends on the mode and tempo of viral evolution,
as well as the response of the cellular and humoral arms
of the adaptive immune system.* For a given sea-
sonal/pandemic strain, memory B-cells may generate a
specific antibody response in a portion of the adult/el-
derly population, depending on the exposure to related
antigenic sub-types.” However neutralising antibodies are
unlikely to be a widespread immunological response to a
novel (pandemic) strain. Memory T-cells which recognise
conserved internal viral proteins may be a more common
mechanism for protection; the generation of very high
levels of cytotoxic CD8" T-cells potentially facilitates rapid
viral clearance,”” and lower levels of CD8" T-cells perhaps
provide partial protection.® In this work we explore key
drivers of multi-wave pandemics within phenomenological
models that incorporate different immune response mech-
anisms building on existing models™' incorporating the
role of evolving population-level protection in multi-wave
pandemics.

Materials and methods

Data and parameter fitting

We use weekly reports of influenza mortality rates'' for five
administrative units in the UK (Blackburn, Leicester, New-
castle, Manchester and Wigan) where records from block
censuses instigated by local medical officers to record the
cumulative incidence of reported symptoms in each wave
in a sample of 1000 or more households are also avail-
able.'” The symptom reporting data allows us to estimate
the case fatality rate and thus use the mortality time series
to constrain our transmission model. Furthermore, the
incidence of individuals reporting symptoms in multiple
waves provides information about the acquisition and loss
of immunity. We extract the death rate and symptomatic
(re)infection rates predicted by our model prevalence for a
given set of parameters and estimate a likelihood-based on
a comparison to all the death and cumulative reported
incidence data assuming a negative binomial error distribu-
tion. We utilise Monte Carlo Markov Chain (MCMC)
methods with parallel tempering algorithms to maximise
this likelihood and obtain parameter estimates. Parallel
tempering — which concurrently searches for maximal like-
lihood parameter solutions on a set of scaled likelihood
surfaces — allows for relatively rapid exploration of the
parameter space. We use Bayesian information criteria
(combined with qualitative assessment of biological plausi-
bility) to aid model selection.

Deterministic compartmental dynamical model for
influenza transmission

We have implemented a deterministic compartmental
transmission model, which allows for a variety of phenom-
enological modes of protection against the pandemic virus.
To facilitate this, we stratify the population into two
groups; the ‘experienced’ population (stratum 1) who have
had been exposed to an influenza virus and the ‘naive’
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population (stratum 2) who have not. In each stratum, i
hosts may be classified as either susceptible S;, exposed E1;
and E2;, having (recovered from) a symptomatic I; (R;), or
asymptomatic A; (RA;) infection. Note that the states TQ;,
TQ2;, E2;, T;, and T2; are included so that the hosts move
between the key epidemiological states with a peaked
(rather than exponential) distribution of waiting times.
Hosts in the experienced stratum may exhibit reduced sus-
ceptibility, infectiousness, and symptomatic proportion
compared to naive hosts, parameterised by &, &, and &,
respectively; however note that depending on the model
parameters, there may be fully susceptible hosts within the
experienced stratum. In addition, we assume homogeneous
population mixing and a constant basic reproduction num-
ber R, with the force of infection:

B = Rov Es8,8]  Esy
U aN[xgp(eeser) + (1 — xg)] er 1)

modulated by a sinusoidal seasonal term with amplitude
b, with phase chosen to maximise transmission in the win-
ter season. Here N is the total population size, and xg is
the initial fraction in the experienced strata. The propor-
tion of symptomatic cases o and the case fatality rate y are
permitted to vary from wave to wave (and given indices 1,
2 or 3 accordingly). The transmission dynamics is
described by the following set of coupled ordinary differ-
ential equations.

ds; S
3= 2 BiliSi+éTQ2 + S,

=1

dEl; <
5 = 2 BiliS —vEL
=

dE2i g1, E,
dt _y 1 )) 19
dI;
5 = fxyEZ, — VII'7
dA;
P (1 —o)yE2; — vI;,
dR;
dtl = VIi - ¢Rfa
dT;
i (1- p)pR: — T,
dt ( pl)d) ﬁb 1
dp;
Fri PiPRi + pipRA;,
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dd?i = —doQ;,
dﬁ’:" = vA; — PRA;,
T = (1= p)oRA = 4T
dthi = $oQi — ¢oTQ;,
dgi = ¢Ti — $T2;,
digszf = GTA; — PTA2;,
dj:i?Zi = ¢oTQ; — poTQ2;,

where S;,; =Y. ©TQ2; and S;,, =0 in order to divert
recovered infectious hosts from the naive stratum into the
experienced stratum. The probabilities of gaining perma-
nent protection are p; = p and p, = 0. The latent exposed
period is fixed to be y = 1/1-3 days, and the rate of recov-
ery is parameterised by v = 1/T;, where T, is the infec-
tious period. Hosts with prior sterilising protection begin
in Q, and move into S; at rate @g = 3/T,q. Recovered
hosts (R;) migrate back to S; at a rate ¢ = 3/T,,. The state
P; contains hosts with permanent protection. The modes
of protection captured in this model are:
i. permanent prior protection (beginning in state P,),
ii. waning prior protection (beginning in state Q,),
iii. permanent acquired protection with probability p
(moving into state P;),
iv. waning acquired protection with probability 1 — p,
and,
v. partial prior protection (beginning in state S;)
resulting in reduced infectiousness (¢;), susceptibility
(&s), and symptomatic proportion (g,).
In the context of this model, ‘permanent’ protection
refers to protection which lasts for the duration of the epi-
demic.

Results

Here we explore the results of parameter fitting to two
models which differ in the nature of the assumed pre-exist-
ing protection in the community at the beginning of the
pandemic. Protection hypothesis 1 assumes that the prior
protection is sterilising but temporary, whilst protection
hypothesis 2 assumes that the prior protection is partial but
permanent and may act on susceptibility, infectiousness,
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Figure 1. Current best fit for Blackburn (above) and Leicester (below). The left panel shows model fit (black line) to the mortality data (black points) and
the Poisson error on the model (grey shaded area). The middle panel shows the re-infection data (black) and the model prediction (white) with Poisson
error bars. The right panel shows the time evolution in the number of people in the temporary waning (dotted line), prior (solid line), and permanent

(dashed line) protection states.

and/or asymptomatic proportion. Each model allows wan-
ing acquired protection and for a proportion p of the expe-
rienced population to gain permanent protection following
infection. Fitted parameters common to each model are
Tinp b1, p> Ty o, 1 and the proportion beginning in P x;.

Prior protection hypothesis 1: sterilising, waning
prior protection

We fix xp = 1 and fit for Q;(t = 0)/N and T, so that pro-
tective modes i, ii, iii, and iv are enabled (Figure 1).

It is important to note that due to the slow convergence
of the MCMC chains, we cannot guarantee that our
parameter estimates correspond to the global minimum.
Furthermore, parameter estimates can only be meaningfully
interpreted for good fits to the data. Due to the prediction
of a fourth (unobserved) wave for the model fit to Black-
burn, we do not report these parameter estimates here. The
fits to the Leicester data are generated with the parameter
set Ry =57, o =025, =065 o =065 T,=028-
years, T, = 0-45 years, S,(t = 0)/N = 027, P,(t = 0)/N =
0-29, Q;(t = 0)/N = 0-44, b, = 0-005, Ti,r= 0-8 days, and
p =072 (0-77).

Protection hypothesis 2: partial, permanent prior

protection

We fix Q,(t = 0)/N = 0 and fit for xp, &, &5 and &g so that

protective modes 1, iii, iv, and v are enabled (Figure 2).
The parameters corresponding to the fit in Figure 2 for

Leicester are Ry =74, o, =009, o, =050, oz=061,
T, = 022 years, Pi(t=0)/N =001, S,(t=0)/N =048,
by = 0021, Ty =094 days, p=0561, &, = 09966,

er = 0:946, and &5 = 0-594.
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Figure 2. As for Figure 1 with for the model with protection hypothesis 2.
The solid black line in the third panel now shows the evolution of the
proportion of the population in the naive stratum.

Discussion

Our model with protection hypothesis 1 — which, similarly
to the model discussed in Ref. [9], assumes that a sub-pop-
ulation has waning sterilising prior protection — is able to
generate multiple waves of infection via the continual
replenishment of S; from an initially large proportion (over
40%) of hosts with prior protection in Q combined with
the waning of acquired immunity in around 23% of cases
on a time-scale of 3 months. Disease severity as measured
by symptomatic proportion increases from 25% in the first
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wave to above 60% for the second and third waves. Over a
quarter of the population are initially permanently
immune, and a large R, value of 57 drives transmission in
the remaining population.

Protection hypothesis 2 — which assumes that prior pro-
tection offers partial susceptibility and/or reduced infec-
tiousness or symptomatic disease — performs slightly more
poorly; the fit to the Leicester data has an inferior likeli-
hood (although the mortality data only likelihood is a little
larger), despite the higher dimensionality of the model
Nevertheless, the model fit still mirrors many characteristics
of the data, particularly for Leicester. We note that for this
model, o is very near the lower limit, corresponding to
ubiquitous exposure in the first wave. In this scenario,
refuelling of the susceptible pool to generate secondary and
tertiary waves is still possible due to a shorter waning time
of acquired protection (well within 3 months) and a lower
probability of gaining permanent protection following
infection, when compared with the parameter estimate for
hypothesis 1. The parameter estimates suggest that approxi-
mately 50% of the population initially experiences reduced
disease severity (&, ~ 0:66), but similar susceptibility and
infectiousness. A larger value for Ry ~ 7-4 is required to
drive transmission despite low numbers beginning in Py,
due to the large number of hosts who acquire temporary
or permanent immunity early on in the pandemic.

It is clear that, at least mathematically and perhaps bio-
logically, there are multiple possibilities for the structure of
population-level protection which are compatible with the
generation of multiple pandemic waves. However, whilst
the models considered here are able to explain the observed
mortality and reinfection data for some patterns of infec-
tion and mortality (e.g. Leicester), they are not consistently
able to reproduce a pandemic which dies out after three
waves across the connected populations we are studying
(e.g. for Blackburn). It is challenging to construct a deter-
ministic model for the spread of disease within multiple
locations in the UK in 1918, which assumes homogeneous
mixing without modulation of the transmission rate by
social distancing. An improved model working with these
assumptions likely requires a richer structure for the host
protection response than the structures we have explored
thus far. We are currently seeking improved fits to the data
by implementing a number of biologically defensible exten-
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sions to our model, including incremental immunity
whereby T,, increases by a factor y after each exposure to
the pandemic flu, and incremental loss of prior protection
whereby o increases as hosts lose their sterilising prior pro-
tection.

It is important to note that the mechanism(s) generating
differences in the pandemic experience recorded in geo-
graphically connected locations is an open question; true
differences in demography, varying degrees of reactive
social distancing, inhomogeneities in the circulation (or
circulation history, i.e. prior immunity) of viral strains, sto-
chastic variations, and/or unique socio-cultural/behaviour-
al conditions may all contribute to this effect.
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The 2009 HINI experience in Australia and elsewhere high-
lighted the difficulties faced by public health authorities in
diagnosing infections and delivering antiviral agents (e.g.
oseltamivir) as treatment for cases and prophylaxis for con-
tacts in a timely manner. Consequently, forecasts from
mathematical models of the possible benefits of widespread
antiviral interventions were largely unmet. We summarise
results from a recently developed model that includes real-
world constraints, such as finite diagnostic and antiviral dis-
tribution capacities. We find that use of antiviral agents
might be capable of containing or substantially mitigating an
epidemic in only a small proportion of epidemic scenarios
given Australia’s existing public health capacities. We then
introduce a statistical model that, based on just three charac-
teristics of a hypothetical outbreak [(i) the basic reproduc-
tion number, (ii) the reduction in infectiousness of cases
when provided with antiviral agents as treatment, and (iii)
the proportion of cases that present for medical attention],
accurately predicts whether or not an antiviral intervention
strategy will be successful. The model highlights the impor-
tance of having data collection tools in place prior to a pan-
demic outbreak, so as to make accurate and timely estimates
of key epidemiological parameters unique (in both time and
place) to any particular epidemic.

Introduction

Governments and public health agencies worldwide,
spurred by outbreaks of SARS and H5NI1, have developed
preparedness strategies to mitigate the impact of emerging
infectious diseases, including pandemic influenza. Pan-
demic response plans are presently being revised in light of
the 2009 HIN1 experience.'” Many developed countries
amassed large stockpiles of neuraminidase inhibitors
(NAIs) with the expectation that they could be used to not

only treat the most severely ill, but curb transmission in
the community.

Without relevant field experience indicating how NAIs
should be distributed, mathematical and computational
modelling has been used to inform optimal deployment pol-
icy in a pandemic scenario.*'° Models of population trans-
mission were used to infer likely effects on epidemic
dynamics, using data from human and animal studies of
experimental infection and NAI efficacy trials. In the Austra-
lian (and wider) context, models indicated the potential for
substantial benefit at the population level if NAIs were dis-
tributed in a liberal manner, targeting close contacts of in-
dentified cases.'! Furthermore, results indicated that use of
limited NAI resources in this way may improve the impact
of case treatment due to the effects on epidemic dynamics."'

However, these models did not take into account logistic
and other real-world constraints, such as finite diagnostic
and antiviral distribution capacities, which were identified
as limiting factors during the Australian 2009 HIN1 pan-
demic response.”** In particular, if using positive PCR
diagnosis as a ‘decision to treat’ test, delays to confirmation
of diagnosis, particularly once total laboratory capacity was
exceeded, prevented timely delivery of NAIs to both cases
and contacts of cases.'?

In previous work,'”> we have extended our existing mod-
els to examine how diagnostic strategies [e.g. using PCR
confirmation versus syndromic influenza-like illness (ILI)
presentation as a decision to treat], diagnostic-capacity,
and NAI distribution capacity each impact on the ability to
deliver an effective intervention. The model uses case sever-
ity (the proportion of infections deemed severe) to deter-
mine the overall presentation proportion, and so the ability
to identify individuals eligible for NAI treatment and con-
tact prophylaxis.

Figure 1(A) shows a key result from the model. For each
curve shown, we simulated thousands of epidemics, sam-
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Figure 1. (A) Probability density (smoothed) for the final attack rate for
different interventions assuming current capacity constraints in the
Australian context. Any given intervention will either (i) almost completely
control the epidemic or (ii) have a negligible impact. (B) Surface plot of
the percentage of simulations in which the outbreak was controlled for a
decision based on PCR while lab capacity is sufficient followed by a switch
to a Syndromic (ILI) based decision. Estimated Australian PCR lab
capacity appears sufficient, while significant benefits for public health
outcome may be achieved if logistical delivery constraints for antiviral
distribution can be ameliorated. The dot indicates the author’s estimate of
Australian capacity in 2009, and the arrow represents the direction in
which most benefit would be found. ILI, influenza-like illness.

pling across plausible ranges of parameters describing virus,
population, and intervention characteristics using a Latin
Hypercube Sampling (LHS) approach. Without interven-
tion, the proportion of the population infected either
symptomatically or subclinically by the end of the epidemic
is around 50%. If a syndromic strategy (ILI presentation) is
used to determine provision of NAls as treatment and pro-
phylaxis, excessive distribution of drug to individuals who
are not infected with influenza occurs early in the epi-
demic. Early stockpile expiry accounts for a marginal
impact of the antiviral intervention on the final outbreak
size, in the order of a few percent. The second strategy
modelled (PCR/Syndromic) is one where PCR confirmation
of diagnosis is required early in the epidemic to make
treatment decisions until such time as laboratory capacity
is exceeded. From this point, individuals are treated on the
basis of symptoms alone — during an epidemic phase in
which a substantial proportion of ILI presentations will be
attributable to influenza. Under this strategy, the interven-
tion is able to control the outbreak in approximately 10%
of the simulated epidemics given the ‘base case’ constraints
on diagnosis and delivery assumed in the model.

The results highlight that a successful antiviral interven-
tion requires a highly sensitive diagnostic strategy in the
initial stages of the epidemic and comprehensive distribu-
tion of post-exposure prophylaxis. A PCR/Syndromic strat-
egy for decision to treat and provide contacts with
prophylaxis is thus optimal. The surface in Figure 1(B)
shows the percentage of simulation runs for the PCR/Syn-
dromic strategy that have a final population attack rate of
<10% (a substantial reduction from the no intervention
case of approximately 50%) as a function of PCR capacity
and NAI daily distribution capacity. As indicated by the
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arrow, the estimated Australian PCR laboratory capacity
appears to be sufficient, while significant benefits for the
public health outcome may be achieved if logistical delivery
constraints for NAI distribution can be ameliorated.

However, the probability that such an intervention —
even with substantial increases in PCR and NAI distribu-
tion capacity — would successfully mitigate an epidemic is
low (12-25%), and consequently it is difficult to universally
recommend an antiviral intervention.'?

In this study, we introduce a statistical model that pre-
dicts whether or not an NAI distribution strategy based on
a PCR/Syndromic antiviral distribution policy will be suc-
cessful in mitigating an epidemic. We thereby provide
proof-of-principle for the design of a decision support tool
that may be used by public health policy makers during an
epidemic when faced with formulation of context specific
NALI distribution policy.

Materials and methods

Synthetic data of hypothetical outbreaks and interventions
were generated using the LHS simulations developed in
Ref. [15]. We selected a random sample of 100 outbreaks
from a total of 2000 simulated epidemics (5% of model
simulations). Using these data, we identified independent
model parameters that were most highly rank-correlated
with the final attack rate. These parameters were included
in a logistic regression model to assess their ability to pre-
dict whether an influenza epidemic would be successfully
mitigated by an antiviral intervention (AR < 10%). Model
predictions were then validated against the full simulated
dataset.

Full details of the simulation model, its structure, pa-
rameterisation and parameter distributions are available in
Ref. [15]. Use of the LHS simulation approach, and the
method of model analysis and evaluation was similar to
that previously described.'® MATLAB 2010A (Mathworks,
Natick, MA, USA) was used for the analysis and statistical
model fitting.

Results

Table 1 shows results from our logistic regression model.
Key parameters sufficient to predict whether or not an out-
break may be controlled by the deployment of AV agents
are:

1. Ry, the basic reproductive number of the outbreak
(assigned values between 1:35 and 1-45 for this exam-
ple). As the value of R, increases, the epidemic pro-
gresses more rapidly and is more difficult to control,
explaining the negative correlation coefficient.

2. ¢, the relative infectiousness of treated individuals
(assigned values between 0-8 and 1-0). Higher values
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Table 1. Coefficients and standard errors for the logis-
tic regression model used to predict the success of an
antiviral intervention

Standard
Parameter Coefficient error P value
Ro -2313 4-25 <0-0001
e, (relative infectiousness of -33:26 273 <0-0001
treated individuals
n (proportion of infections 14-76 2:97 <0-0001
that are severe)
Constant 731 0-80 <0-0001

for this parameter indicate only modest drug effects
on transmission, explaining the negative correlation
coefficient.

3. 1, the proportion of infections that are severe
(assigned values between 0-001 and 0-1), and which in
turn determines the presenting proportion (derived
values between 0-11 and 0-56). As the presenting pro-
portion increases, the ability to identify and treat
cases and deliver prophylaxis to contacts also rises,
increasing the impact of the antiviral intervention.

The ROC curve (1-specificity versus sensitivity, not

shown) for the logistic regression model specified in
Table 1 has an area under the curve of 0-937, demonstrat-
ing that the model predicts the success of an antiviral inter-
vention extremely well. For example, with a sensitivity of
95% we still have a specificity of approximately 80%.

Discussion

Evaluation of the 2009 pandemic response has emphasised
the need for early informed decision-making to implement
proportionate disease control measures. Our model identi-
fies a low probability of successful epidemic mitigation
using targeted antivirals alone (Figure 1 and Ref. 15), in
distinction to results from models that fail to account for
the diagnosis and delivery constraints inherent in any pub-
lic health response.

The decision support tool (Table 1) highlights key epi-
demic characteristics that are predictive of a high likelihood
of effective mitigation. The reproduction number was one
of the earliest parameters estimated from early outbreak
data during the 2009 HIN1 outbreak.'”'® Our findings
reinforce the importance of characterising epidemic severity
as early and as accurately as possible, in order to inform a
proportionate pandemic response. Critically, a typically
mild pandemic (low 7), such as that experienced in 2009,
is predictably difficult to contain using a targeted antiviral

strategy due to the low proportion of infectious cases that
present to health authorities.

The relative infectiousness of treated individuals, e, is
strongly negatively correlated with successful mitigation,
perhaps a surprising result given the model’s underlying
assumption (based on available epidemiological and human
clinical trials data) that e, lies in the range [0-8, 1]. That is,
NAls provided as treatment have a maximum impact of
just a 20% reduction in infectiousness. However, our previ-
ous results* show a strong synergistic effect of treatment
when overlayed on a contact prophylaxis strategy, explain-
ing the observation here that e, is critical in determining
likely success of an intervention. Despite the limited impact
of treatment at the individual-level, the model outcomes
are highly sensitive to the value of the relative infectious-
ness of treated cases. It follows that determination of e, is
important for predicting the population-level outcome of a
control effort. A ‘small’ reduction (of the order approxi-
mately 10%) may be extremely valuable in terms of success
of a public health control strategy, and so should not be
discounted.

Using a mathematical model which takes into account
some of the key logistic constraints that are inherent to
healthcare responses, we have derived a logistic regression
model for estimating the probability that an antiviral inter-
vention based on liberal distribution of NAIs as treatment
and prophylaxis could successfully mitigate an influenza
epidemic. The model demonstrates an excellent degree of
accuracy when applied to synthetic data. The choice of
parameters for the regression model was restricted to those
that were both highly correlated with the success of the
intervention and hopefully feasible to measure during the
early stages of an emerging epidemic. The model could
therefore be a useful near real-time decision support tool
for public health policy in the face of an influenza epi-
demic, although further validation on a range of synthetic
data (and real-world data where available) is required.
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Introduction

In 2009, Taiwan established the Central Epidemic Com-
mand Center and convened its first meeting on April 28;
the same day the World Health Organization (WHO)
raised the influenza A (HIN1) pandemic alert level to
phase 4. In addition to the routine fever screening that had
been in place since the severe acute respiratory syndrome
(SARS) scare in 2003, on-board quarantine inspections
were carried out on all flights originating in the United
States and Mexico since April 29. All passengers were
encouraged to report any flu-like symptoms, and work clo-
sely with government officials on all health related matters.
Starting at midnight on May 19, a comprehensive notifica-
tion on-board quarantine measure replaced the on-board
quarantine inspection. On May 20, a 52-year-old foreign

resident of Taiwan, who returned from the United States
via Hong Kong, was identified as the first imported case.
The patient was escorted to a designated hospital, isolated,
and treated with oseltamivir. He recovered fully. All pas-
sengers seated within three rows of the ill passenger were
contacted, given 10 day chemoprophylaxis and self-quaran-
tined. Nine more imported cases were identified by airport
screening in the following week. The first domestic case
was diagnosed on May 24. By June 19, there were 61 con-
firmed cases, but only two were indigenous. Details of the
response measures and clinical characteristics of the first 61
confirmed cases have been published in the Taiwan Epide-
miology Bulletin' by the Taiwan Centers for Disease Con-
trol (CDC).

As the 2009 HINI1 pandemic (HINIpdm) came to an
end, many countries had long since downgraded the HIN1

© 2011 Blackwell Publishing Ltd, Influenza and Other Respiratory Viruses, 5 (Suppl. 1), 202-229

215 |



[ Chern et al.

influenza to seasonal flu status to avoid overstretching the
demands on healthcare services. A great deal of informa-
tion has emerged as the result of the pandemic response
exercises conducted by affected countries. However, uncer-
tainties remain regarding the effectiveness of intervention
measures, as well as the feasibility and the timing of their
implementation. Mathematical and computational models*”
* have been used to project the outcomes of influenza out-
breaks under various scenarios and epidemiological
hypotheses. Motivated by the events of 2009 and public
health measures adopted by the Taiwan CDC, we use a sto-
chastic, individual-based simulation model® to study the
spatio-temporal transmission characteristics of the HINI
virus, so as to quantitatively assess the effects of early inter-
vention strategies.

Materials and methods

Our stochastic disease simulation model® builds upon a
highly connected network of individuals interacting with
each other via social contact groups. To represent the daily
interactions of approximately 23 million people living in
Taiwan, we constructed a computer-generated mock popu-
lation based on national demographic and employment sta-
tistics (to derive daily commute patterns) from the 2000
Taiwan Census (http://www.stat.gov.tw/). Each individual
is created with a set of attributes, including age, sex, resi-
dence, family structure, and social standing (employment
status, etc.). Based on their attributes and the time of day,
each individual is assigned to miscellaneous contact groups,
where the potential of interactions between any two indi-
viduals resulting in flu virus transmission occurs. Such epi-
demiological properties are defined by empirically
parameterized attributes such as basic reproduction num-
ber Ry, transmission probability, contact probability and
associated probability distributions outlining the disease’s
natural history. Additionally, intervention measures are
implemented as scheduled events that could alter control
parameters during the course of a simulation run.

The targeted basic reproduction number (Ro) in all our
simulations is 16, following the suggested range by WHO
of 12-17.° As the latent/incubation and infectious periods
for HIN1 have not yet been reliably ascertained, we adopt
the natural history of the 1957 and 1968 pandemic influ-
enza viruses.”” Here, the latent period ranged from 1 to
3 days, with a median value of 19 days. The infectious
periods begin 1 day prior to symptom onset and can con-
tinue for 3—-6 days, with a median value of 4-1 days. Two-
thirds of the infected individuals will develop clinical symp-
toms, and the asymptomatic cases will have half the infec-
tious strength. The efficacy of antiviral drugs (oseltamivir)
and vaccines are based on these studies.>’

For the source region of the infected cases, we use the
North American continent (Canada, Mexico and United
States) with an estimated total population of 450 527 697
and an average 16 hours of flight time to Taiwan. The
average daily passenger number is 2489 based on the 2009
Annual Statistical Report on Tourism, Tourism Bureau,
Taiwan (http://admin.taiwan.net.tw/english/statistics/year.asp?
relno=61).

Each simulation lasts 365 days and starts with a baseline
simulation of Ry ~ 16 HIN1pdm outbreak at the source
region. The outbreak was adjusted to approximate clinical
attack rate (CAR) in the United States, April 2009-March
13, 2010."° We estimate the daily number of imported
cases according to average daily passenger numbers and
their probability of holding a disease status. We then apply
airport exit/entry screening per corresponding success
rates, by subtracting the number of identified symptomatic
cases. We also consider latently infected passengers with in-
flight disease progression, by fitting a gamma distribution
to the cumulative distribution of time to onset data with
16 hours average flight-time, as presented by Pitman
et al'' The daily imported cases are seeded according to
the traveling patterns of foreign tourists and residents
returning home. From the disease’s natural history, we
derive that roughly 50% of the infected travelers present no
symptoms; the percentage increases if most symptomatic
individuals elect not to travel in their condition, or are
stopped by airport screening.

We use the official epidemic data provided by the Tai-
wan CDC to calibrate the simulation model and perform
regression analysis on scenario parameters. This data is a
close estimation of the weekly new clinical cases of
HINIpdm patients. It consists of weekly OPD (outpatient
department) ICD-9 code 487 (influenza) tallies collected by
the Bureau of National Health Insurance, Taiwan -
adjusted to exclude seasonal flu patients and to account for
uninsured patients. We formulate our scenario settings
according to 2009 events in Taiwan, and establish settings
to approximate the actual events. With domestic events
and intervention schedules fixed in time, the start date
determines the simulation outcomes and the data range for
selected indicators, such as the mean CAR, the epidemic
peak, and several significant dates for the incoming index
case events. We plot the 2009 Taiwan weekly HINI
OPD487 cases alongside the weekly new clinical cases from
our simulation results in Figure 1.

Our simulations not only capture the epidemic trend,
but also pick out the most likely date, May 20, for identify-
ing the first symptomatic case at airport screening based on
practical assumptions. We further analyze the effectiveness
of various mitigation measures with February 6, 2009 as
the empirical start date for HIN1pdm in North America.
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Figure 1. Epidemic curves of 2009 Taiwan weekly HIN1 OPD487 and
new clinical cases from the simulation with pragmatic start dates, 5%
estimated efficacy for school closure policy. The start date and attack rate
are used in the label for each simulation scenario.

Results

The simulation result confirms that by the time we identi-
fied the first symptomatic case at the border screening,
infected cases had already made their way to the public. By
our calculation, roughly four such cases had passed in each
of our scenario settings, with the first case happening as
early as 3 weeks before detection. Figure 1 also highlights
the importance of the timing for the implementation of
mitigation measures; for example, a 6-day-delay of the
identical intervention plan results in nearly an additional
1% of the population being infected. Therefore, the rule of
thumb for healthcare officials is to implement intervention
measures as early as possible.

In our study, we have ignored the possibility of in-
flight transmission and any false positive results by air-
port screening procedures. To assess the effectiveness of
each mitigation strategy of interest and their combina-
tions, we take the calibrated simulation model and per-
form 100 simulation realizations for groups of scenarios
containing only those intended mitigation measures, and
analyze the averaged results. For example, in the airport
exit screening policy only scenario, the first imported
symptomatic case can be delayed up to 2 months, and
the epidemic peak can be delayed up to 13 days. As the
data suggests, the exit screening policy alone has very lit-
tle impact on CAR.

Combining various screening success rates for both exit
and entry screening allows us to quantitatively assess their
beneficial ramifications on the epidemic. For example, there
is very little additional benefit between 100% and 80% suc-
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cess rates for entry screening policies when exit screening
policies are adequate, as the enhanced border screening
only delayed the epidemic peak by 1 day, and reduced
CAR by <0-01%. Base on this result, the government
should not attempt to exhaust all its resources in securing
the border during a pandemic event, because the return of
such a policy will be disappointing. Instead, a response
plan with a shifting focus on health resource allocation and
the capacity of adjusting intervention strategies in line with
the developing epidemic will be most effective.

Based on the same principle, we perform experiments
with assorted scenarios, including relaxing entry screening
policies after identifying the first imported symptomatic
case, mass vaccination based on the actual vaccination
schedule of HINIpdm in Taiwan, and altering the start
dates of the vaccination schedule. Our results show that
with a reasonable reduction in the airport entry screening
success rate, we conserve valuable healthcare resources, but
loose a few days for the strategic planning and preparation
of subsequent response measures. In other simulation sce-
narios, a national vaccination campaign has very little
impact on the outcome, due to the late start of the vacci-
nation schedule. We then explore the effect of a national
vaccination campaign with various starting dates. The sim-
ulation results are illustrated in Figure 2, where the benefit
of an early start date for mass vaccination is clearly demon-
strated. Considering a scenario with an 80% airport exit
screening success rate, 80% airport entry screening success
rate and 80% symptomatic case tracing success rate, the
combined intervention strategy results in: a 2% reduction
in CAR if the vaccination campaign starts in mid-Novem-
ber; 11% reduction if the campaign starts in mid-October;
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Figure 2. Simulation results with various vaccination start dates. The label
for each epidemic curve shows the success rate settings for airport exit
screening, airport entry screening and symptomatic case tracing policies.
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26% reduction if the campaign starts in mid-September;
and 37% reduction if the campaign starts in mid-August.

In retrospect, the Taiwanese government’s response to
HINI1pdm proved to be effective. First and foremost, it ini-
tiated enhanced border monitoring and on-board quaran-
tine inspection as soon as the threat of a flu pandemic
became clear. At the same time, the domestic preparations
towards HINIpdm were escalated, such as antiviral drug
stockpiling and distribution, and vaccine acquisition. As
the HIN1 cases increased worldwide, various revised plans
were adopted and implemented; such as the shift from
labor-extensive on-board quarantine inspection to the
Notifiable Infectious Disease Reporting System and Real-
time Outbreak and Disease Surveillance System in order to
effectively track down symptomatic and exposed passen-
gers, apply prophylaxis treatment and mandatory in-home
quarantine. As a result, all HIN1pdm related statistics are
well below the international average.

Discussion

In modern society, countries rely heavily on the global
economy for their own prosperity. Shutting down the bor-
der for any length of time is not only costly, but could
have disastrous economic effects that linger long after the
event is over. Moreover, with nearly 50% of the infected
passengers presenting no symptoms whatsoever, they are
not detectable by any port authority’s screening procedures,
and the importation of the novel flu virus is therefore inev-
itable. Many studies conclude that entry screening is unli-
kely to be effective in preventing or delaying the
importation of influenza, and has negligible impact on the
course of subsequent epidemic. However, these studies are
based on the assumption that effective exit screening is in
place. Our study shows that as the exit screening success
rate decreases, the sensitivity of the entry screening policy
becomes more pronounced. With the same methodology,
we can also study the effects of varying the length of flight
time, or the disease’s incubation time.

Lastly, the benefit of entry screening is even more crucial
for a small island country such as Taiwan, since all incom-
ing traffic must go through the port authority where entry
screening can be enforced.

References

1 Hsieh MC. The response to novel influenza A (H1N1) epidemic in
Taiwan and analysis of the initial 61 confirmed cases. Epidemiol Bull
(Taipei Taiwan) 2009; 25:556-567. Available at: http:/teb.cdc.
gov.tw/ct.asp?xitem=14097&ctNode=3842&mp=181. Accessed 1
October 2010.

2 Germann TC, Kadau K, Longini IM, Macken CA. Mitigation strate-
gies for pandemic influenza in the United States. PNAS 2006;
103:5935-5940.

3 Ferguson NM, Cummings DA, Fraser C, Cajka JC, Cooley PC, Burke
DS. Strategies for mitigating an influenza pandemic. Nature 2006;
442:448-452.

4 Longini IM, Nizam A, Xu S, Ungchusak K, Hanshaoworakul W et al.
Containing pandemic influenza at the source. Science 2005;
309:1083-1087.

5 Tsai MT, Chern TC, Chuang JH, Hsueh CW, Kuo HS et al. Efficient
simulation of the spatial transmission dynamics of influenza. PLoS
ONE 2010; 5:e13292.

6 World Health Organization. Mathematical modelling of the pan-
demic H1N1 2009. Wkly Epidemiol Rec 2009; 84:341-348.

7 Rvachev LA, Longini IM. A mathematical model for the global
spread of influenza. Math Biosci 1985; 75:3-22.

8 Fraser C, Donnelly CA, Cauchemez S et al. Pandemic potential of a
strain  of influenza A (H1N1): early findings. Science 2009;
324:1557-1561.

9 Ritzwoller DP, Bridges CB, Shetterly S, Yamasaki K, Kolczak M,
France EK. Effectiveness of the 2003-2004 influenza vaccine among
children 6 months to 8 years of age, with 1 vs 2 doses. Pediatrics
2005; 116:153-159.

10 CDC Estimates of 2009 HIN1 Influenza Cases, Hospitalizations and
Deaths in the United States, April 2009-March 13, 2010. Available
at http://www.cdc.gov/h 1n1flu/estimates/April_March_13.htm.
Accessed 1 October 2010.

11 Pitman RJ, Cooper BS, Trotter CL, Gay NJ, Edmunds WJ. Entry
screening for severe acute respiratory syndrome (SARS) or influenza:
policy evaluation. BMJ 2005; 331:1242-1243.

| 218

© 2011 Blackwell Publishing Ltd, Influenza and Other Respiratory Viruses, 5 (Suppl. 1), 202-229



Options for the control of influenza VII |

Proof of principle for an immunological model to
explain mortality variations over the three waves of the

1918-1919 pandemic

John D Mathews, Dora C Pearce, Kirsty J Bolton, Jodie McVernon, James M McCaw

Vaccine and Immunisation Research Group, Melbourne School of Population Health, University of Melbourne, Melbourne, Vic., Australia.

Keywords Immunological model, mathematical modelling, pandemic mortality, parameter estimation.

Please cite this paper as: Mathews et al. (2011) Proof of principle for an immunological model to explain mortality variations over the three waves of the
1918-1919 pandemic. Influenza and Other Respiratory Viruses 5 (Suppl. 1), 202-229.

Introduction

In England and Wales, three waves of the pandemic struck
in summer, autumn, and winter seasons of 1918-1919.
Although the proportion of people reporting symptoms
was often greater in the first wave,'” a puzzling feature
was the much higher mortality in the second wave, in
which 0.27% of the population died, compared with 0.03%
in the out-of-season first wave and 0.10% in the third
wave.!

An obvious hypothesis to explain the changes in mortal-
ity from wave to wave would be that the 1918 virus
mutated to higher virulence after the (lower mortality) first
wave. Although pandemic virus reconstituted from the high
mortality waves has proven to have high virulence in ani-
mals,” it has not been possible to recover virus from the
first wave in 1918 for comparative purposes. Indeed it is
whether mutation(s) occurring
between wave 1 and wave 2 could have spread to so many
different populations in the time-frames observed. Further-

questionable virulence

more, in all three pandemic waves, there was the same age-
distribution of mortality, with more deaths occurring
amongst younger adults than older adults.' This ‘pan-
demic signature’, arguably due to immune protection of
older adults who were exposed to a similar virus in the
years before 1890,%7 suggests that the 1918-1919 viruses
were at least immunologically similar in all three waves.

A second hypothesis would be that the higher case fatal-
ity in the later waves was due to higher rates of complicat-
ing bacterial pneumonia,® to increased transmission of
influenza virus in the cooler months of the year, or to
other seasonal effects.’

We have considered a third (immunological) hypothesis
to explain the greatly increased mortality in waves 2 and 3.
The underlying idea is that the mortality rate in the first
wave was lower than in later waves because most persons
were protected by prior immunity in the first wave, and
that the mortality was higher in later waves because of

waning of that short-lived immunity. This hypothesis
builds on our earlier modelling papers suggesting that even
before the first wave in 1918, military,'® school, and
urban'' populations in England and Wales apparently had
(short-lived) immune protection, presumably induced by
recent prior exposure to seasonal influenza.'®™'* We suggest
that this short-lived strain-transcending protection was in
addition to the longer-lasting immunity, presumably
induced by exposures to a similar virus circulating prior to
1890, that arguably reduced pandemic mortality for older
adults in 1918-9.%7

Materials and methods

Cumulative mortality rates attributed to pandemic influ-
enza were available for each of the three waves in 1918—
1919 for 330 populations in England and Wales."”> We have
built immunological models to potentially explain the vari-
ation in mortality rates across waves and populations. To
show proof of principle, we have fitted these models to
mortality data from a randomly selected sub-set of twenty
populations. Our key assumption was that the risk of a
fatal infection would be limited to persons with inadequate
immunity who were being exposed to the pandemic virus
for the first time. Persons who were exposed and who sur-
vived an earlier wave were assumed to be protected against
death in a later wave.

Model A and assumptions (see Figure 1)

Before the first wave, we assumed that people could be
fully susceptible (Sy), or partially protected (Qp), or fully
protected (P) by prior immunity which was not necessarily
specific for the new virus. We assumed that exposure to
the new pandemic virus would be fatal (M) in a proportion
0 of fully susceptible persons who were actually exposed
(E) in the relevant wave. For those surviving that first
exposure, it was assumed that they would be permanently
protected against death in later waves by an immune
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Figure 1. States for model A.

response specific for the pandemic virus. For persons in a
state of intermediate immune protection, Q,
assumed that viral exposure and multiplication would
induce an immune response specific for the pandemic virus
that would protect them against death in that wave and in
subsequent waves. In contrast, for persons with strong
prior immune protection, P, the virus would not be able to
multiply to induce pandemic-specific immune protection.
Between waves, it is assumed that due to the waning of
non-specific prior immunity, persons in the P state can

it was

move to the Q state, and persons in the Q state can move
to an S state before the next wave. The proportion (E) of
susceptible persons exposed to productive infection in each
population was estimated by applying the following version
of the final size equation'' to the proportion susceptible (S
& Q) in each wave, for each population:
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Figure 2. States for model B.

Note: In both Figures 1 and 2, we have omitted the
flows out of the Q and E states that removed persons from
the risk of death.

Parameters: Sy = proportion fully susceptible to infection
and death before wave 1; Q, = proportion susceptible to
immunising infection, but not to death from exposure in
wave 1; P, = proportion temporarily protected against both
immunising infection and death from exposure in wave 1;
Ny = proportion even more protected against both immun-
ising infection and death from exposure in wave 1 (model
B only); Ry = basic reproduction number (the average
number of secondary cases for each primary case) in a fully
susceptible population; f = proportion moving from Q to S
between waves; g = proportion moving from P to Q
between waves; d = proportion moving from N to P
between waves (model B); 0 = proportion of E that actually
move to M and die.

Inadequacy of model A
Model A could provide a very good fit for the summer,
autumn, and winter waves of the 1918-1919 pandemic
(results not shown). However, because of the replenish-
ment of the pool of susceptible persons over time, model A
also predicted a fourth wave of influenza in the spring sea-
son of 1919. As no such wave was seen, and as we could
not find parameters values for model A that did not pre-
dict a fourth wave, we must regard model A as inadequate.
Model B was similar to model A, but with an additional
stage of prior immunity (N), which could wane to P.
Model B allowed us to not only fit the three observed
waves, but also to fit the imputed data (zero cases) corre-
sponding to the absent fourth wave.

Fitting algorithm

Following earlier wor we used a Bayesian approach
with Markov Chain Monte Carlo (MCMC) procedures to
estimate model parameters, and we used hyper-parameters
to allow for parameter variation between populations.'’ The
initial conditions were specified by the parameters: Py, Qo, Sy
and Nj. From these and the other parameters, it was possible

kle,ll

to simulate the behaviour of model A over three waves, and
of model B over four waves, and to estimate the expected
numbers dying in each wave in each population. We calcu-
lated the log likelihood of the observed numbers of deaths
given the parameter estimates, and we used MCMC simula-
tion to generate the posterior distributions of parameters.

Results

Although we obtained an excellent fit between observed
and expected numbers of deaths in each of the three waves
for the 20 populations for model A, we could not find
parameter values for model A that would fit the three
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observed waves without giving rise to a fourth wave in the
spring of 1919.

Accordingly, in the modified model B, we allowed for an
additional stage of prior immunity (Figure 2), and we fit-
ted the model to the same data, plus imputed data corre-
sponding to ‘the absent fourth wave’. We obtained a very
good fit to the three observed waves and the absent fourth
wave in each population. The 95% credibility intervals for
parameter estimates, derived from the posterior distribu-
tions of the hyper-parameters were: 0 = 0.05-0.08,
So = 0.015-0.032, Qo = 0.40-0.47; N, = 0.2 (fixed); P, =
1 —Sy— Qy— Np; f=0.33-0.44; ¢ = 0.87-0.94; d = 0.94—
0.97 and Ry = 2.6-3.6.

This analysis had allowed all parameters to vary from
population to population under the constraints of the
hyper-parameters. However, several of the biologically
determined parameters might be expected to be more con-
stant from population to population, whereas those depen-
dent on mixing history and other social characteristics
which vary more widely from population to population. To
test this possibility, we fixed the mean values for the more
biological parameters (f = 0.385; d = 0.955; g = 0.905) and
estimated the 95% credibility intervals for the others as:
0 = 0.05-0.10; S, = 0.012-0.032, Qg = 0.36-0.44; and as
before Ny = 0.2 (fixed); Py =1 — Sy — Qy — Ng; Ry = 3.1-
4.5.

In a subsequent paper we will be able to provide more
details of the method, the robustness of the assumptions,
and the results from fitting to many more populations.

Discussion

This short report suggests that the observed patterns of
mortality in England and Wales over the three waves of the
1918-1919 influenza pandemic®'’ can be explained by an
immunological model. In particular, the lower mortality in
wave one can be explained by the assumption of protective
immunity antedating the first wave, arguably induced by
prior exposure to seasonal influenza.'®"' The much greater
mortality in wave two can be explained by the waning,
between wave one and wave two, of that short-lived and
less-specific immune protection. The somewhat lesser mor-
tality in wave three and the ‘absent fourth wave’ can be
explained in terms of the progressive acquisition of immu-
nity specific to the pandemic virus.

The credibility estimates for parameters are of potential
interest. For example, R, estimates of 3.1-4.5 across differ-
ent populations are consistent with our earlier find-
ings.'®" If all persons had been susceptible, such R,
values imply that the virus would have infected most peo-
ple in all populations. However, even in the first wave, the
proportion susceptible, Sy + Qp, was <50% in all popula-
tions, so that a considerable number of persons escaped
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productive infection in that wave; as their immunity
waned, they became susceptible to infection in the later
waves. It is likely that the variation in R, between popula-
tions is due to different rates of population mixing. Esti-
mates for 0 indicate that between 5% and 10% of
infections in the most susceptible persons were fatal; the
higher values of 0 could reflect higher rates of secondary
bacterial infection in the most socially disadvantaged and
overcrowded populations.*

Although we have shown the plausibility of an immuno-
logical explanation for wave to wave changes in pandemic
mortality, we cannot assume that our particular model is
even approximately correct. Nor can we exclude the possi-
bility that the higher mortality in the later pandemic waves
in 1918-1919 was because of genetic change in the virus in
later waves, or because of changing rates of secondary bac-
terial infection® or seasonal effects.” Nevertheless, there is
growing evidence that the population spread of pandemic
influenza, whether in 1918-1919'>'" or in 2009,'>'* can be
constrained by significant prior immunity, even for viruses
that are ostensibly novel. Previous reports, reviewed in Ref.
[10,11], support the idea of strain-transcending immune
protection, which can wane over periods of a few months.
This form of protection, probably induced by recent expo-
sure to seasonal influenza, may not be mediated by HI or
neutralizing antibody."' In contrast, strain-specific immu-
nity, most often mediated by HI or neutralizing antibodies
can be so long-lasting that after several decades it will still
provide significant protection against any closely-related
virus that re-appears in the population.'*

It has not escaped our notice that although attack-rates
in the HIN1 2009 pandemic were low in many countries,
with generally mild symptoms, the virus did cause life-
threatening illness in a small proportion of younger
affected persons.'” It seems likely that those who were most
severely affected in 2009 were doubly unlucky: they had
missed out on seasonal influenza infection or vaccination
in the preceding season(s), and they were born too late to
have been protected by the closely-related viruses that are
thought to have circulated before 1950."*
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Abstract

During the early phases of the 2009 influenza pandemic in
Italy, real-time modeling analysis were conducted in order
to estimate the impact of the pandemic. In order to evalu-
ate the results obtained by the model we compared simu-
lated epidemics to the estimated number of influenza-like
illness (ILI) collected by the Italian sentinel surveillance
system (INFLUNET), showing a good agreement with the
timing of the observed epidemic. By assuming in the model
mitigation measures implemented in Italy, the peak was
expected on week 44 (95% CI: 44, 45). Results were consis-
tent with the INFLUNET data showing that the peak in
Italy was reached in week 46. These predictions have
proved to be a valuable support for public health policy
makers for planning interventions for mitigating the spread
of the pandemic.

Introduction

Mathematical models have recently become a useful tool to
analyse disease dynamics of pandemic influenza virus can-

didates."™" As of April 2009, after the pandemic threat
emerged worldwide,'> it was crucial for policy makers to
have early predictions on the possible spread of the 2009
pandemic influenza virus in order to support, with quanti-
tative insight into epidemic, policy decisions. Thus, after
the first pandemic alert was announced by the World
Health Organization (WHO) in late April 2009, a National
Crisis Management Committee headed by the Minister of
Health was established in Italy in order to provide weekly
advice to the Italian Ministry of Health. Real-time analyses
using an individual based model were undertaken. The
transmission model was previously used for evaluating the
effectiveness of the control measures adopted in the
National Pandemic Preparedness Plan’ and for assessing
the age-prioritized distribution of antiviral doses during an
influenza pandemic.” To parameterize the transmission
model, we used data derived from the National Surveillance
System until 17 June 2009 and estimates of key epidemio-
logical parameters as available at that time.

In order to provide a preliminary assessment of the
model predictions performed during the early stages of the
epidemic, we compare model predictions with surveillance
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data of influenza-like illness (ILI) available since August
20009.

Materials and methods

Data description

After the first pandemic alert was announced by the WHO
in late April 2009, a national active surveillance system for
the 2009 pandemic influenza was set up from 28 April to
July 2009."7 However, over the period from April to Octo-
ber 2009, surveillance systems, laboratory testing, and diag-
nostic strategies have varied considerably in Italy. Since end
of July 2009, following WHO recommendations,'® the
focus of surveillance activities has changed in reporting
requirements, as active case-finding became unsustainable
and unnecessary. For this reason, the Ministry of Health
(Ministry of Health, available in Italian at the website:
http://www.normativasanitaria.it) requested regional Health
Authorities to report the weekly aggregated ILI cases
according to a new case definition (sudden onset of acute
respiratory symptoms and fever >38°C plus at least one of
the following systemic symptoms: headache, malaise, chills,
sweats, fatigue; plus at least one of the following respiratory
symptoms: cough, sore throat, nasal obstruction).

By October 2009, following the increasing number of
cases, the Sentinel Influenza Surveillance System (INFLU-
NET available at: http://www.flu.iss.it) became the official
surveillance system for ILI cases in Italy (Ministry
of Health, available in Italian at the website: http://www.
normativasanitaria.it). Since 1999, INFLUNET is routinely
based on a nation-wide, voluntary sentinel network of sen-
tinel community based physicians in the 21 regions and
autonomous provinces of the country. Incidence rates are,
therefore, not based on consultations, but on the served
population of each reporting physician each week. INFLU-
NET usually consists of an average of 830 (range 648-902)
general practitioners (including physicians and pediatri-
cians) per year, covering about 1-5-2% of the general pop-
ulation, (representative for age, geographic distribution,
and urbanization level) reporting ILI cases (according with
a specific case definition). Italian INFLUNET surveillance
system is part of the European Influenza Surveillance
Scheme (EISS).

The model

A stochastic, spatially explicit, individual-based simulation
model® was used. Individuals are explicitly represented and
can transmit the infection to household members, to
school/work colleagues, and in the general population
(where the force of infection is assumed to depend explicitly
on the geographic distance). The national transmission
model was coupled with a global homogeneous mixing
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Susceptible-Exposed-Infectious-Removed ~ (SEIR)  model
accounting for the worldwide epidemic, which is used for

determining the number of cases imported over time.

Model parameterization

Regarding the epidemiological assumptions (e.g., length and
shape of the infectivity period, which lead to an effective
generation time of 3-2 days), this study is consistent with
Refs [3,4,11,15], but for the proportion of symptomatic
individuals, which is assumed to be 667%.'® The basic
reproductive number of the national transmission model
was set to 1-4, according to the early estimates as obtained
during the initial phase of the epidemic in Mexico in a com-
munity setting.'”'® We initialized our simulations through
the global homogeneous mixing model in such a way that
158 imported cases were generated until 7 June 2009. This
gives a reliable way for fixing the time in the simulations
and thus determining the timing of school closure and vac-
cination in the simulations. The model accounts for school
closure for both summer and Christmas holidays: we
assumed that in these periods contacts among students
decrease, while contacts in the general community increase,
as in Ref. [19]. We also considered scenarios accounting for
partial immunity in the population.*

Intervention options — non-pharmaceutical
interventions

In order to investigate the effects of recommendations of
the Ministry of Health (confirmed cases coming from
affected areas were isolated for 7-10 days, either in hospital
or at home) established in the early phase of the pandemic
(April-July 2009), we assumed that a fraction of the
imported symptomatic cases were isolated on the first day
after the symptoms onset. This recommendation was in
place until 27 July 2009. We also assumed, according to
the Italian school calendar, that schools were closed from
10 June 2009 to 10 September 2009 for the summer holi-
days, and from 22 December 2009 to 6 January 2010 for
Christmas holidays. The effects of prolonged school closure
were also investigated.

Intervention options — pharmaceutical
interventions

When considering vaccination, we assumed 6 weeks for the
logistical distribution of doses of pandemic vaccine. Since
at the time of simulation specific recommendations regard-
ing the administration of a single dose of pandemic vaccine
from EMA were not available yet, we considered the
administration of 2 vaccine doses 1 month apart). The
pandemic vaccine was considered effective after the admin-
istration of the second dose with a vaccine efficacy of 70%.
We assumed the vaccine to be administered by priority,
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vaccinating first the target population accounting for essen-
tial services workers (including health care workers and
blood donors), pregnant women at the second or third tri-
mester, and at risk patients (with chronic underlying con-
ditions) younger than 65 years old. The vaccination
coverage was assumed 90%. Regarding antiviral treatment
and prophylaxis, recommendations of the Ministry of
Health in the initial phase of the epidemic were to admin-
ister antivirals to all confirmed cases and to their close con-
tacts. We assumed that the surveillance system would be
able to detect 90% of symptomatic cases. After 8 July 2009,
recommendations changed and antiviral treatment was
considered only for cases with severe complications and in
case of local clusters. Since it was difficult to establish the
proportion of treated cases, we considered different scenar-
ios: antiviral treatment from 0% to 30% of the symptom-
atic cases. Consistently with Ref. [3], both treatment and
prophylaxis were assumed to start 1 day after the clinical
onset of symptoms in the index case. Treatment was
assumed to reduce infectiousness by 70%, whereas antiviral
prophylaxis was assumed to reduce susceptibility to infec-
tion by 30%, infectiousness by 70%, and the occurrence of
symptomatic disease by 60%.

Results

As of 26 July 2009, approximately 1238 confirmed cases
have been reported to the Italian surveillance system for
pandemic influenza. During July, the sudden increase of
ILI confirmed cases suggests for sustained autochthonous
transmission in Italy. By analyzing the number of ILI cases
reported to the surveillance during the weeks from 39 to
44, we found that the exponential growth rate was
0-832/week and thus we estimated the national reproduc-
tive number to be Ry, = 1-38. This estimate of the basic
reproductive number supports the choice of the value
adopted in the model simulations (Ry = 1-4).

In the absence of intervention measures, the predicted
cumulative attack rate was 30:6% (95% CI: 306, 307),
and the peak was expected on week 42 (95% CI: 41, 42)
with a peak day incidence of 0:35% (95% CI: 0:329%,
0-37%). By assuming case isolation, antiviral treatment,
and prophylaxis to 90% of symptomatic cases until 8
July 2009, the peak was expected on week 43 (95% CI:
43, 44). When considering 33-3% of natural immunity in
the population aged more than 59 years, the peak was
expected 1 week later than in the previous scenario, i.e.,
on week 44 (95% CI: 44, 45). To validate the model, we
compared model predictions (which are based only on
the available information on the early phases of the
epidemic) with ILI data (Figure 1). Based on model
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Figure 1. Model fit (black circles) and INLFLUNET surveillance data
adjusted by the underreporting rate (gray squares). Vertical lines (black for
model results) represent the 95% CI. The gray background represents
summer and Christmas holidays, during which schools are regularly closed.
The inset shows the simulated epidemic and the influenza-like illness data
obtained by aligning the peak of the simulations to the peak in the dataset.

predictions, we estimated the underreporting factor of
INFLUNET ranging from 3-3 to 3-7, considering different
scenarios. By aligning the simulations with the ILI data
adjusted by the underreporting factor, we can observe
that almost all the points in the increasing phase of the
epidemic lie within the 95% CI of the model results
(both considering or not natural immunity). The decay
phase of the simulated epidemics shows a small delay
with respect to the ILI data.

When introducing single and combined mitigation mea-
sures, such as case isolation, antiviral treatment, prophylaxis,
and vaccination in the model, results showed that even a
low proportion of symptomatic cases treated with antiviral
drugs could have led to a relevant reduction in the epidemic
size (Table 1). We simulated the planned Italian vaccination
strategy (begun on 15 October 2009), obtaining a limited
but not negligible reduction in the attack rate with respect
to the scenarios accounting only for antiviral treatment.
Moreover, the effect of vaccination would be higher if cou-
pled with antiviral treatment; vaccination would have no
effect on delaying the peak incidence.

Discussion

Model predictions produced in Italy during the early phase
of the 2009 pandemic influenza are in excellent agreement
with Italian surveillance data on the beginning of the epi-
demic (when case isolation, antiviral treatment of index
cases, and antiviral prophylaxis to close contacts were
implemented by the Italian regional public health
authorities) and are basically consistent with the INFLU-
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Table 1. Effectiveness of mitigation measures by assuming natural immunity

Intervention Final attack rate (%)

Peak day (days*)

Peak day incidence (%) Antiviral courses

None 30-6 (30-6, 30-7)

AVP**, case isolation** 306 (30-6, 30-7)

AVP** case isolation**, antiviral 276 (275, 27-6)
treatment to 15% of the clinical
cases

AVP** case isolation**, antiviral
treatment to 30% of the clinical
cases

AVP** case isolation**, antiviral
treatment to 15% of the clinical
cases, vaccination®

AVP**, case isolation**, antiviral
treatment to 30% of the clinical
cases, vaccination®

24-4 (243, 24-4)

277 (27-4, 27-5)

21-7 (21-6, 21-8)

1235 (121-5, 126+4)

0-35 (0-329, 0:37) =

130-7 (128, 1334) 0-35 (0-33, 0-37) <1000
1349 (131-6, 140-3) 0-288 (0-272, 0:306) 2 300 000
148-5 (1455, 152-8) 0-226 (0-215, 0-239) 4 100 000

141 (138, 145-8) 0-248 (0-235, 0:261) 2 100 000
155-1 (152-6, 158:9) 0-197 (0-187, 0-206) 3 600 000

AVP, antiviral prophylaxis to households contacts of index cases.
*Measured in days from 14 June 2009.
**Until 8 July 2009. Case detection fixed at 90%.

Vaccination begins on 15 October 2009; the target population: essential workers and chronic patients (about 8 500 000 individuals).

T Natural immunity on 33:3% of the population aged >59.

NET data during the course of the epidemic. The model
has been useful for predicting the timing of the epidemic,
while it has overestimated the impact of the 2009 influenza
pandemic for adult and elderly individuals. However, the
disalignment is probably due to the model parameteriza-
tion. Based on literature values,"” we assumed a similar
fraction of cases in the different social contexts considered
in households, 1/3 in
schools/workplaces, and 1/3 in the general community),
since analysis on the relative transmissibility of the virus
was not carried out for any country yet.

We were also able to estimate an underreporting factor
for the INFLUNET data in the range 3-:3-3-7. If we focus
our attention on the reporting factor computed by consid-
ering the total number of cases (instead of symptomatic
cases), the resulting value lies in the range 18-20-2%, which
is in excellent agreement with the range estimated in Ref.
[21] on previous A/HIN1 influenza seasons, namely
16-2%-21-6%.

Moreover, based on our results showing that vaccinating
40% of the Italian population was more than adequate to
mitigate the pandemic, the Ministry of Health decided to
stockpile a limited number of vaccines. We have also shown
that starting the vaccination program in October (or later)

in the model (namely 1/3

could have had only a limited effect on reducing the impact
of the epidemic, although it may have been useful to prevent
a possible second wave and to protect essential workers and
at-risk patients. Finally, our results have shown that antiviral
treatment would have been the most efficient strategy to

reduce the impact of the influenza pandemic, even with a
limited antiviral stockpile.
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Introduction

Influenza pandemic plans for treating severe cases currently
focus on the use of antivirals, anti-inflammatory agents,
and non-pharmacologic means such as optimal ventilator
and fluid management. In contrast, passive immunotherapy
has received limited attention.' A recent meta-analysis
study suggested that during the 1918 influenza pandemic,
transfusion of blood products from recovered individuals
reduced the mortality rate of severe cases by more than
50%.” The proof of principle for this therapeutic approach
was demonstrated in the modern clinical setting in Shenz-
hen in 2006.> In 2007, Simmons et al. used a murine

model of infection to demonstrate the prophylactic and
therapeutic efficacy of monoclonal antibodies with neutral-
izing activity produced by immortalized B lymphocytes of
convalescent patients recovering from influenza A/H5NI1
virus infection,* thereby providing further pre-clinical evi-
dence that passive immunotherapy with convalescent blood
products could be a practical treatment option for pan-
demic influenza.

A population-wide passive immunotherapy
program

In this paper, we assume that convalescent plasma (CP) is
efficacious in treating severe cases of pandemic influenza.
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Figure 1. Schematic of the proposed passive immunotherapy program.

Under this premise, we test the hypothesis that a popula-
tion-wide passive immunotherapy program that collects
plasma from a small percentage of convalescent individuals
can harvest sufficient CP to treat a substantial percentage
of severe cases during the first wave of the pandemic. The
proposed program involves recruiting adults (individuals
age 20-55 years) to donate blood if they have experienced
influenza-like symptoms more than 2 weeks ago (to
account for the time needed for neutralizing antibodies to
build up). The blood samples would be screened for infec-
tious diseases (including HIV, HBV, HCV, HTLV, and
syphilis, etc., as in routine blood donation screening) and
neutralizing antibodies against the pandemic virus. Donors
whose blood samples are free of known infectious agents
and contain a sufficiently high titer of neutralizing antibod-
ies would then be invited to donate plasma by plasmaphe-
resis or routine whole blood donation. Qualified donors
with higher titers may be given higher priority for plasma
donation.

In this paper, we use the demographic and logistical
parameters of Hong Kong as a case study. See Figure 1
for a schematic of the proposed passive immunotherapy
program. We examine the following questions regarding
the logistical feasibility and potential benefits of the pro-
posed passive immunotherapy program: (i) What percent-
age of convalescent individuals (donor percentage) is
needed in order for the program to significantly reduce
pandemic mortality? (ii) How many severe cases can be
offered passive immunotherapy? (iii) What are the rate-
limiting factors in the supply of passive immunotherapy?
(iv) What are the epidemiologic and logistical factors that
determine the demand-supply balance of passive immu-
notherapy? A more detailed presentation of our results is
now available in Ref. [°].
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Materials and methods

Transmission and natural history model for
pandemic influenza

We use an age-structured disease transmission model to
simulate the spread of pandemic influenza. The natural his-
tory model is similar to that used by Basta et al®’ The
most important parameter in characterizing the growth of
an epidemic is the basic reproductive number R,, which is
defined as the average number of secondary cases generated
by a typically infectious individual in a completely suscepti-
ble population. We consider values of R, between 1-2 and

. . . . 6,8-10
2, which is consistent with recent estimates.

Logistical model for the passive immunotherapy
program

We assume that gqp (%) of 20 to 55 year-old individuals
who have recovered from symptomatic infections of
pandemic influenza donate their blood for screening
Tr = 14 days after cessation of symptoms. Follow-ups of
convalescent individuals infected with HINIlpdm in an
ongoing clinical trial of passive immunotherapy suggested
that neutralizing antibodies level reaches maximal level
around 14-21 days after recovery and stays at that level for
months after.'* We assume that gs (%) of these donors are
qualified for plasma donation of which g (%) are recurrent
donors who return to donate plasma every Ty, = 14 days.
Screening involves both detection of infectious agents and
neutralizing antibodies against the pandemic virus. The lat-
ter is the rate-limiting step because neutralization tests of
pandemic viruses can only be done in a BSL3 setting. We
assume that five BSL3-trained technicians are available to
test the blood specimens, each running 150 viral neutraliza-
tion tests in 3 days. Therefore, the capacity and turnaround
time of blood screening are Us = 750 and Ts = 3 days,
respectively. Hong Kong currently has nine plasmapheresis
machines which allow a maximal throughput of 162 plasma
donations per day (assuming 12-hour daily operation with
each donation taking 40 minutes). Therefore, the capacity
and turnaround time of plasmapheresis are Up =9 and
Tp = 1/18 days, respectively.

Collected CP are ready for use in transfusion after final
quality check, which takes T = 2 days. We assume that ry
plasma donations are required to treat one severe case on
average. The expert panel of the abovementioned study of
passive immunotherapy for HINIpdm in Hong Kong sug-
gested that rp < 10.

Demand for passive immunotherapy

We assume that py (%) of symptomatic cases will be severe
cases for whom passive immunotherapy 1is suitable.
Although py will be smaller than the case-hospitalization
rate (passive immunotherapy may not be suitable for some
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Figure 2. Treatment coverage in the base case. (A) Treatment coverage p
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note that treatment coverage decreases monotonically as r7py; increases.

hospitalized cases), we assume that the two have similar
ranges and consider py ranging from 0-1% to 1%. Because
each severe case requires rr plasma donations on average,
demand for CP is simply rypy times the number of symp-
tomatic cases. Therefore, rpy can be regarded as a single
parameter, which we refer to as the lumped demand
parameter.

Outcome measure

We define the outcome as the percentage of severe cases that
can be offered passive immunotherapy by the proposed pro-
gram during the first wave of the local epidemic. We refer to
this outcome as treatment coverage and denote it by p.

Results

Base case

We consider the base case scenarios assuming qr = 20% and
qs = 80%. In general, the treatment coverage p increases
sharply as the basic reproductive number R, and the lumped
demand parameter rypy decrease (Figure 2A). In particular,
when R, is large and rqpy is small, p is very sensitive to
rrpy, but insensitive to R,. Similarly, when R, and rypy are
small, p is very sensitive to both. With a donor percentage
of gp = 15%, the proposed program can supply passive
immunotherapy to more than 82% of severe cases
(p > 82%) if Ry <14 and rppy < 1:5%, but <35% if
Ry > 1-8 and rypy > 1:5%. In general, the treatment cover-
age p increases sharply as the donor percentage gqp rises
from 0%, but with rapidly decreasing marginal increase
(Figure 2B). When R; < 14 and ripy < 1:5%, p > 67%
even if gp is as low as 5%, which is comparable to the cur-
rent average blood donation rate of 38-1 donations per 1000

population in developed countries."> When g, is >15%, p
becomes largely insensitive to further increase in gp in most
scenarios. The treatment coverage p for qp = 15% is more
than 81% that for gp = 50% across all values of Ry and rypy
considered in the base case. Therefore, increasing the donor
percentage qp beyond 15% has a relatively small impact on
CP supply. This is because increasing gp can boost supply
only when plasmapheresis is not yet the supply bottleneck.
For the same reason, once the donor percentage qp has
reached 15%, the treatment coverage p is insensitive to fur-
ther increase in gqp even when the plasmapheresis and
screening capacity are doubled (Figure 2B, lower panel).

Sensitivity analysis

We conduct an extensive multivariate sensitivity analysis
to test the robustness of our base case observations
against uncertainties in parameter values. We generate
15 000 epidemic scenarios by randomly selecting parame-
ter values from their plausible ranges using Latin-hyper-
cube sampling. Although there are numerous model
parameters, the treatment coverage p is mainly deter-
mined by three lumped parameters: (i) rypy, which indi-
cates the magnitude of demand; (ii) gsgp, which indicates
the magnitude of supply; (iii) the initial growth rate of
the epidemic r (results not shown). While the dependence
of p on rypy and gsqp is readily comprehensible, it is not
obvious a priori that p depends on the natural history
and transmission dynamics of the disease via only the ini-
tial epidemic growth rate. When the plasmapheresis and
screening capacity are very large, the supply—demand
dynamics is further simplified: the treatment coverage p
depends on lumped demand parameter rypy and the
lumped supply parameter ggqp only via their ratio.
Finally, p becomes insensitive to gqsqp when the latter
increases beyond 15-20%, which is consistent with our
base case observations.

Discussion

Our results suggest that with plasmapheresis capacity similar
to that in Hong Kong, the proposed passive immunotherapy
program can supply CP transfusion to treat 67-82% of
severe cases in a moderate pandemic (basic reproductive
number Ry < 14, lumped demand parameter rypy < 1:5%)
when the donor percentage is 5-15%. Increasing the donor
percentage beyond 15% has little additional benefit because
CP supply is constrained by the capacity of plasmapheresis
during most stages of the epidemic. Increasing plasmaphere-
sis capacity could significantly boost CP supply, especially
when there is a substantial pool of recurrent donors to allevi-
ate the dependence of CP supply on donor percentage. In an
ongoing clinical trial of passive immunotherapy for
HIN1pdm virus infection in Hong Kong, 20% of convales-
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cent individuals agreed to donate their plasma for the study.
Therefore, the donor percentage required by the proposed
passive immunotherapy program (5-15%) is likely to be fea-
sible. In view of the logistical feasibility of such program, we
recommend that further clinical studies are conducted to
evaluate the safety and efficacy of passive immunotherapy as
a treatment for severe cases of pandemic influenza virus
infection.

Our study is based on the premise that CP will be effica-
cious in reducing morbidity and mortality associated with
pandemic influenza. In theory, the polyclonal nature of neu-
tralizing antibodies in CP would lower the probability of an
escape mutant emerging in treated patients. Further, besides
providing neutralizing antibodies against the pandemic virus,
CP also might carry antibodies to other bacterial pathogens,
which might decrease the severity of coexisting bacterial
infections.* As such, CP not only might reduce the case fatal-
ity rate but might also increase the recovery rate and shorten
duration of hospitalization of severe cases. The proposed
passive immunotherapy program can thus significantly
reduce the burden on the healthcare system, especially the
intensive care unit, which will likely be stressed, if not over-
loaded, at the peak of an influenza pandemic wave, hence
benefiting the general public and not only those receiving
passive immunotherapy. Although the hypothesized efficacy
of CP has yet to be proven in clinical trials, our modeling
results show that a public health system similar to that in
Hong Kong has the capacity to support a population-wide
passive immunotherapy program that can supply CP treat-
ment to a substantial percentage of the severe cases in a mod-
erately severe pandemic. We estimate that compared to other
developed countries, Hong Kong has a relatively low plasma-
pheresis capacity. Our conclusions regarding donor percent-
age needed and rate-limiting factors remain valid for
plasmapheresis capacity ranging from 50% to 400% of what
we have assumed in the base case (results not shown).

Our conclusions are robust against uncertainties in the
natural history and transmission dynamics of pandemic
influenza. Our sensitivity analysis shows that the outcome
depends on these epidemiological characteristics only via
the initial growth rate of the epidemic. As such, our results
are applicable not only to pandemic influenza, but also to
other emerging infectious diseases for which the time-scales
of disease transmission and antibody response are similar
to that for influenza virus. The three determinants of treat-
ment coverage (the initial epidemic growth rate, the
lumped demand parameter r7py, and the lumped supply
parameter qpgs) are all readily measurable in real-time dur-
ing an epidemic. Therefore, our methods and results can
be used as a general reference for estimating the treatment
coverage of the proposed passive immunotherapy program
for a given plasmapheresis capacity.

Options for the control of influenza VII |
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Abstract

Background Highly pathogenic H5N1 virus continues to
pose a serious threat to human health and appears to have
the capacity to cause severe disease in previously healthy
young children and adults. At present, antiviral therapy by
oseltamivir remains the mainstay for managing H5NI
patients. While early treatment improves survival, approxi-
mately 50% of patients treated within 4 days of illness still
succumb to the disease. In addition to the role of viral
replication, there is good evidence that the host pro-
inflammatory responses contributes to H5N1 pathogenesis.
This suggests that both antiviral and immune-modulatory
drugs may have a role in therapy. We previously demon-
strated that cyclooxygenase 2 (COX-2) plays a regulatory role
in H5N1 hyperinduced pro-inflammatory responses, and its
inhibitor has potent effects at modulating this host response.
Now we demonstrate that, in addition to its immune-modu-
latory effect, a selective COX-2 inhibitor, NS-398 has a direct
antiviral effect against H5N1 infection.

Materials and methods Human primary monocyte-
derived macrophages or alveolar epithelial cells (A549)
were pre-treated with NS-398 or drug-vehicle for 1 hour
before H5N1 virus infection. H5N1 viruses at multipicity
of infection (MOI) of 2 was used to infect the cells. Fol-
lowing virus adsorption for 30 mins, the virus inoculum
was removed, and the cells were washed and incubated in
corresponding medium with NS-398 or drug-vehicle as
controls for 3, 6, 24, 48, and 72 hours post-infection. Cells
were harvested for RNA isolation at 6 hours post-infection
to study viral matrix (M) gene expression. Supernatants
were collected for 50% tissue culture infection dose
(TCIDsg) assay to determine the virus titers at 3, 24, 48,
and 72 hours after H5N1 infection.

Results NS-398 was found to suppress virus gene tran-
scription and infectious virus vyield in H5N1-infected
human cells.

Conclusion We demonstrate that a selective COX-2
inhibitor, NS-398, shows an inhibitory effect on H5N1 viral
replication in addition to its immune-modulatory effect
that could counter the detrimental effects of excessive pro-
inflammatory cytokine production. The findings suggest
that selective COX-2 inhibitors may be a therapeutic target
for treating H5N1 disease in combination with appropriate
antiviral therapy.

Introduction

The emergence and spread of the highly pathogenic avain
influenza viruses (H5N1) in poultry and wild birds with
repeated zoonotic transmission to humans has raised pan-
demic concern. At the time of writing, 507 human cases
have been reported with 302 fatalities, an overall case fatal-
ity rate of around 60% (cumulative number of confirmed
human cases of avian influenza A/(H5N1) reported to
World Health Organization updated to 18 October 2010).
Our previous data demonstrated that COX-2 was mark-
edly up-regulated in H5N1-infected primary human macro-
phages, and that it played a regulatory role in the H5N1-
hyperinduced host pro-inflammatory responses." Such
cytokine dysregulation is proposed to be a major contribu-
tor to the pathogenesis of H5N1 disease in humans.> With
the use of selective COX-2 inhibitors, we found that the
H5N1-hyperinduced cytokine response was significantly
suppressed by the drug in a dose-dependent manner.'
Selective COX-2 inhibitor is a form of a non-steroidal
anti-inflammatory drug that selectively targets COX-2, and
it is an inducible enzyme responsible for inflammatory pro-
cess and immune response. Here, we report a novel finding
of a direct antiviral effect of a selective COX-2 inhibitor,
NS-398, against H5N1 infection in human primary macro-
phages and alveolar epithelial cells. Taken together with
our previous findings that suggest an immuno-modulatory
effect that can modulate virus driven cytokine dysregula-
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tion, these findings highlight a role for COX-2 and its
downstream signaling as potential novel targets for adjunc-
tive therapy of severe viral pneumonia, such as that caused
by H5NI1. Such therapy may be combined with conven-
tional antiviral drugs.

Materials and methods

Viruses

The H5N1 virus used was A/Vietnam/3212/04 (3212/04)
(H5N1), a virus from a patient with H5N1 disease in Viet-
nam during 2004. The viruses were grown and titrated in
Madin-Darby canine kidney cells cells as described else-
where.” Virus infectivity was expressed as TCIDso. All
experiments were performed in a Biosafety Level 3 facility.

In vitro cell culture
Monocyte-derived macrophages: Peripheral-blood leuco-
cytes were separated from buffy coats of healthy blood
donors (provided by the Hong Kong Red Cross Blood
Transfusion Service) by centrifugation on a Ficoll-Paque
density gradient (Pharmacia Biotech) and purified by adher-
ence as reported previously.” The research protocol was
approved by the ethics committee of the University of Hong
Kong. Macrophages were seeded onto tissue culture plates in
RPMI 1640 medium supplemented with 5% heat-inactivated
autologous plasma. The cells were allowed to differentiate
for 14 days in vitro before use in the infectious experiments.
Alveolar epithelial cells: A549 cells were obtained from
ATCC and maintained in culture using Dulbecco’s modi-
fied Eagle medium supplemented with 10% fetal calf
serum, 0.6 mg/1 penicillin, and 60 mg/1 streptomycin.

Influenza virus infection and treatment of cells
with NS-398

Differentiated macrophages or A549 cells were pre-treated
with a selective COX-2 inhibitor, NS-398 (Cayman), at
concentrations as indicated or drug-vehicle for 1 hour
before infection. Cells were infected with H5N1 viruses at
MOI of 2. Following virus adsorption for 30 min, the virus
inoculum was removed, the cells were washed and incu-
bated in corresponding medium with NS-398 or drug-vehi-
cle as controls throughout the experiments. Cells were
harvested for RNA isolation at 6 hours post-infection to
study viral M gene expression. Supernatants were collected
for TCIDs, assay to determine the virus titers at 3, 24, 48,
and 72 hours after H5N1 infection.

Real-time quantitative RT-PCR assays

Total RNA was isolated using the RNeasy Mini kit (Qiagen)
according to the manufacturer’s instructions. The ¢cDNA
was synthesized from mRNA with poly(dT) primers and
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Superscript III reverse transcriptase (Invitrogen). Transcript
expression was monitored by real-time PCR using Power
SYBR® Green PCR master mix kit (Applied Biosystems)
with specific primers. The fluorescence signals were mea-
sured using the 7500 real-time PCR system (Applied Bio-
systems). The specificity of the SYBR® Green PCR signal
was confirmed by melting curve analysis. The threshold
cycle (CT) was defined as the fractional cycle number at
which the fluorescence reached 10 times the standard devia-
tion of the base-line (from cycle 2 to 10). The ratio change
in target gene relative to the f-actin control gene was deter-
mined by the 27**“T method as described elsewhere.*

Results

NS-398 reduced the viral M gene expression in H5NI-
infected human macrophages in a dose-dependent manner
(Figure 1). Similarly, production of infectious virus yield in
H5N1 infected macrophages was found to be suppressed in
the presence of NS-398 at 100 um compared to vehicle-
treated cells (Figure 2A). A comparable effect of NS-398
was observed in H5N1-infected human alveolar epithelial
cells (Figure 2B).

Discussion

We have previously demonstrated that COX-2 expression
was dramatically upregulated following H5N1 infection in
human macrophages in vitro and in epithelial cells of lung
tissue samples obtained from autopsy of patients who died
of H5NI disease." This suggests that COX-2 may be an
important host factor involved in H5N1 pathogenesis and
also provide a possible explanation on why H5N1 virus
replication is susceptible to a selective COX-2 inhibitor.
COX-2 was previously reported to play an important role
in the pathogenesis of other influenza A viruses.” An in vivo
study has highlighted the importance of COX-2 in H3N2-
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Figure 1. Effect of NS-398 on viral M gene expression in H5N1-infected
human macrophages.
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Figure 2. NS-398 reduces the progeny virus production in H5N1-infected
human macrophages (A) and alveolar epithelial cells (B).

infected mice. Findings showed that infection induced less
severe illness and reduced mortality in COX-2 knock-out
mice than in wild-type mice. On the other hand, COX-1
knock-out mice had enhanced inflammation and earlier
appearance of proinflammatory cytokines in the BAL fluid,
whereas the inflammatory and cytokine responses were
dampened in COX-2 knock-out mice. These data suggests
that COX-1 and COX-2 may lead to opposite totally con-
trasting effects on influenza H3N2 infected mice. COX-1
deficiency is detrimental, whereas COX-2 deficiency is ben-
eficial to the host during influenza viral infection. Therefore
in the present study, instead of blocking COX enzymes in
general as reported by others,” we have chosen NS-398 that
selectively block COX-2 but preserve COX-1 activity and
showed that this drug significantly reduced H5NI1 virus
replication in a dose-dependent manner. Taken together
with our previous report suggesting its immuno-modula-
tory effects,’ we believe that selective COX-2 inhibitors and
COX-2 signaling pathways deserve investigation as a prom-
ising approach for targeting therapy in H5N1 diseases.

However, a few reports have suggested the importance of
COX-2 in the late stage of inflammation for the resulution
of inflammation,®® and this raises concern whether inhibi-
tion of COX-2 may be harmful in treating diseases related
to dysregulation of host inflammatory response such as
acute lung injury,” which is a leading cause of death in
H5NI1 patients. We previously looked at the autopsy sam-
ples of lung tissues from H5N1 patients and found that
COX-2 expression was markedly up-regulated compared
with that from persons who died of non-respiratory
causes.! Moreover, data also demonstrated that pro-inflam-
matory cytokines, such as TNF-o, was markedly elevated in
the H5N1 infected lung autopsies.'” Taken together, with
the histo-pathological findings, which showed predominant
features of exudative inflammatory phase in autopsy lung
samples from H5N1 patients,''* we may therefore specu-
late that people who had fatal H5N1 infection died during
acute inflammation phase, and before the resolution could
occur, especially for the cases with a short disease duration
(<10-12 days).13

In conclusion, the roles of COX-2 in both pro-inflam-
mation and pro-resolution phases deserves detailed investi-

gation. The timing of selective COX-2 inhibitor therapy in
H5NI infected patients may be extremely critical. Therefore
a time-dependent study using selective COX-2 inhibitors
on H5Nl-infected animal models will be particularly
important in order to address the effectiveness of this drug
in treating H5N1 disease.
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Abstract

Highly pathogenic avian influenza A virus (HPAIV) strain
A/H5N1 with unprecedented spread through much of Asia
and parts of Europe in poultry remains a serious threat to
human health. Passive immunization (transfer of protective
immunoglobulins) offers an alternative and/or additional
strategy to prevent and cure influenza. Here, we report that
virus-specific immunoglobulin Y (IgY) isolated from eggs
of immunized hens provide protection in mice against
lethal H5N1 virus infection by neutralization of the viruses
in the lungs upon intranasal administration. Importantly,
chicken eggs obtained from randomly selected supermar-
kets and farms in Vietnam, where mass poultry vaccination
against A/H5N1 is mandatory, contain high levels of IgY
specific for A/H5N1 virus. When administered before or
after the infection, IgY prevented and significantly reduced
replication and spread of HPAIV H5N1 and related H5N2
strains. Thus, the consumable eggs readily available in mar-
kets of countries that impose poultry vaccination against
A/H5NI could offer an enormous source of valuable bio-
logical material that provides protection against A/H5N1
virus with pandemic potential. The approach could be used
to control seasonal influenza.

Introduction

Since 2004, HPAIV of the H5N1 subtype has resulted in
more than 430 cases of laboratory-confirmed human infec-
tion in 15 countries with a death rate of more than 50%
(http://www.who.int/csr/disease/avian_influenza/). ~ H5NI1
influenza virus remains a global threat because of its con-
tinued transmission among domestic poultry and wild
birds. Passive immunization (the transfer of antigen-specific
antibodies (Abs) to a previously non-immune recipient

host) offers an alternative and/or additional countermea-
sure against influenza.' Development of human monoclonal
antibodies (mAbs) against H5N1 influenza haemagglutinin
(HA) using Epstein-Barr virus (EBV) immortalization of B
cells isolated from patients infected with H5N1,” phage dis-
play,3 humanized mAbs,* and human recombinant Abs®
has been attempted. Chickens produce a unique immuno-
globulin molecule called IgY that is functionally equivalent
to mammalian IgG.° IgY is found in the sera of chickens
and is passed from hens to the embryo via the egg yolk.”
Egg IgY has been used to prevent bacterial and viral infec-
tions (see review ) of the gastrointestinal tract and recently
for protection against Pseudomonas aeruginosa infection of
the respiratory tract of patients with cystic fibrosis (CF).”
The epidemic of HPAIV H5NI1 virus has resulted in seri-
ous economic losses to the poultry industry, mostly in
Southeast Asia. Therefore, many countries including China,
Indonesia, Thailand, and Vietnam have introduced mass
vaccination of poultry with H5N1 virus vaccines that con-
trols the H5N1 epidemic to some extent.'® Chickens immu-
nized with recombinant H5 and/or inactivated H5N1
reassortant vaccines produced a high level of virus-specific
serum antibodies (Abs) and were protected from H5NI1
virus challenge.'' Theoretically, these Abs could be found in
egg yolk and separated for use in humans to prevent and
cure H5N1 HPAIV infection and disease, respectively. Here,
we examined the possibility that IgY isolated from consum-
able eggs available in supermarkets in Vietnam, where man-
datory H5N1 vaccination has been implemented, provide
prophylaxis and therapy of HPAIV H5N1 infection in mice.

Materials and methods

Six- to 8-week-old female BALB/cAnNCrl (H-2d) mice
(Charles River and Jackson Laboratory) and Hy-Line
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Leghorn hens (Kyunggi Poultry Farm) were used accord-
ing to approved protocols for care and use of animals.
The H5N1  human  influenza  isolate  A/Viet-
nam/1203/2004 (VN/1203) was obtained from the World
Health Organization (WHO) influenza collaborating labo-
ratory at the U.S. Centers for Disease Control and Pre-
vention (CDC), Atlanta, GA. The A/Aquatic bird/Korea/
W81/2005 (H5N2) was isolated from a wild bird in
Korea in 2006 and adapted by multiple passages (15
times) in BALB/c mice. Inactivated reassortant avian
H5N1 influenza virus (A/Goose/GD/96-derived, strain
Re-1) (Harbin, China) was used for mass vaccination of
poultry in Vietnam, and A/ck/Scotland/59 (H5N1) was
used for determination of haemagglutination inhibition
(HAI) titres of sera and IgY. Eggs laid by hen raised in
the poultry unit of Konkuk University, Seoul, Korea, and
purchased from randomly selected supermarkets in Ha-
noi, Vietnam and Seoul, Korea and farms in Vietnam
were used. Hens were immunized intramuscularly with
heat-inactivated A/PR8/34 (HIN1) mixed with Freund’s
adjuvant (FA) (Sigma, MO, USA). IgY Abs were
extracted from egg yolks as previously described.'” The
50% egg infectious dose (EIDs,) was determined by serial
titration of virus stock in eggs, and EID5y/ml values were
calculated according to the method of Reed and Mu-
ench.”” Human virus stocks were grown in MDCK cells
as described previously'* with viral titers determined by
standard plaque assay. The 50% tissue culture infectious
dose (TCIDsy) of virus was determined by titration in
MDCK cells."”” The standard ELISA was performed for
detection of anti-IgY in the sera of IgY-immunized mice.
Fifty percent lethal dose (LDs,) titers were determined by
inoculating groups of eight mice in. with serial 10-fold
dilutions of virus as previously described.'® For infection,
ketamine-anesthetized mice were inoculated intranasally
with a lethal dose with 250 pfu (5% LDs,) of
A/PR/8/34 (HIN1) virus as previously described,'”
10 X LDs, of VN/1203 (H5N1) or 5 x LDs, A/Aquatic
bird/Korea/W81/2005 (H5N2) resuspended in 50 ul PBS
per animal. Ketamine-anesthetized mice were treated
intranasally with 50 ul of IgY before or after infection.
Mice were observed for weight loss and mortality. Sub-
sets of animals were scarified for virus titre.

Results

Hemagglutination inhibition (HAI) and virus
neutralizing (VN) activities of IgY isolated from
consumable eggs available in public markets

We found comparable HAI titers in the sera and egg yolks
obtained from a farm in Vietnam that was participating in
a national mass vaccination program. Furthermore we

found 90% of eggs purchased in randomly selected super-
markets in Hanoi, Vietnam containing H5-specific IgY.
The HAI and VN titers of pooled egg yolk IgY are compa-
rable with those of sera obtained from hens selected ran-
domly from the farm that underwent supervised H5N1
vaccination. In contrast, IgY separated from eggs purchased
in Korean markets where poultry are not vaccinated against
avian influenza H5N1 has no detectable H5-specific HAI or
VN activity.

Protection against infection with H5 influenza
viruses

We first treated naive mice intranasally with H5NI1-spe-
cific IgY before infection with HPAIV H5NI strain,
A/Vietnam/1203/2004, isolated from a fatal case. Such
treated mice displayed mild weight loss and recovered
completely by the end of the first week after inoculation
(Figure 1A). When animals were treated once with H5N1-
specific IgY after H5N1 inoculation they exhibited mini-
mal weight loss during the first week after inoculation,
and virus titers in the lungs were substantial reduced at
day 3 after infection; however, 50% of treated mice suc-
cumbed to infection during the second week after inocula-
tion (Figure 1B). It is possible that not all the HPAIV
A/H5NI1 viruses were neutralized upon the single treat-
ment with IgY, and escaping viruses can spread systemi-
cally to organs outside of the lungs. These viruses may
reappear in lung tissue later when specific IgY is absent.
Indeed, VN/1203 virus injected intravenously or into the
brain can spread to the lungs.'® To circumvent the virus
escape, we administered multiple treatments with H5NI1-
specific IgY after the infection. As a result, all infected
mice recovered completely by the second week post-infec-
tion (Figure 1C), and virus titers in the lungs were sub-
stantially reduced to the level that seen in protected mice
that received single prior-infection treatment (Figure 1D).
Similarly, the protective efficacy of H5N1-specific IgY was
observed in mice infected with lethal dose of mouse-
adapted avian influenza virus strain A/Aquatic bird/Kor-
ea/W81/2005 (H5N2). This virus shares 94.4% nucleotide
sequence homology with HA (H5) but has different NA
(N2) from the one used for mass immunization in Viet-
nam (reassortant avian H5NI influenza virus A/Goo-
se/GD/96-derived, strain Re-1). The results indicate that
H5N1-specific IgY isolated from eggs purchased in mar-
kets have preventive and therapeutic effects against infec-
tion with HPAIV H5NI1 and the related strain H5N2. The
findings suggest that while a single treatment with IgY
prior to lethal infection was sufficient to protect the ani-
mals from the infection, multiple treatment is required for
complete therapeutic effect after infection with HPAIV
such as VN/1203 strain.
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Figure 1. Protection against challenge with HPAIV H5N1. Morbidity and
mortality of BALB/c mice treated with H5N1-specific IgY (anti H5N1 IgY)
at 6 hours pre- (=6 hours) or post- (+6 hours) infection with VN/1203
(H5N1) virus (Single pre- or post-infection treatment, (A) — 6 mice per
group); or at 6, 24, 48, and 72 hours after infection (Multiple post-
infection treatments, (C) — 5 mice per group). Ten LDs, of VN/1203
H5N1 virus and 50 pl of H5N1-specific IgY were used for intranasal
infection and treatment, respectively. The mice protected from disease did
not die even after 3 weeks monitoring. Virus titers (EIDsq) in the lungs
were determined on day 3 after infection (B, D). The values are the mean
of 4 mice in each group. The group of mice receiving single pre-infection
treatment was included as control.

Protection against infection with human influenza
A/HINI virus

We further examined the protective efficacy of IgY isolated
from eggs laid by hens immunized in the laboratory with
heat-inactivated  human influenza ~A/HIN1  virus,
A/PR/8/34. We found substantial levels of HAI and VN
Abs in the sera and yolks derived from immunized hens.
When naive mice were administered intranasally with such
anti-PR/8 IgY at 6-8 hours before or after infection with
lethal dose of PR/8 virus, they were protected from the
infection or lethal disease, respectively. The virus titers in
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the lungs of A/PR8 specific IgY-treated mice at day 3 after
infection were also significantly lower than those seen in
untreated mice or mice receiving normal IgY. Intranasal
administration is the most effective route as compared to
oral or peritoneal or intravenous administration for protec-
tion against lethal challenge, and the presence of virus-spe-
cific IgY in bronchoalveolar lavage (BAL) is required for
the protection. The results provide a proof-of-concept that
intranasal administration of virus-specific IgY prevents
influenza virus infection and cures the disease. The concept
could be applied to control influenza outbreaks including
seasonal and pandemic influenza. The protection was cor-
related with HAI and VN activities of the IgY and reduced
virus titers in the lungs after treatments, suggesting that the
protection is mediated by VN.

IgY treatment induced anti-IgY Abs that do not
prevent protection mediated by IgY

We asked if administration of IgY in the respiratory tract
induces anti-IgY Ab response in mice. If this is the case,
the next question is whether pre-existing anti-IgY Abs
block IgY-mediated protection. Indeed, significant levels of
anti-IgY were observed in animals that received single or
multiple administration of IgY. When IgY-immune mice
were treated with virus-specific IgY before or after lethal
challenge, the results were identical to those obtained from
treated naive mice, indicating that pre-existing anti-IgY
Abs do not interfere with the protection mediated by
virus-specific IgY. Consistently, incubation with anti-IgY
serum did not interfere with HAI and VN activity of the
virus-specific IgY, indicating that anti-IgY Abs do not block
virus binding by virus-specific IgY (Figure 2). The finding
suggests that the IgY treatment could be applied to persons
who have developed anti-IgY during the individuals’™ life,
and such treatment strategy could be repeated if multiple
treatment is required and/or necessary later on to protect
infections with other pathogens.

Discussion

The approach using specific IgY for prevention and therapy
of HPAIV H5NI1 infection offers a practical alternative to
' and an addi-

tional therapeutic option to antiviral drugs since wide-

immunotherapy using convalescent plasma

spread drug resistance has been recently reported among
influenza virus strains. IgY is relatively stable. We found no
change in protective activity after at least 12 months stor-
age at 4°C, and lyophilization does not affect the activity,
making production of IgY practical. The use of IgY immu-
notherapy has many advantages, since IgY does not activate
the human complement system or human Fc-receptors,
which all are well-known cell activators and mediators of
inflammation.”> We chose the water dilution method for
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Figure 2. Induction of anti-IgY Abs and IgY treatment in mice with pre-
existing anti-IgY. Anti-IgY in the sera of mice immunized with normal IgY
(IgY immunized), treated once intranasally with PR8-specific IgY 8 hours
before (anti PR8 IgY —8 hours) or three times after infection (anti PR8 IgY
+8, 32, 56 hours) (A). Endpoint titers (log,) were determined by ELISA.
Morbidity and mortality of IgY-immunized mice treated with PR8-specific
IgY (anti PR8 IgY) before (=6 hours) or after (+6 hours) infection with
mouse-adapted PR8 (B). The values are the mean of 5-10 mice in each
group.

preparation of IgY. The method is simple, efficient and
does not require any toxic compounds or any additives.
Such IgY preparations by this method have been used in
other human study.”*' Eggs are normal dietary compo-
nents, so there is minimal risk of toxic side effects, except
for those with egg allergy. Thus, our study demonstrated
that influenza virus-specific IgY can be used in passive
immunization that provides great help for immunocom-
promised patients and elderly who have weaken immune
response to influenza vaccines. Importantly, the consum-
able eggs readily available in the markets of countries that
impose mandatory H5N1 vaccination offer an enormous
source of valuable, affordable, and safe biological material
for prevention and protection against potential H5N1 pan-
demic influenza.

Disclosure

Parts of the information and data presented in this manu-
script were previously published in http://www.plosone.org/
article/info:doi%2F10.1371%2Fjournal.pone.0010152.
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Introduction

The 2009/2010 H1Nlinfluenza A virus pandemic clearly
demonstrates that influenza is still a major risk for the
public health. Although the pandemic swine origin influ-
enza A virus (SOIV) caused only mild symptoms, the con-
trol of the outbreak still remains difficult. Even as vaccine
is available against this virus, the possibility of reassortment
between the pandemic and a seasonal or avian A/H5NI
influenza virus strain is indeed a frightening, but a likely
event. This reassortant strain might be able to transmit eas-
ily between humans causing fatal infections, and the cur-
rent SOIV vaccine might no longer be sufficient to protect
against the reassorted virus. In such a case, we can only
rely on effective antiviral drugs. Today, neuraminidase-
inhibitors, such as oseltamivir, represent the most common
clinically approved medication against influenza A viruses.
Unfortunately, the frequency of reports describing the
appearance of drug-resistant seasonal HIN1 and also H5N1
influenza A viruses dramatically increased in the recent
past."™ Drug resistance to the known antivirals highlights
the urgent need for alternative antiviral compounds with
novel defense mechanisms. Recently, we have reported that
a polyphenol rich plant extract, CYSTUS052, which showed
antiviral activity against influenza A viruses in cell culture
and in mice.>® Moreover, the antiviral activity of CY-
STUS052 against seasonal influenza virus and common
colds was also demonstrated in humans.” However, the
efficiency of CYSTUS052 against SOIV and A/H5N1 iso-
lates was unknown so far. Therefore, we investigated CY-
STUS052 effectiveness against the pandemic strain and
seven natural influenza A/H5N1 isolates detected in several
avian species during 2006/2007 avian influenza outbreak.
Additionally, the potency of the most common neuramini-
dase inhibitor oseltamivir was also investigated against

these isolates. Here, we show that CYSTUS052 treatment
was effective in in vitro studies against SOIV and A/H5N1
influenza virus.

Material and methods

Viruses

Avian H5N1 isolates were originally obtained from the
Bavarian Health and Food Safety Authority, Oberschleiss-
heim, Germany. The SOIV A/Hamburg/4/2009 was
obtained from the Robert-Koch-Institut, Berlin, Germany.
All H5N1 viruses were further propagated in embryonated
chicken eggs or MDCK II (HIN1v) cells at the Friedrich-
Loeffler-Institut, Tiibingen, Germany.

Antiviral compounds

CYSTUS052 extract was supplied and originally developed
by Dr. Pandalis NatUrprodukte GmbH & Co. KG (Charge-
Nr.:40121T01B/04; Glandorf, Germany). CYSTUS052 gran-
ulate was dissolved in sterile PBS (10 mg/ml) at 60°C for
1 hour. Oseltamivir carboxylate was obtained from Toronto
Research Chemicals Inc. (TCR, North York, Canada) and
dissolved in sterile PBS.

Viral cytopathological effect inhibition screening
For the cytopathological effect (CPE) inhibition screening,
in accordance with Sidwell,¥® MDCK 1II cells were infected
with different viruses at MOI of 0-005. Virus-infected cells
were then treated with antiviral compounds CYSTUS052
from 0-1 to 1000 ug/ml or oseltamivir from 0-01 nm to
1 mm. After incubation for 48 hours at 37°C and 5% CO,,
cells were fixed, and viable cells were stained with crystal
violet. After extraction of crystal violet from viable cells
with 100% methanol, the extinction was measured with an
ELISA reader.
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Infectivity assay

Immediately ~ before infection, MDCK 1II  cells
(8 x 10* cells/well) were washed with PBS and subse-
quently incubated with virus diluted in PBS/BA (0-2% BA)
1 mm MgCl,, 0-9 mm CaCl,, penicillin and streptomycin
to a multiplicity of infection (MOI) of 0-001 for 30 min-
utes at 37°C. CYSTUS052 was added in a concentration of
50 pg/ml directly to the virus-stock and on the cell mono-
layer simultaneously with the infection. After 30 minutes
incubation period, the inoculums were aspirated and cells
were incubated with either MEM or MEM containing
1 um oseltamivir. At indicated time points, supernatants
were collected. Infectious particles (plaque titers) in the su-
pernatants were assessed by a plaque assay under Avicel as
described previously.”

Results

In order to investigate the antiviral potential of CY-
STUS052, ECs, values based on the inhibition of the CPE
on MDCK II cells were determined for CYSTUS052 and in
addition for oseltamivir. The ECs, values for CYSTUS052
ranged from 1-53 to 18:88 ug/ml. CYSTUS052 demon-
strated the highest sensitivity against the SOIV, SN1 and
MBI isolates with ECs, values below 5 ug/ml. Compared
to these virus strains, CYSTUS052 showed a slightly
increased ECs, value for GSB1 (18:88 pg/ml). In contrast
the ECso values for BB1 and BB2 were notably elevated
(6568 and 7622 ug/ml). Thus, the weakest antiviral effect
of CYSTUS052 was observed against these two isolates.

The ECs, values evaluated for oseltamivir ranged from
0-07 to 512:76 um (Table 1), indicating that BB2 (512:76)
and GSBI1 (356'92 um) can be considered resistant against

oseltamivir. To confirm these results we investigated the
ability of CYSTUS052 to block virus replication as pub-
lished before." As a control, virus infected cells were treated
with oseltamivir as described earlier.® In the absence of the
drugs all influenza strains showed similar growth properties
(Figure 1, black squares).

First progeny viruses were detectable between 8 and
20 hours post infection (Figure 1, black squares). Treatment
with CYSTUS052 resulted in reduction of virus titers of all
influenza virus strains (Fig. 1A—H, open triangles). Surpris-
ingly, oseltamivir failed to inhibit the replication of two
H5NI1 influenza virus strains (GSB1 and BB2), supporting
the data of ECs, values (Figure 1D+H, grey rhombes).

Discussion

We assessed the antiviral activity of CYSTUS052 against
the newly emerged SOIV and seven avian H5N1 influenza
viruses. CYSTUS052 showed efficient antiviral activity
against the pandemic HINI1v strain and was effective to a
wide range of H5NI1 viruses. Furthermore, CYSTUS052
demonstrated a broader and more efficient antiviral poten-
tial than oseltamivir. CYSTUS052 treatment leads to a
stronger reduction of progeny virus titers, and more
importantly, CYSTUS052 was effective against all tested
viruses, while oseltamivir was unresponsive against two of
seven A/H5N1 viruses. Even though the pandemic strain in
general is still sensitive to oseltamivir treatment, there are
increasing numbers of reports of emerging resistant vari-
ants. The treatment with CYSTUS052 does not result in
the emergence of viral drug resistance since the mode of
action is an unspecific physical binding of the virus particle
that is also beneficial to reduce opportunistic bacterial

Table 1. In vitro effect of oseltamivir and CYSTUS052 on different influenza A viruses

ECso*

Isolate Abbreviation CYSTUS052 (ug/ml) Oseltamivir (um)
A/Hamburg/4/2009 SOV 358 + 0-42 007 + 4147%
A/mute swan/Germany/R1349/07 SN1 1:53 + 061 0-49 + 0-001
A/mallard/Bavaria/1/2006 MB1 2:51 + 0-82 0-51 + 0-004
A/common buzzard/Bavaria/11/2006 BB1 65-68 + 1-59 11-09 + 0-01
A/common buzzard/Bavaria/2/2006 BB2 7622 + 162 51276 + 10-21
A/great crested grebe/Bavaria/22/2006 CGB1 1578 + 2:68 805 + 0-003
A/goldeneye duck/Bavaria/19/2006 GEB1 16:87 + 2:72 9-5 + 0-004
A/goosander/Bavaria/20/2006 GSB1 18-:88 + 1-61 35692 + 2-59

*The percent of cell viability after treatment with the antiviral compound was calculated after correction for the background values (virus-infected
cell control) as follows: Percent inhibition = 100/[(OD 590) cell-control sample: (OD 590) treated sample]. The ECsq value (i.e. the concentration
of compound required to reduce the viral cytopathological effect on MDCKII cells to 50%) was determined with the GraphPad Prism 5 Software
by plotting the percent cell viability as a function of compound concentration.
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Figure 1. Infection of MDCK II cells with SOIV (A) and various H5N1
isolates (B—H) either untreated (black squares), treated with CYSTUS052
(50 ug/ml) (open triangles) or oseltamivir (1 um) (grey rhombs). For
(A)—(F) and (H) CYSTUSO052 treatment of the virus inoculum was
performed with 50 ug/ml 30 minutes prior to infection, whereas treatment
of the virus inoculum in (G) was performed with the standard protocol,
using 100 ug/ml following supplementation of the culture medium with
CYSTUS052 (100 pg/ml).

infections.””'® CYSTUS052 is an extract from a special
variety of the plant Cistus incanus, and it is very rich in
polymeric polyphenols.'" Tt is well known that polyphenols
exhibit protein-binding capacity.'"> However, CYSTUS052
exhibited no neuraminidase inhibiting activity. Therefore,

Options for the control of influenza VII |

ingredients of CYSTUS052 may act in a rather unspecific
physical manner by interfering with the viral hemagglutinin
at the surface of the virus particle as demonstrated before.
While this prevents binding of the virion to cellular recep-
tors, it does not block accessibility and action of the viral
neuraminidase. Since, infections with influenza A viruses
are still a major health burden and the options for control
and treatment of the disease are limited, plant extracts such
as CYSTUS052 should be considered as a new candidate
drug for a save prophylactic and therapeutic use against
influenza viruses.
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Abstract

Oseltamivir (OSV) is widely used to suppress viral replica-
tion in the treatment of influenza. Here, we report that
OSV  administration significantly suppressed respiratory
mucosal secretory IgA (sIgA) responses, but not systemic
IgG responses, in weanling mice as a model of pediatric
influenza. Treatment with clarithromycin (CAM), a macro-
lide with immunomodulatory activities, in pediatric influ-
enza boosted the production of sIgA against influenza A
virus (IAV) in nasal washes (NWs) and alleviated the respi-
ratory disease manifestations, particularly in patients trea-
ted with OSV. Our findings suggest that CAM boosts
mucosal anti-viral sIgA responses and prevents the risk of
re-infection in the OSV-treated patients.

Introduction

The antiviral neuraminidase inhibitor OSV and zanamivir
are widely used treatment options for influenza infection
and are being stockpiled in many countries. Although
mucosal immunity is the frontline of defense against
pathogens, the effects of neuraminidase inhibitor treatment
on airway mucosal immunity have not been reported. The
suppression of viral RNA replication and viral antigenic
production by these drugs may result in a limited immune
response against influenza virus." Macrolides, such as CAM
and azithromycin, have anti-inflammatory and immuno-
modulatory properties that are separate from their antibac-
terial effects.”™ This study examined the impact of OSV
treatment on immune responses in the airway mucosa and

plasma in mice infected with IAV and pediatric influenza
patients. We also assessed the immuno-modulatory effects
of CAM in influenza patients who were treated with or
without OSV.

Materials and methods

Female 3-5-week-old weanling BALB/C mice were nasally
inoculated with 25 pfu of IAV/PR8/34 HINI1 at day 0.
Immediately after infection, mice were given 50 ug of OSV
orally or vehicle at 12-hours intervals for 11 days. The lev-
els of virus-specific sIgA in NWs and bronchoalveolar flu-
ids (BALF) and IgG in plasma were measured by ELISA as
reported previously.’

A retrospective clinical study was conducted. For the
study, 40 children with acute influenza were recruited
and grouped according to the treatment received: 5 days
treatment with OSV (n = 14), CAM (n=38), OSV +
CAM (n =12), and untreated (n = 6). Since parents in
Japan are well aware of the adverse effects of OSV espe-
cially the neuropsychiatric complications,® the decision on
whether to administer OSV or not and to prescribe CAM
was made by the parents and the attending paediatricians,
based on their anti-viral and immuno-modulatory activ-
ity.>® Comparisons were made of the levels of sIgA
against IAV/H3N2 and TAV/HINI, total sIgA, in NWs
and disease symptoms before and after treatment. Anti-
HA sIgA and total sIgA in NWs of patients were deter-
mined from the standard regression curves with human
IgA of known concentration in a human IgA quantitation
kit (Bethy Laboratories). Because an affinity purified
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Figure 1. Proportion of total sIgA as anti-HA sIgA in NWs collected
before and after 5 days of treatment in children studied, by the four
treatment groups (CAM, OSV, OSV + CAM and no treatment). The
proportion of total sIgA that was anti-HA sIgA was expressed as: anti-HA-
specific sIgA (U/mg)/total sIgA (ug/mg) X 100. The increase in the
proportion during the treatment (Post/Pre) is also indicated for each
patient. A significant increase in the mean proportion was observed after
treatment with CAM (P < 0:05) and OSV + CAM (P < 0-01). ({):
increased or unchanged; (#): decreased.

anti-HA-specific sIgA to total sIgA in NWs was expressed
as titer: anti-HA-specific sIgA (U/mg)/total sIgA (ug/mg)
x 100. Figure 1 shows changes in the anti-HA(H3N2) sIgA
ratio (titer) and fold of increase in sIgA titer in each
patient during the 5-days’ treatment for the four different
treatment groups. It is noteworthy that, upon admission to
the hospital, the sIgA titers were <3 in 93% of patients.
During the 5 days of treatment, rapid increases in the titers
were observed in almost all patients in CAM, OSV + CAM,
and no treatment groups. In contrast, in the OSV group,
the anti-HA-specific sIgA titers remained unchanged or
decreased in the majority of patients. The finding of signifi-
cant low induction of anti-viral sIgA in the OSV group was
supported by the results of animal experiments. However,
the addition of CAM to OSV augmented sIgA production
and restored mucosal sIgA levels; 75% of patients treated
with OSV + CAM showed >5-fold increase in the titers
during treatment. These observations suggest that CAM
stimulated the local mucosal immunoresponse in the naso-
pharyngeal region of patients treated with OSV.

Decrease in cough prevalence at end of treatment
with CAM + OSV

The prevalence of disease manifestations was also ana-
lyzed.® Among the symptoms listed, a significant decrease
in the prevalence of cough was recorded between the no
treatment group and the OSV + CAM group and between
the OSV group and the OSV + CAM group (**P < 0-01),
despite the limited number of patients in each group. The
duration of the febrile period was significantly shorter in
the OSV and OSV + CAM groups than the no treatment
group. However, no significant difference was observed
between the OSV group and OSV + CAM group.

Discussion

It has been reported that OSV does not affect the cellular
immune responses, such as cytotoxic T lymphocytes and
natural killer cells.®* However, the effects of OSV on mucosal
immunity have not been studied so far. The present study
showed that OSV treatment of mice infected with IAV
induced insufficient protective mucosal sIgA responses in
the respiratory tract, although treated mice showed the sim-
ilar levels of systemic IgG and IgA antibody responses in
plasma to those in mice treated with vehicle (Table 1).! The
observed effect of OSV on mucosal immunity was probably
due to a suppression of viral replication and viral antigen
production in the mucosal layer. These observations in mice
are further supported by our clinical reports of sIgA in NWs
and BALF of OSV treated influenza patients.®

The 14 membered- and 15 membered-ring macrolides
have been found to possess a wide range of anti-inflamma-
tory and immuno-modulatory properties,> and to be
effective in the treatment of respiratory syncytia and IAV
infection.”'® The efficacy of low doses administered on the
long term against pathogens that are insensitive to macro-
lides indicates a mode of action that is separate from their
antibacterial activity.>>>'" In the present study, we evalu-
ated the immunomodulatory effects of CAM on mucosal
immune responses in pediatric influenza.

A decrease in the proportion of total sIgA that was anti-
HA-specific sIgA during treatment was observed in 21.4%
of patients in the OSV group (those represented by the dot-
ted lines and closed diamonds in Figure 1), whereas an
increase in the proportion was observed in most patients of
the other groups (except for one patient of the untreated
group). Despite the low or unchanged induction of anti-
HA-specific sIgA in the majority of OSV-treated patients,
the additional use of CAM with OSV boosted the mucosal
immune response and restored local mucosal sIgA levels.
We are currently engaged in detailed immunological studies
of the effects of CAM and OSV on the levels of mediators
controlling IgA class switching in NWs of influenza patients
and airway secretion of mice infected with IAV. Further
studies should clarify the boost mechanisms of CAM and
the suppression mechanisms of OSV in IgA class switching.

Our findings suggest the risk of re-infection in patients
showing a low mucosal response following OSV treatment
and CAM effectively boosts the sIgA production for protec-
tion of re-infection.
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Abstract

To date there is an urgent need to develop new antivirals
against influenza. Most of the molecules reported target
influenza proteins that acquire rapid mutations of resis-
tance. The development of new molecules that have a
broad antiviral activity and are not subjected to influenza
mutation is of particular interest. Our laboratory and oth-
ers recently showed that proteases can participate to the
innate immune response in the airways through the activa-
tion of a family of receptors called PAR. In particular,
through the release of interferon, PAR2 agonists curbed
viral replication significantly in infected cells. In this study,
since ERK activation is crucial for virus replication, we
investigated whether PAR2 could inhibit virus replication
through inhibition of the ERK pathway. Results showed
that while influenza A infection alone or PAR2 stimulation
alone induced ERK activation, PAR2 stimulation does not
inhibit ERK activation in influenza infected cells. Thus,

PAR2 agonists may be a potential new drug against influ-
enza viruses that could be used in combination with other
anti flu therapy such as the inhibition of the ERK pathway.

Introduction

Respiratory tract-resident proteases are key players during
influenza virus type A infection."? In addition to their
direct activating effect on surface viral proteins, lung muco-
sal proteases can regulate cellular processes by their ability
to signal through protease-activated receptors (PARs).’
After cleavage of the receptor by proteases, the new amino-
terminal sequence of PAR binds and activates the receptor
internally. These receptors are highly expressed at epithelial
surfaces, in particular in the lung, where human influenza
virus replicate in vivo. PARs are thus directly exposed to
proteases present in the airways. Among the four different
PARs, PAR2 acts as an antiviral through an interferon-
dependent pathway.*® Thus, agonists of PAR2 are potential
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new drugs against a broad range of influenza viruses, which
is in accordance with the broad antiviral action of inter-
feron. However, the signalling pathway induced by PAR2
agonists in influenza A infected cells has still to be investi-
gated. In this manuscript, we showed that influenza infec-
tion or activation of PAR2 induced ERK activation, a
crucial step for efficient virus replication.*” However,
PAR?2 agonists do not impaired ERK activation in influenza
A virus infected cells. Since the pathway of PAR2 protec-
tion is likely to be ERK-independent, the use of anti ERK
molecules in combination with PAR2 agonists maybe of
potential interest in future anti-influenza therapy.

Material and methods

Virus strains, cells, antibodies, and reagents
Influenza viruses A/WSN/33 (HIN1) (a kind gift from
Nadia Naffakh) was used in the present study. MDCK
(Madin-Darby Canine Kidney) and the human alveolar
type II A549 cell were obtained from ATCC and grown as
previously described.® For Western blot analysis, the fol-
lowing antibodies were used: monoclonal antibody for
phospho-ERK1/2 (T202/Y204) and for ERK1/2 antibodies
from Cell Signaling Technology (Beverly, MA), horseradish
peroxydase (HRP)-coupled rabbit polyclonal antibodies
against mouse or rabbit IgG from PARIS (Compiegne,
France).

Infection, stimulation, and western blot analysis
A549 cells were infected with IAV at an MOI of 1 in
EMEM medium, as previously described.”'® At various
time points post infection, cells were collected and proteins
were analysed as previously described.*'' PAR2 stimulation
was performed at 37°C in EMEM medium as previously
described.* After infection and/or stimulation, cells were
lysed in ice-cold lysis buffer. Lysates were centrifuged at
12 000 g for 20 min, and total proteins of the supernatants
were analyzed by western blot analysis as previously
described.'>"?

Results

ERK activation after influenza infection or PAR2
stimulation

Since activation of the ERK pathway is essential for effi-
cient influenza replication,” we first investigated the kinet-
ics of ERK activation after influenza infection in human
A549 alveolar epithelial cells. For this purpose, A549 cells
were infected with influenza viruses at a MOI of 1 at differ-
ent time point post-infection, and activation of ERK1/2
pathway was assessed by Western blot analysis using an
anti-ERK antibody. Results showed that ERK was phos-
phorylated after influenza infection in a time course depen-
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Figure 1. (A) Time course of ERK activation after influenza (virus) or
heat-inactivated viruses (inactivated) infection. Numbers on the right are
molecular weight in kDa. (B) Time course of ERK activation after Par2
stimulation or not (—) with a control peptide (C), human SLIGKV peptide
(H) or mouse SLIGRL peptide (M).

dent manner when compared to uninfected cells. In
contrast, ERK phosphorylation was not observed with heat-
inactivated viruses, suggesting that productive infection is
needed for ERK activation (Figure 1A). Antibodies against
ERK1/2 were used as controls. Since ERK is activated after
influenza infection, we then tested whether activation of
PAR2 in uninfected cells also leads to activation of this
pathway. For this purpose, A549 cells were stimulated with
the selective human (H) or mouse (M) PAR2 agonist or a
control peptide for the indicated time (Figure 1B). When
exposed to the PAR2 agonists and compared to control-
treated cells, ERK phosphorylation increased over the time
course of stimulation. Thus, influenza infection or stimula-
tion of PAR2 without infection in A549 cells induced
activation of the ERK pathway at different time point
post-infection.

ERK activation is not inhibited by PAR2 activation
in influenza stimulated cells

Since influenza infection and PAR2 stimulation induced
ERK activation, we then investigated whether PAR2 could
inhibit ERK activation in influenza infected A549 cells.
Results in Figure 2 showed that in influenza infected cells,
PAR?2 activation for ten minutes does not inhibit ERK acti-
vation after influenza infection. Thus, ERK activation is
not inhibited by PAR2 activation in influenza stimulated
cells.

Discussion

In this manuscript, we studied the activation of the ERK
pathway after PAR2 stimulation and or influenza infection.
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Particularly interesting is the fact that either influenza
infection or PAR2 stimulation alone induce ERK phos-
phorylation in A549 epithelial cells, while ERK activation is
not inhibited in A549 infected cells compared to uninfected
ones after PAR2 stimulation.

Proteases are key factor in the pathogenicity of influ-
enza viruses. In addition to the cleavage of HA, necessary
for AV replication, extracellular proteases also play a role
in the modulation of the immune system against influenza
viruses through the activation of PARs. Particularly PAR2,
activated by extracellular trypsin-like proteases, could inhi-
bit virus replication through the release of interferon,*’
thus, strengthening the immune system via agonist pep-
tides and providing new therapeutic potential against a
broad range of influenza strains. In addition, targeting the
host instead of the virus could provide a way to escape
from virus resistance.'* Thus, a better understanding of
how virus escapes from immune surveillance may provide
new therapeutic strategies to block IAV. In addition, com-
binations of drugs that block virus replication via different
pathways are of interest. The non classical molecules
HLA-G maybe an interesting new target as we recently
showed that it is upregulated after influenza infection,"
and it is a well known immunotolerant molecule."
Indeed, it inhibits the innate immune response ‘¢ as well
as the adaptive immune response.'”'® Also, as previously
suggested, the ERK signal transduction cascade is also of
potential interest since it is crucial for virus replication
and particularly influenza replication.®” As shown here, it
is unlikely that PAR2 protection occurs through an ERK-
dependent pathway. Thus strengthening the immune
response with PAR2 agonists and blocking nuclear reten-
tion of the viral ribonucleoprotein complexes with inhibi-
tors of the MEK/ERK pathway may be alternative
combinatory approaches for influenza therapy. In addition,
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since those potential drugs target the host instead of the
virus, this could help in the design of new antivirals mole-
cules more resilient to IAV mutations and thus to virus
resistance.
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Introduction

The initial waves of the first influenza pandemic of the 21st
Century have passed. In June 2009, vaccine companies esti-
mated they could produce in 6 months almost 2.5 billion
doses of pandemic vaccine.' Instead, they actually produced
only 534 million doses, of which 64% were non adjuvanted
preparations. Had these doses been produced with adjuvants
(i.e., 3.75 pg instead of 15 pug HA per dose), an additional 1
billion doses could have been made available. Yet there was
public opposition to adjuvants in many countries, especially
by regulatory officials in the United States. Misperceptions
about the safety of both adjuvanted and nonadjuvanted vac-
cines were widespread. Added to this, shortfalls in vaccine
production, delays in vaccine delivery, and the “mildness” of
the pandemic itself meant that only a few countries achieved
reasonable levels of vaccine coverage. Millions of doses went
unused and had to be destroyed. Supplies of antiviral agents
were even more limited. Thus, despite the best efforts of
influenza scientists, health officials, and companies, more
than 90% of the world’s people did not have timely access to
affordable supplies of vaccines and antiviral agents. Instead,
they had to rely on 19th century public health “technolo-
gies.” Given current understanding of biology in the early
21st century, they should have had — and probably could
have had — something better.

This report reviews evidence for an alternative approach
to serious and pandemic influenza that could be used in all
countries with basic health care systems. Instead of con-
fronting the influenza virus with vaccines and antiviral
agents, it suggests that we might be able to modify the host
response to influenza virus infection by using anti-inflam-
matory and immunomodulatory agents. This idea was
introduced several years ago * and has been reviewed in
several publications.”™

The central importance of the host

response

In the 1918 pandemic, young adults had high mortality
rates. Ever since, influenza virologists have sought to

answer the question “why did young adults die?” by defin-
ing the molecular characteristics of the 1918 virus that were
responsible for its virulence.® In doing so, they have over-
looked a crucial piece of clinical evidence from the 1918
pandemic: compared with young adults, children were
infected more frequently with the same virus, yet they sel-
dom died. Consequently, the more important question is
“why did children live?” This can only be explained by rec-
ognizing that children must have had a different host
response to the 1918 influenza virus than adults. Physicians
have long recognized that for several other medical condi-
tions, both infectious (e.g., pneumococcal bacteremia) and
non-infectious (e.g., multiple trauma), children have a
more benign clinical course than adults.”® A corollary of
this observation is that secondary bacterial pneumonia,
although commonly found in young adults in 1918, could
not have been the primary cause of death. Children must
have had the same or higher rates of nasopharyngeal colo-
nization with the same bacteria that were associated with
pneumonia deaths in adults, yet children seldom died of
secondary bacterial pneumonia.® If young adults died with
secondary bacterial pneumonia, underlying host factors
must have made them more susceptible.

Few people who die of influenza do so during the first
few days of illness when pro-inflammatory cytokine levels
are high. Instead, like patients with sepsis, they usually die
in the second week, when anti-inflammatory cytokines and
immunosuppression dominate.*®’ Influenza deaths occur
more frequently in older persons with cardiopulmonary
conditions, diabetes, and renal disease, but as seen in the
2009 HIN1 pandemic, they also occur in younger adults
with obesity, asthma, and in women who are pregnant.
Regardless of age, people with all of these conditions share
one characteristic in common: they have chronic low-grade
inflammation. In effect, their “innate immune rheostats”
have been set at different, and perhaps more precarious,
levels that make them more vulnerable to influenza-related
complications. '

Laboratory studies of influenza virus infection confirm
the importance of the host response. In several studies in
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mice in which the host response has been modified (e.g.,
cytokine knockout), survival has been improved without
increasing virus replication in the lung.’ In fact, severe dis-
ease can be induced without any influenza virus replica-
tion. For example, fatal acute lung injury has been induced
in mice by inactivated (not live) H5NI1 virus.'! In this
model, antiviral agents would be useless; only the host
response could be responsible for disease.

These observations raise the following question: could
the host response be modified so patients with severe sea-
sonal and pandemic influenza might have a better chance
of surviving?

Influenza, acute coronary syndromes,
statins and related agents

Influenza is associated with acute coronary syndromes, and
influenza vaccination and statins reduce their occurrence.
These associations led to the suggestion in 2004 that statins
might be used to treat pandemic influenza.> Other agents
that might also be effective include PPARa and PPARy
agonists (fibrates and glitazones, respectively) and AMPK
agonists (e.g., metformin).>® These agents have been
studied in laboratory models of inflammation, sepsis, acute
lung injury, ischemia/reperfusion injury, energy metabo-
lism, mitochondrial function, and programmed cell death.
The results of these studies cannot be reviewed in detail
here, but the major findings for cell signaling are summa-
rized in the Table 1. Unfortunately, the results of experi-
mental studies are not always clear cut. For example, in
one study of influenza virus infected mice, IL-10 was neces-
sary for containing infection,'* but in another study IL-10
appeared to be harmful."’ Nonetheless, overall understand-
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ing of cell signaling pathways in influenza virus infections
and the actions of statins, glitazones, fibrates, and AMPK
agonists strongly suggest that these agents could benefit
patients with severe influenza.

Effectiveness of immunomodulatory
treatment in laboratory and clinical
influenza

Laboratory studies in mice infected with PR8 (HINTI)
H2N2 and pandemic HINI1 viruses show that resveratrol,
fibrates, glitazones, and AMPK agonists reduce mortality by
30-50%, often when treatment is started 2—4 days follow-
ing infection.'"*™'” (Resveratrol is a polyphenol found in red
wine. It shares with these other agents many of the same
cell signaling effects.) In H5Nl-infected mice, treatment
with celecoxib and mesalazine, together with zanamivir,
showed better protection than zanamivir alone.'"® Remark-
ably, these immunomodulatory agents have not increased
virus replication. Even more remarkable, in another model
of a highly inflammatory and frequently fatal condition —
hepatic ischemia/reperfusion injury — glitazone treatment
“rolled back” the host response of “young adult” mice (8-
10 weeks old) to that of “children” (3-4 weeks old).'® This
unique study suggests that immunomodulatory treatment
might roll back the damaging and sometimes fatal host
response of young adults with influenza to the more benign
and rarely fatal response of children.

Several, but not all, observational studies have shown
that outpatient statins decrease hospital admissions and
mortality due to community-acquired pneumonia.® For
influenza itself, preliminary evidence presented in October
2009 suggests that immunomodulatory treatment of influ-

Table 1. Cell signaling targets that might be affected by immunomodulatory treatment of severe seasonal and pandemic

influenza*

Down regulate pro-inflammatory cytokines (e.g., NF-kappaB, TNFe, IL-1, IL-6)

Up regulate anti-inflammatory cytokines (IL-10, TGFf)
Up regulate pro-resolution factors (lipoxin A4, resolvin E1)
Up regulate HO-1 and decrease TLR signaling by PAMPs and DAMPs

Up regulate eNOS, downregulate iNOS, restore iNOS/eNOS balance and stabilize cardiovascular function
Decrease formation of reactive oxygen species and decrease oxidative stress

Improve mitochondrial function and restore mitochondrial biogenesis

Decrease tissue factor and its associated pro-thrombotic state

Stabilize the actin cytoskeleton in endothelial cells and intracellular adherins junctions, and thereby increase pulmonary barrier integrity and

decrease vascular leak

Differentially modify caspase activation and apoptosis in epithelial and endothelial cells, macrophages, neutrophils and lymphocytes in the lung

and other organs

Increase the Bcl-2/Bax ratio in influenza virus-infected cells and prevent the apoptosis necessary for virus replication.

*See references®>’*® for details. NF-kappaB, nuclear factor kappaB; TNFx, tumor necrosis factor alpha; TGFS, transforming growth factor beta;
HO-1, heme oxygenase -1; TLR, Toll-like receptor; PAMP, pathogen-associated molecular pattern; DAMP, damage associated molecular pattern;
eNOS, endothelial nitric oxide synthase; iNOS, inducible nitric oxide synthase.
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enza patients with severe illness could be beneficial. In a
study of almost 4000 patients hospitalized with laboratory—
confirmed seasonal influenza, inpatient statin treatment
reduced hospital mortality by 66%.?° In these patients, the
cell signaling effects of statin treatment, summarized in the
Table 1, probably acted to reduce pulmonary infiltrates,
maintain oxygenation, stabilize myocardial contractility and
the peripheral circulation, reverse immunosuppression,
restore mitochondrial biogenesis, and prevent multi-organ
failure. Achieving these clinical effects led to a decrease in
mortality. Because of the molecular cross-talk between sta-
tins, fibrates, glitazones, and AMPK agonists,s’8 similar
clinical benefits might be expected from other members of
this “family” of immunomodulatory agents.

The global implications of
immunomodulatory treatment

Simvastatin, pioglitazone, and metformin are produced as
inexpensive generics in developing countries. They are used
throughout the world in the daily treatment of millions of
patients with cardiovascular diseases and diabetes. Global
supplies are huge. Because most people with influenza
recover without specific treatment (this was true in 1918),
not all patients would require immunomodulatory agents.
Instead, only those at risk of ARDS, multi-organ failure,
and death would need to be treated. Importantly, the cost
of treatment for an individual patient would be less than
$1.00 (D.S. Fedson, Unpublished observations). Moreover,
unlike vaccines they could be used on the first pandemic
day.

Conclusions

Thus far, influenza scientists and the institutions that
support their work (e.g., NIH and CDC, national health
agencies in many countries, the Bill and Melinda Gates
Foundation, the Welcome Trust, and the World Health
Organization) have shown little interest in immunomodu-
latory treatment. Nonetheless, when more than 90% of
the world’s people have no access to influenza vaccines
and antiviral agents, their physicians must have access to
an effective “option,” especially one that might be life-
saving.

Research on immunomodulatory agents for influenza
must involve investigators in many fields outside influenza
science — those with expertise in the molecular and cell
biology of inflammation, immunity, sepsis, cardiopulmo-
nary diseases, endocrinology and metabolism, ische-
mia/reperfusion injury, mitochondrial function, and cell
death. Laboratory studies needed to identify promising
treatment agents would probably cost $5-15 million (D.S.

Fedson, Unpublished observation). The results of these
studies would inform clinical trials that critical care physi-
cians are already eager to undertake.”"** This work will be
especially important for people in developing countries
where critical care capacity is extremely limited and not
likely to improve.?® Like critical care physicians, influenza
scientists too must recognize that they cannot afford not to
undertake research to determine whether generic immuno-
modulatory agents might be useful in managing severe sea-
sonal and pandemic influenza.
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Introduction

Influenza is still one of the major plagues worldwide. The
appearance of highly pathogenic avian influenza (HPAI)
H5NI1 viruses in humans and the emergence of resistant
H5NI1 variants against neuraminidase inhibitors highlight
the need for new and amply available antiviral drugs. We
and others have demonstrated that influenza virus misuses
the cellular IKK/NF-kappaB signalling pathway for effi-
cient replication, suggesting that this module may be a
suitable target for antiviral intervention.! Here, we show
that the novel NF-kappaB inhibitor SC75741 efficiently
blocks replication of influenza A viruses, including avian
and human A/HS5N1 isolates in vitro in concentrations
that do not affect cell viability or metabolism. In a mouse
infection model with HPAI A/H5N1 and A/H7N7 viruses,
we were able to demonstrate reduced clinical symptoms
and survival of SC75741 treated mice. Moreover, influenza
virus was reduced in the lung of drug-treated animals.
Besides this direct antiviral effect, the drug also suppresses
H5N1-induced overproduction of cytokines and chemo-
kines in the lung, suggesting that it might prevent hyper-
cytokinemia we hypothesise to be associated with
pathogenesis after infections with highly pathogenic influ-
enza viruses, such as the A/H5N1 strains. Thus, a
SC75741-based drug may serve as a broadly active non-
toxic anti-influenza agent.

Material and methods

Antiviral compound

SC75741 was supplied by 4SC AG (Planeeg-Martinsried,
Germany). SC75741 was dissolved in 10% DMSO/30%
Cremophor (Merck).

Virus

Avian influenza A/mallard/Bavaria/1/2006 (H5N1) virus,
grown in embryonated chicken eggs, was used throughout
this study. The avian influenza A virus isolate was origi-
nally obtained from the Bavarian Health and Food Safety
Authority, Oberschleissheim, Germany and further propa-
gated at the Friedrich-Loeffler-Institut, Federal Research
Institute for Animal Health, Tiibingen, Germany. In addi-
tion the avian strain FPV (fowl plague virus) H7N7 was
grown on MDCK cells. For cell culture experiments a mul-
tiplicity of infection (MOI) of 0-001 was used. For infec-
tion, the animals were anaesthetized by intraperitoneal
injection of 150 ul of a ketamine (Sanofi)/rompun (Bayer)
solution (equal amounts of a 2%-rompun-solution and a
10%-ketamin-solution were mixed at the rate of 1:10 with
PBS) and infected i.n. with 5 x 10° pfu MB1 (H5N1) in a
volume of 50 ul PBS via the intranasal route. According to
the German animal protection law, the mice were sacrificed
as soon as they lost 25-30% of their weight. Five animals
per group were monitored for 14 days after infection. The
experiments were performed three times.
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Influenza virus titration (AVICEL® plaque assay)
To assess the number of infectious particles (plaque titers)
in organs a plaque assay using Avicel® was performed in
96-well plates as described by Mastrosovich and col-
leagues.” Virus-infected cells were immunostained by incu-
bating for 1 hour with a monoclonal antibody specific for
the influenza A virus nucleoprotein (Serotec) followed by
30 minutes incubation with peroxidase-labeled anti-mouse
antibody (DIANOVA) and 10 minutes incubation with
True Blue™ peroxidase substrate (KPL). Stained plates
were scanned on a flat bed scanner and the data were
acquired using Microsoft® Paint software. The virus titer is
given as the logarithm to the basis 10 of the mean value.
The detection limit for this test was <1-7 log;o pfu/ml.

RNA isolation and reverse transcription real-time
PCR

Organs of infected and control mice were homogenized
and incubated over night in 1 ml TriZol® Reagent (Invitro-
gen) at 4°C. Total RNA isolation was performed as speci-
fied by the manufacturer (Invitrogen). RNA was solubilised
in 50 ul RNase free water and diluted to a working concen-
tration of 50 ng RNA/ul. Reverse transcription real-time
PCR was performed using QuantiFast™ SYBR® Green RT-
PCR Kit and QuantiTect Primer Assays (Qiagen). All sam-
ples were normalized to GAPDH and fold expression ana-
lyzed relative to uninfected controls.’ Ct values were
obtained with the SmartCycler® (Cepheid).

Results

To answer the question whether the NF-kappaB inhibitor
SC75741 shows antiviral properties against influenza virus,
H5NT1 infected MDCK cells were treated with different con-
centrations of the inhibitor (Figure 1). Already treatment
with 1 nm of SC75741 led to a reduction of viral CPE of
more than 70%. Almost 100% protection of cells was
achieved when cells were treated with 50 um SC75741. The
results indicated that SC75741 has antiviral properties at
concentrations ranging from 1 to 5 nm.

We next tested whether SC75741 would also be effective
in the mouse model of influenza virus infection. When
H7N7 mice were treated i.v. once daily for 5 days with
5 mg/kg SC75741, survival rate of the animals increased
significantly (P < 0-05). The same results were found when
H7N7 influenza virus infected mice were treated i.p. with
15 mg/kg SC75741 (data not shown). Moreover, SC75741
treatment was not only effective when the inhibitor was
given prior to H5N1 influenza virus infection, but also in a
therapeutic setup when SC75741 was applied to the animals
4 days after infection (data not shown).

SC75741
100-—\
80
2L\
=~ 60
w
o
5l \
= 40
S
20

SN 5 8 P PSS
TS S

concentration (nM)

Figure 1. Virus reduction assay after SC75741 treatment of MDCK II
cells. Virus infected cells (MOI 0-001) were treated with different SC75741
concentrations ranging from 0 to 100 000 nm). Virus titer was determined
by plaque assay.

Since influenza virus infected mice showed increased sur-
vival after lethal infection, we next questioned whether the
amount of influenza virus was reduced in the lung. There-
fore, we performed quantitative real-time (qRT) PCR to
detect viral mRNA. Mice were treated with either SC75741
or the solvent, and 48 hour later the lungs were prepared
to perform qRT-PCR. As shown in Figure 2A the amount
of viral mRNA was reduced by 90% in SC75741 treated
mice compared to solvent treated controls, indicating that
SC75741 leads to a reduced expression of H5N1 specific
mRNA in the lung of infected mice. Since infection of mice
with H5N1 leads to hypercytekinemia,* we also investigated
the expression of cytokines in SC75741 treated mice. As
shown in Figure 2B the amount of IL-6 specific mRNA was
drastically reduced in SC75741 treated mice compared to
solvent treated controls. Moreover, also the expression of
IP-10 was altered in SC75741 treated H5NI1 influenza virus
infected mice. Here, roughly 90% reduction of specific
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Figure 2. mRNA levels of cytokines and chemokines 2 days p.i. after
infection of mice with 5 x 10° pfu H5N1 after a reverse-transcriptase real-
time PCR according to manufacturer’s protocol (QIAGEN). Solvent treated
control (black bars) and SC75741 treated mice (grey bars) (A) H5N1, (B)
IL-6, (C) IP-10. The bars represent the mRNA levels of three infected mice
according to Boeuf.” This experiment was performed twice with similar
results.
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mRNA was detectable (Figure 2C). Thus, SC75741 leads to
a reduced transcription of IL-6 and IP-10 in H5NT1 infected
mice.

Discussion

There is an urgent need for new concepts to develop antiv-
iral drugs against influenza virus. Targeting cellular factors
is a promising but challenging approach, and the concerns
about side effects are obvious. However, it should be con-
sidered that drugs targeting viral factors, such as amanta-
dine or oseltamivir, also exhibit a wide range of side effects
in patients. Thus, drug safety has to be rigorously tested in
clinical trials regardless whether a drug targets a cellular or
a viral factor. Moreover, resistance against human HINI1
influenza viruses and highly pathogenic avian H5N1 virus
strains to oseltamivir and amantadine have been reported.’
In that respect, the strategy to target cellular factors ®’
might be one way to ensure that new drugs against influ-
enza virus will be useful and effective for a long time with-
out causing the development of resistant virus variants.

We were able to demonstrate that the NFkappaB inhibi-
tor SC75741 is able to reduce influenza virus activity in cell
culture. Moreover, the compound was also effective against
highly pathogenic avian influenza viruses of the H5N1 and
H7N7 subtypes in the mouse model. Next to the reduction

Options for the control of influenza VII |

of virus SC75741 was also able to reduce H5NI-induced
overproduction of cytokines and chemokines in the lung in
the lung of mice after infection with H5N1. Most impor-
tantly, the drug did not show any tendency to induce resis-
tant virus variants (data not shown). Thus, a SC75741-
based drug may serve as a broadly active non-toxic anti-
influenza agent.
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Background

A new strain of HINI influenza virus (pHIN1) emerged in
North America in early 2009, and the World Health Orga-
nization (WHO) raised the level of influenza pandemic
alert from phase 5 to phase 6 in June 2009. Prior the devel-
opment of new vaccines, non-pharmaceutical interventions
were one of the most important tools for mitigating the
impact of influenza outbreaks.'” In Hong Kong, the first
confirmed case was a tourist from Mexico reported on
May 1, 2009. The local government made its first attempt
to contain the spread of HINI in the local community by
closing the Metropark Hotel where that tourist was staying,
and quarantining 350 guests and staff for 7 days. Following
identification of the first local case around 6 weeks later on
June 11, 2009, the government closed all kindergartens and
primary schools from June 12 until early July. Fever clinics
were also opened, the alarm levels in hospitals were raised
to the highest, and a public education campaign was imple-
mented.

Previous studies of the community responses to severe
acute respiratory syndrome (SARS) and human-to-human
H5NT1 avian flu identified the importance of understanding
the background perceptions of risk and psychological
impact on the community.®™'® In this study we investigated
the psychological and behavioral responses of the general
local community throughout the first wave of pHIN1, and
we also examined the factors associated with greater use of
preventive measures.''

Methods

A total of 13 surveys were conducted between April and
November 2009, covering the entire first wave of the
pHINI1 pandemic. Computer generated random-household

telephone numbers from all land-based local telephone
numbers covering over 98% of Hong Kong households
were used to recruit a total of 12 965 local adults. One
Cantonese-speaking adult (age >18) was invited for inter-
view in each selected household on the basis of a Kish grid.
The survey instrument was based on previous experience in
SARS and avian influenza projects. Information, including
knowledge on modes of transmission, psychological
responses to pandemic influenza, preventive behaviors, atti-
tudes towards the new vaccines and socio-demographics,
was collected. Informed consent was obtained prior to the
interview. Ethics approval was obtained from the Institu-
tional Review Board of the University of Hong Kong.

Descriptive statistics were weighted by sex and age based
on the reference population data provided by the Hong
Kong Government Census and Statistics Depalrtment.12
Multivariable logistic regression analyses were used to
examine the association between the use of preventive mea-
sures and knowledge, perceptions and behaviors, socio-
demographic characteristics, and psychological responses to
pandemic influenza. Multiple imputation was used to cope
with a small proportion of missing data and make the best
use of all available data."’ Statistical analyses were con-
ducted in R version 2.9.1 (R Development Core Team,
Vienna, Austria).

Results

Twelve thousand and nine hundred and sixty-five local
adults were recruited throughout the study period, with a
total of 127 715 telephone calls being made; the response
rate among eligible participants was 69.9%."' Hong Kong
entered the containment phase after the World Health
Organization (WHO) announced a global alert, and poli-
cies including border screening, tracing, and quarantine of
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suspected cases were implemented. Hong Kong transitioned
to the mitigation phase on June 10, 2009 when the first
local case was reported. The chronology of these and other
events plus the epidemic curve of laboratory-confirmed
pHINI cases are shown in Figure 1(A).

The anxiety scores and risk perception of the respon-
dents are shown in Figure 1(B,C). Anxiety, measured by
the State Trait Anxiety Inventory, remained steady
throughout the study period. In response to the announce-
ment made by WHO and the unknown nature of the new
virus, a higher proportion of the respondents expressed
worry (more, much more, or extremely more worried than
normal) if developed ILI and perceived pHINI severity
(same, more, or much more serious than SARS) initially in
early May 2009. Fewer respondents reported worry if they
developed ILI as the pandemic proceeded, with a slight
perturbation around the first deaths in July 2009 and a
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Figure 1. (A) Event chronology and the number of confirmed laboratory
HINT cases. (B) Mean state trait anxiety inventory (STAI) score (1 is not
anxious, and 4 is very anxious). (C) Proportion of the respondents
reporting higher worry if developed flu-like symptoms (more, much more,
or extremely worried), higher perceived seriousness of HINI compared to
SARS (much more or more severe), higher probability to contract HIN1
over the next 1 month (certain, much more, or more likely), higher
probability to contract HIN1 over the next 1 month compared to others
outside family (certain, much more, or more likely). (D) Proportion of the
respondents identifying 5 possible modes of transmission as the actual
modes of transmission of HINTI.
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steady decline to 40.0%, while perceived severity of pHIN1
declined more dramatically after an early high. Perceived
risks of infection of respondents (absolute susceptibility)
and risk relative to others (relative susceptibility) were also
investigated and found to remain relatively stable through-
out the first wave, with no indication of an increase during
the period of peak pHINI activity in September (Fig-
ure 1C).

As the first wave of pHINI1 progressed, knowledge on
modes of transmission did not improve. On the contrary,
later in the epidemic increasing proportions of respondents
reported oral-fecal and cold weather as modes of transmis-
sion of pHINI. Around 35-40% of the respondents did
not recognize direct and indirect contact or touching
infected persons and contaminated objects as transmission
routes for pHIN1 throughout the first wave (Figure 1D).

Higher proportions of respondents avoided crowded
places and rescheduled travel plans in the second half of
June 2009 when local kindergartens and primary schools
were closed and the first pHINI1-associated deaths were
announced. Social distancing measures such as avoiding
crowded places and rescheduling travel plans remained sta-
ble with slightly decreasing trends thereafter. The use of
hygiene measures and other social distancing strategies was
relatively stable with slightly decreasing trends during the
study period (Figure 2).

Female sex and older age were generally associated with
greater reported use of hand hygiene measures, home disin-
fection, avoidance of crowded places, and rescheduling of
travel plans.'' Female sex was also positively correlated
with use of face masks and cough etiquette. We found a
negative correlation between anxiety and use of all hand
hygiene measures and cough etiquette, but a positive corre-
lation between anxiety and use of home disinfection and
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Figure 2. (A) Proportion of the respondents reporting covering mouth
when sneezing or coughing (always or usually), wearing face masks
(always, often, or sometimes) in the previous 3 days, and social distancing
in the previous 7 days before the interview. (B) Proportion of the
respondents reporting use of hand hygiene (always or usually) in the
preceding 3 days and cleaning or disinfecting the home in the previous

7 days.
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social distancing measures.'’ Other significant factors con-
tributing to greater use of preventive measures were worry
and knowledge.!! Greater worry was associated with higher
probability of home disinfection, social distancing mea-
sures, and use of face masks. Knowledge that HIN1 could
be spread by indirect contact was associated all the investi-
gated preventive measures, and knowledge that HINI
could be spread by droplets was associated with cough eti-
quette, but not face masks. There were no consistent trends
between all the investigated preventive measures and abso-
lute and relative susceptibility."’

Conclusions

Community transmission emerged in Hong Kong in mid-
June 2009, and prior to emergence of community transmis-
sion, perceived risk and perceived severity were high. As
pHIN1 spread in Hong Kong, risk perception declined,
even at the same time as incidence was increasing. Anxiety
was low throughout, at around 1.8 on the 4-point scale,
compared to a maximum of 2.5 during SARS on the same
scale.” Anxiety has been showed to be positively correlated
to personal hygiene measures and social distancing in pre-
vious studies;”'* however, we found a negative correlation
between anxiety and use of all hand hygiene measures,
cough etiquette, and face masks, and a positive correlation
between anxiety and home disinfection.'' The differences
in findings may be due to the fact that our anxiety measure
was not specific to HIN1, and the score could be affected
by other factors including economics. Unlike hygiene mea-
sures, higher anxiety level, greater worry, and higher risk of
perception were all associated with more social distanc-
ing.®”*!" Social distancing is the most direct strategy in
avoiding infection from other people, and it is commonly
observed in an outbreak that the general public avoids
crowded places, travelling to other countries, and social
gatherings,”'* but the economic impact could be substan-
tial."?

As community incidence of HIN1 peaked, we did not
observe any increase in use of preventive measures (Fig-
ure 2). We found that face mask use peaked at the early
stage of the pandemic, while hand hygiene remained fairly
constant, and the knowledge on the modes of transmission
of pHINI1 did not improve over time. The lack of substan-
tial change in preventive measures or knowledge about the
modes of pHINI transmission in the general population
suggests that community mitigation measures played little
role in mitigating the impact of pHIN1 in Hong Kong. On
the other hand, knowledge that pHIN1 could be spread by
indirect contact was associated with all of the preventive
measures studied. Consistent with reports during the SARS
period,”'¢ this study also showed that females and those of

older age were more likely than others to use hygiene mea-
sures, avoid crowded places, and reschedule travel plans.

This study has some limitations. First, this was a cross-
sectional study that was carried out at different time points,
rather than a longitudinal study following the same individ-
uals over time, and so the inferences on changes in behavior
may need to be interpreted more cautiously. Second, we
recruited samples from all land-based local telephone num-
bers that cover 98% of Hong Kong households, but the
response rate was not high enough to guarantee a represen-
tative sample, and this could be a source of selection bias.
Third, the responses were self-reported, and this may lead
to social desirability bias in estimating knowledge, attitudes,
and preventive behaviors. Fourth, since the Hong Kong
population has previously gone through unique experiences
from SARS in 2003 and avian flu in 1997, our results may
not be comparable to other countries or settings.

In conclusion, this study revealed that the pHINI pan-
demic failed to generate an increase use of preventive mea-
sures in the local community. There was no association
between anxiety level and the events of the pandemic. With
a relatively low mortality and morbidity rates compared to
SARS, pHINI was not a matter of concern in the Hong
Kong community. The lack of substantial change in the use
of preventive measures and improvement in knowledge on
the modes of transmission of pHIN1 suggested that public
health campaigns during the pandemic may not have had
substantial effects on the general public.
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Introduction

London is a major tourist destination, the seat of govern-
ment and finance in the UK, and in 2012 will host much
of the Olympic and Paralympic Games. Along with the rest
of the global community, in 2009 and early 2010 London
faced the challenges of responding to the first pandemic of
the 21st century. At the time, NHS in London was com-
posed of 72 organisations, including the London Ambu-
lance Service, acute hospitals, mental health and primary
care trusts, and the strategic health authority. While Lon-
don’s NHS is well practiced at responding to large, big
bang incidents, the influenza A/HIN1v pandemic was a
rising tide event that lasted many months.

Significant preparatory work had been undertaken prior
to April 2009, which meant that the NHS in London was
ready to respond. NHS London (the strategic health
authority for London) led the response in partnership with
local managers in all NHS organisations. The first UK cases
of influenza A/HIN1v were reported in Scotland on 27
April, with the first in London on 30 April. Cases contin-
ued to increase, and the first wave peaked in London in
July. Cases reduced over the school summer holidays, but
increased again when children returned to school at the
start of September, and a second, smaller wave occurred. It
is essential that the NHS learns from the 2009/10 influenza

A/HINlv pandemic to ensure it is prepared for future
challenges.

Methods

NHS London provided a standardised debriefing pack to
all NHS organisations in the region to identify, capture,
and learn lessons. Each debrief event involved health and
inter-agency partners to ensure all viewpoints were consid-
ered and brought together in a single local report. All local
reports were compiled in an over-arching document, which
brings together common themes to inform ongoing pre-
paredness in the region.

Results

The debrief process identified a number of common
themes, such as the need for clear and appropriate commu-
nication, the importance of working with partners, and the
benefits of strong and early leadership. However, differ-
ences between and within organisations were also high-
lighted; for example, some wanted more freedom for local
decision making, whereas others would have preferred
more stringently applied central direction. The following
paragraphs considers individual areas assessed in the
debrief process.
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Command and control was in the main effective, with
clear direction delivered from the national centre through
NHS London to local NHS organisations. Effective lead-
ership is essential; the identification of senior local indi-
viduals to lead the response with teams of people to
support them was critical. Appropriate use of technology
to communicate messages and coordinate command and
control processes greatly aided the response. This
included the development of the NHS London Noon
Brief, a daily digest and associated web portal, and regu-
lar teleconferencing.

Key points are:

e Operational management at all levels must be consid-

ered in pandemic planning.

e Appointing an executive lead in each organisation was

invaluable in the response.

e Pandemic flu planning for London must continue to

be regionally led.

Communication is an essential component of the
response to any incident. It must be clear, timely, and
accurate. In the main, communication was excellent and
met these criteria. One of the most challenging aspects
was when messages from partner organisations differed,
which occasionally led to confusion, unnecessary work, or
frustration. The use of technology greatly aided communi-
cation across the region and supported the response; this
included secure web sites, Bluetooth, and text messaging
etc.

Key points are:

e Regular internal communications and staff briefings

are critical in the response to emergencies.

e Regular teleconferencing should be incorporated into

future plans.

e Organisations should consider proactive and innova-

tive methods for communicating during emergencies.

Robust partnership working was an essential component
of pandemic preparedness work; however in the event, the
A/HIN1v pandemic had little impact on sectors in London
other than health. Resilient communication networks
between organisations, a common understanding, and the
ability to make decisions were essential to the response at
local level. IPCs proved an excellent mechanism to main-
tain local working relationships and resolve problems. Clar-
ity on the seniority of those attending these meetings and
whether multi-site organisations such as mental health
trusts should attend every IPC should be considered on a
local and regional basis.

Key points are:

e Pandemic planning must remain part of inter-agency

working.

e Social care resilience and planning must be embedded

and integrated in health planning.

“Vulnerable groups’ is a universal term that covers a large
and fluid group of individuals with different needs. Ensur-
ing access to healthcare during the pandemic for those who
became vulnerable due to the situation, or those identified
as such prior to the event, was the role of the PCT in part-
nership with the local authorities. Work continues to
ensure that communication with vulnerable people is
appropriate and timely in all incidents, and that organisa-
tions work together to achieve this.

Key points are:

e Planning to support the breadth of vulnerable people

must continue.

e Pandemic preparedness for the prison sector should be
further developed.

e Red/Amber/Green ratings for assessing vulnerabilities
of mental health service users in an emergency should
be further developed across the region.

Correct and appropriate usage of PPE is an essential
component of reducing influenza spread, particularly in
healthcare settings. London’s NHS had been working
towards developing local stockpiles of PPE when the pan-
demic commenced; however, there was little in place. The
unanticipated national stockpile, while providing PPE to all
organisations, was accompanied with some challenges in
that it was often unfamiliar stock.

Key points are:

e Work around local stockpiling of non-standard con-

sumables should continue.

e Regular training and fit testing of respirators should
be embedded in all organisations.

Antiviral treatment was a core component of the response
to influenza A/H1N1v, and was provided free of charge from
a national stockpile. NPFS reduced pressure on frontline
NHS services once it was activated; however, there were con-
cerns that patients could ‘cheat’ the system and obtain the
drugs prior their clinical need. Information about storage
requirements of countermeasures must be clearly explained
when they are delivered to frontline services, and the poten-
tial for recall into national stockpiles should be planned for.

Key points are:

e Regular exercising of local mass countermeasures cen-
tres and Antiviral Collection Points (ACPs) should
continue.

e The use of community pharmacies as ACPs should be
further considered in the capital.

Pandemic influenza vaccine uptake by healthcare workers
was better than usual seasonal influenza uptake in the
majority of NHS organisations, but could have been even
better. This was largely due to the second pandemic wave
not being as significant as expected, lack of clarity around
when the vaccine would be delivered, and limited amounts
being available initially.
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Key points are:

e GP-led and mass vaccination models for pandemic
vaccination should be considered in local plans.

e Local lessons from the pandemic vaccination campaign
should be applied to seasonal flu vaccination.

The ability to maintain or increase capacity in response
to a surge in demand, no matter what the cause, must be
planned for. Any of a number of situations could result in
reduced staff or more patients, such as industrial action,
transport disruption, disease outbreak, major incident, or
poor weather. The work undertaken during planning for
and responding to the pandemic will stand organisations in
good stead for future disruptions. The importance of
robust business continuity planning locally cannot be over-
looked, as this is a key component of maintaining and
increasing capacity.

Key points are:

e Local GP ‘buddy schemes’ should be encouraged for

response to extreme pressure events.

e Organisations should regularly run staff skills audits so
as to be aware of their overall capability for managing
emergencies.

e Less emphasis should be placed on the use of retired
staff when planning service continuity.

Reporting is a necessary but onerous task, and is often
one of the most time-demanding parts of any incident
response. It is also the aspect least likely to be tested
through exercising. NHS London worked with organisa-
tions to endeavour to reduce reporting pressures, but much
of this was dictated by central government. It is essential
that future reporting requirements are proportional, infor-
mative, and realistic. While recognising it is not possible to
predict the detail of information that may be requested,
some broad assumptions can be made.

Key points are:

e Organisations should consider how they would collect
and collate data from disparate parts of their organisa-
tion, rather than focussing on the detail of what that
might be.

e National and regional planning should consider the
need for information and how this is balanced with
the demand this places on organisations.

e The introduction of the concept of a daily dashboard
to identify areas of pressure should be incorporated
into pandemic flu planning.

The winter and pandemic influenza resilience assurance
process undertaken in autumn 2009 was a useful process to
inform planning for the first winter when the pandemic
virus would be circulating in the UK. This consisted of a
regional inter-agency exercise and a comprehensive review
of the winter and pandemic plans of all NHS organisations
in London.
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Key points are:

e Regular assurance of pandemic flu preparedness

should be maintained.

e Future resilience assurance processes should be under-

taken in a timely and measured manner.

e Local organisations should continue to undertake reg-

ular pandemic flu exercises.

The recovery period is as important as the response, but
often receives minimal attention and has the potential to
suffer as staff return to their normal jobs. One of the
aspects that was not anticipated during the pandemic was
the amount of stock (PPE, antivirals, and vaccine consum-
ables) that would be recalled into national stockpiles. This
proved particularly challenging for PCTs who had to coor-
dinate the process across their local areas.

Key points are:

e The recovery period of an emergency must be given

the same status and importance as the response.

e Future pandemic flu planning must include the recov-

ery of national stockpiles of equipment and medicines.

Discussion

It is essential the lessons from the 2009/10 influenza
A/HIN1v pandemic are learnt and embedded into busi-
ness-as-usual and emergency response processes in prepara-
tion for the next pandemic and other incidents. Even
though the A/HINI1v pandemic was generally milder than
previous pandemics, it still presented challenges to the
NHS in London. The biggest challenge that remains is to
ensure that the public and NHS staff are aware that a more
virulent virus could cause significantly more illness, death,
and disruption, and that we must maintain our prepared-
ness should this happen.

The influenza A/HIN1v pandemic has been a major
stimulus to business continuity planning and emergency
preparedness across health in London, and many of the
experiences during the pandemic proved invaluable in the
unusually severe weather in early 2010. It is important that
this impetus and focus is maintained.

Changes to the NHS landscape in London will be con-
sidered in ongoing pandemic and emergency preparedness
to ensure we remain as well prepared as possible for future
events, particularly as London approaches the 2012 Olym-
pic and Paralympic Games.
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Abstract

Experience to respond to influenza pandemic events accumulated
over years around the world corroborates that health authorities
often lack sufficient evidence-based information to address issues,
particularly in a pandemic situation. The WHO Global Influenza
Programme (GIP) in cooperation with international influenza
experts developed a Public Health Research Agenda for Influenza to
provide a framework of research topics that reflects public health
research priorities for influenza, including immediate needs
during pandemic periods.

Research recommendations for the influenza pandemic scenario
were developed and compiled by invited experts during the
breakout group discussions held at the first global consultation
meeting on Public Health Research Agenda for Influenza in

November 2009. The suggested research roadmap prioritizes topics
and questions relating to rapid action and response during
pandemic periods per five key Agenda’s research areas: Stream 1.
Reducing the risk of emergence of pandemic influenza; Stream 2.
Limiting the spread of pandemic, zoonotic and seasonal epidemic
influenza; Stream 3. Minimizing the impact of pandemic, zoonotic,
and seasonal epidemic influenza; Stream 4. Optimizing the
treatment of patients; Stream 5. Promoting the development and
application of modern public health tools. Realization of these
recommendations is expected to provide an evidence-based public
health practices to reduce the impact of pandemic influenza.

Keywords influenza, pandemic period, public health, research agenda,
WHO.
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Background

One of the major lessons learnt from all global pandemic
events is that better preparedness of national health systems
to deal with influenza viruses could make a significant dif-
ference. The way national health systems operate during
inter-pandemic and the pandemic alert periods and the
methods they use to address potential threats posed by
zoonotic viruses with pandemic potential, as well as sea-

sonal influenza epidemics, can clearly indicate whether the
countries have enough capacities to respond adequately to
unexpected influenza outbreaks. These public health deci-
sions to ensure the maximum of efficiency require a robust
scientific knowledge base.

The WHO Public Health Research Agenda for Influenza
developed by the Global Influenza Programme (GIP) in
cooperation with international influenza experts identified
specific research topics and their importance in meeting

*Scientific Working Group Members: Stream 1 — Ilaria Capua, Istituto Zooprofilattico Sperimentale delle Venezie, Italy; Richard Webby,
St Jude Children’s Research Hospital, USA; Kate Glynn, OIE — World Organisation for Animal Health, France; Malik Peiris, Hong Kong
University Pasteur Research Centre, Hong Kong SAR; Ruben Donis, Centers for Disease Control and Prevention (CDC), US; Elizabeth
Mumford'. Stream 2 — Hitoshi Oshitani, Tohoku University School of Medicine, Japan; Jonathan Van Tam, University of Nottingham,
UK; Vernon Lee, Ministry of Defence, Singapore; Joseph Bresee, CDC, USA; Lance Jennings, University of Otago, New Zealand; Sylvie
Van der Werf, Institut Pasteur, France; Anthony Mounts'. Stream 3 — Arnold Monto, University of Michigan, USA; Angus Nicoll, Euro-
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public health needs for pandemic periods according to its
five key research streams:
e Stream 1. Reducing the risk of emergence of pandemic
influenza.
e Stream 2. Limiting the spread of pandemic, zoonotic
and seasonal epidemic influenza.
e Stream 3. Minimizing the impact of pandemic, zoo-
notic and seasonal epidemic influenza.
e Stream 4. Optimizing the treatment of patients.
e Stream 5. Promoting the development and application
of modern public health tools.

Materials and methods

Stream-specific breakout discussion groups during the glo-
bal consultation meeting included representatives of
researchers and public health professionals. Funding orga-
nizations were invited to observe the process with no direct
participation in the deliberations.

The methods used to design the research roadmap for
an influenza pandemic scenario are closely related to the
process of development of the final document of WHO
Public Health Research Agenda for Influenza. During a pan-
demic scenario, the group prioritized topics and questions
relating to rapid action and response.

Results

Five to 10 key public health needs associated with a pan-
demic scenario have been identified for each of the research
agenda streams:

Stream 1: Reducing the risk of emergence of pan-
demic influenza

Five priority public health topics were identified for a pan-
demic scenario as follows:

e Examination of host range and transmission dynamics
of animal influenza viruses to guide surveillance, con-
trol strategies, and risk communication.

e Enhanced surveillance in animals and humans to
monitor virus evolution:

o Early detection of novel reassortants or changes in
genotype and/or phenotype related to virulence.

o Development of epidemiological and laboratory
diagnostic tools and capacity building to optimize
case finding.

o Develop a framework for surveillance in animals
that address ethical, legal, and social barriers to
intra-pandemic surveillance and reporting.

e Deconstruct the origins of the pandemic virus to iden-
tify factors that permitted efficient human transmis-
sion.
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e Develop strategies to limit economic, social, and cul-
tural disincentives of animal-based interventions to
reduce intra- and inter-species transmission.

e Operational research to optimize risk communication
in the early phases of the pandemic linked to animal
husbandry and food safety.

Stream 2: limiting the spread of pandemic, zoo-
notic and seasonal epidemic influenza

Ten priority research topics were identified for both pan-
demic and inter-pandemic scenario as follows:

Transmissibility of influenza across the progression of

infection and spectrum of disease:

o Relative contributions of the different modes of trans-
mission for influenza.

e Biological, behavioral, and social host factors that
influence the risk of transmission and infection.

e Patterns, drivers, and mechanisms affecting the season-
ality of transmission.

e Viral and population factors that influence transmis-
sion and spread of different influenza types, subtypes,
and strains.

e Strategies to reduce the transmission of influenza in
community, household, and health care settings, espe-
cially in less-resourced areas.

e Impact and cost effectiveness of social measures, such
as school closures, and the role of surveillance in
assessing timing of these interventions.

e Impact, effectiveness, and cost effectiveness of individ-
ual measures, such as isolation and quarantine.

e Role of vaccination in limiting the spread of influenza
and strategies for its use.

e Impact of antiviral treatment and prophylaxis in
reducing transmission of influenza.

Stream 3: Minimizing the impact of pandemic,
zoonotic and seasonal epidemic influenza
Five priority public health topics were identified for a pan-
demic scenario as follows:
o Identification of groups at higher risk of infection and
severe disease outcome through enhanced surveillance.
e Understanding disease severity and identification of
predictors of severe outcomes.
e Investigation of vaccine effectiveness, especially in high
risk groups in diverse geographic areas.
e Establishment/enhancement of pharmacovigilance,
particularly for adverse events among at-risk groups.
e Optimization of strategies for rapid and targeted vac-
cine deployment.
e Rapid assessment to optimize acceptance of pandemic
vaccine.
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Stream 4: Optimizing the treatment of patients
Six priority public health topics were identified for a pan-
demic scenario as follows:

e Collaboration and coordinated sharing of data, proto-
cols, regulatory, and other implementation strategies
and databases from different countries on all aspects
of patient management and outcome to accelerate
improvements in patient care.

e Development of best practices in patient management
in different settings, including checklists and algo-
rithms for clinical care and treatment, prognostic
parameters, and tests to predict potential for the
development of severe disease.

e Rapid, reliable, simple, low-cost point-of-care diagnos-
tic tools for influenza.

e Best use of current antiviral drugs and optimal formu-
lations in different target populations, such as paren-
teral and other routes of administration for severe
infections.

e Use of combination therapies, including use of adjunc-
tive therapies (e.g., use of convalescent serum and im-
munomodulators).

e Role of ongoing viral replication, host responses, and
the effect of co-infections in the pathogenesis of severe
disease.

Stream 5: Promoting the development and applica-
tion of modern public health tools

Modern tools for early detection and monitoring of disease
The group on surveillance tools concluded that the agreed
topics of interest were equally applicable during a pan-
demic or inter-pandemic period:

e Studies to appraise and adapt modern technologies for
early detection of influenza outbreaks in surveillance
at the human-animal interface.

e Develop, integrate, and evaluate innovative approaches
for influenza surveillance and monitoring with other
existing disease monitoring systems.

e Study efficient mechanisms on sharing data, clinical
specimens, and viruses with consideration for local,
ethical, legal, and research perspectives.

e Examine the timeliness and quality of data required
for early detection from local to national and global
levels for the respective stakeholders.

Role of modeling in public health decision making
Five priority public health topics were identified for a pan-
demic scenario as follows:

o Identify environmental determinants of seasonal varia-
tion in influenza transmissibility in tropical and tem-
perate regions.

e Estimate the transmission risk associated with types of
contacts by comparing measured contact patterns with
outbreak data.

e Incorporation of validated models
responses to risk and control measures in virus trans-
mission.

of behavioral

e Development and implementation of novel technology
for real-time sero-surveillance during a pandemic.

e Develop experimental and theoretical framework to
assess host adaptation to study host receptor, antige-
nicity, and virulence.

Modern tools for strategic communication
Three priority public health topics were identified for a
pandemic scenario as follows:

e Evaluate tools to more rapidly and accurately assess
and monitor knowledge, attitudes, beliefs, and prac-
tices in different population groups to guide future
communication efforts; develop tools and methods to
more rapidly and accurately assess and monitor
knowledge, attitudes, beliefs, and practices in different
population groups, and thereby, guide future commu-
nication efforts.

e Evaluation of communication tools and approaches
for communicating in different cultural settings, which
engage and empower individuals and communities to
practice and promote appropriate risk reduction mea-
sures.

Conclusions

Implementation of the identified research priorities is
expected to underpin public health decision making at all
levels with proven knowledge that will help to save large
numbers of lives, reduce health costs and economic loss,
and mitigate potential social disruption.
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Abstract The aptitude of countries to adequately respond to
pandemic events is quite often determined by the extent of
preparedness of national health systems to deal with influenza
viruses during inter-pandemic periods. The WHO Public Health
Research Agenda for Influenza developed by the WHO Global
Influenza Programme (GIP) in cooperation with international
influenza experts aims to generate evidence to support policy
development related to influenza. The first global consultation
meeting convened by WHO in November 2009 provided a forum
for public health professionals and other experts in influenza-
related disciplines to design research roadmaps for inter-pandemic
periods including seasonal and zoonotic infections. The outcome
of research recommendations to address information needs in
inter-pandemic scenario is organized around the five key research

areas: Stream 1. Reducing the risk of emergence of pandemic
influenza; Stream 2. Limiting the spread of pandemic, zoonotic
and seasonal epidemic influenza; Stream 3. Minimizing the impact
of pandemic, zoonotic, and seasonal epidemic influenza; Stream 4.
Optimizing the treatment of patients; Stream 5. Promoting the
development and application of modern public health tools.
Complemented by an analogous research roadmap for a pandemic
influenza scenario, the research recommendations for an inter-
pandemic period represent a framework to provide evidence to
guide public health policies on influenza control.
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cooperation with international influenza experts identified

Introduction ; ) - : :
specific research topics and their importance in meeting

One of the major lessons learnt from all global pandemic
events is that better preparedness of national health systems
to deal with influenza viruses could make a significant differ-
ence. These public health decisions to ensure the maximum
of efficiency require a robust scientific knowledge base.

The WHO Public Health Research Agenda for Influenza'

public health needs for inter-pandemic periods according
to its five key research streams:
e Stream 1. Reducing the risk of emergence of pandemic
influenza.
e Stream 2. Limiting the spread of pandemic, zoonotic,
and seasonal epidemic influenza.

developed by the Global Influenza Programme (GIP) in
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e Stream 3. Minimizing the impact of pandemic, zoo-
notic, and seasonal epidemic influenza.

e Stream 4. Optimizing the treatment of patients.

e Stream 5. Promoting the development and application
of modern public health tools.

Materials and methods

Stream-specific breakout discussion groups during the glo-
bal consultation meeting included representatives of
researchers and public health professionals. Funding orga-
nizations were invited to observe the process with no direct
participation in the deliberations.

The methods used to design the research roadmap for an
influenza inter-pandemic scenario are closely related to the
process of development of the final document of WHO
Public Health Research Agenda for Influenza. During an
inter-pandemic phase, a more comprehensive approach was
applied to establish research topics and prioritizing a range
of questions that will build a solid foundation to guide
research activities to support public health decision making.

Results

Five to ten key public health needs associated with an
inter-pandemic scenario have been identified for each of
the research agenda streams:

Stream 1: Reducing the risk of emergence of
pandemic influenza

1. Integration of animal and
human surveillance  sys-
tems

Development of sustainable joint
surveillance programmes
Refinement of tests to detect animal
influenza infection in humans
Development and improvement of
veterinary diagnostic tools

Evaluation of surveillance systems
Identification, integration, and shar-
ing of critical epidemiological and
laboratory data

Viral determinants of host range,
transmissibility, pathogenicity, and
antiviral resistance

Host factors involved in virus trans-
missibility and pathogenesis

Effect of cross-protection induced
by seasonal influenza viruses
Ecological and epidemiological fac-
tors involved in environmental persis-
tence and interspecies transmission
Reducing high risk interactions
between humans and animals
Clarifying the effectiveness of ani-
mal vaccination programmes

2. Factors associated with
increased  public  health
risk from animal influenza
viruses

3. Strategies to reduce the
risk of emergence of zoo-
notic and pandemic influ-
enza viruses

e Development and validation of strat-
egies to assess their sustainability in
different contexts

Identification of key messages for
and communication strategy different stakeholders to increase
to improve situational aware- awareness and facilitate behavior
ness change

Advocacy for resources from gov-
ernments and international donors

4. An information, education,

Stream 2: Limiting the spread of pandemic, zoo-
notic, and seasonal epidemic influenza

Ten priority research topics were identified for both pan-
demic and inter-pandemic scenario as follows:

1. Transmissibility of influenza across the progression of infection and
spectrum of disease

2. Relative contributions of the different modes of transmission for
influenza

3. Biological, behavioral, and social host factors that influence the risk
of transmission and infection

4. Patterns, drivers, and mechanisms affecting the seasonality of trans-
mission

5. Viral and population factors that influence transmission and spread
of different influenza types, subtypes, and strains

6. Strategies to reduce the transmission of influenza in community,
household, and health care settings, especially in less-resourced areas

7. Impact and cost effectiveness of social measures, such as school
closures, and the role of surveillance in assessing timing of these
interventions

8. Impact, effectiveness, and cost effectiveness of individual measures,
such as isolation and quarantine

9. Role of vaccination in limiting the spread of influenza and strategies
for its use

10. Impact of antiviral treatment and prophylaxis in reducing transmis-
sion of influenza

Stream 3: Minimizing the impact of pandemic,
zoonotic, and seasonal epidemic influenza

1. Identify higher risk groups and severe disease through surveillance;
disease severity and identification of predictors of severe outcomes

2. Evaluate vaccination preventable disease burden and the potential
impact of immunization programs through vaccine demonstration
projects

3. Enhancement of the properties of existing vaccines, including dura-
tion and breadth of protection, safety, immunogenicity, and dose-
sparing

4. Development of new vaccines and vaccine platforms, especially suit-
able for under-resourced country settings

5. Study the effectiveness of vaccine strategies to reduce disease burden
in children and other high risk groups in a wide range of settings

6. Improved uptake and acceptability of vaccines for both seasonal and
pandemic influenza
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Stream 4: Optimizing the treatment of patients
Seven priority public health topics were identified for an
inter-pandemic seasonal influenza scenario as follows:

Inter-pandemic seasonal influenza scenario

1. Research on the burden of severe disease with a focus on regional-
specific factors, such as the burden of TB and HIV and optimization
of pandemic and management

2. Development of new antiviral strategies and validation of surrogate
endpoints which may aid in advancing understanding of disease pro-
gression

3. Further clinical evaluation of current antiviral drugs, particularly in
populations at risk

4. Integration of seasonal influenza with pandemic preparedness;
strengthen surveillance, health care systems, capacity, and prepared-
ness planning

5. Improving diagnostics (e.g., multiplex assays for viruses and bacteria),
including antiviral resistance testing at point-of-care

6. Dissemination of best practices, situation analysis, preparation for
next epidemic (e.g., establish protocols for rotating stockpiles of an-
tiviral drugs)

7. Increased attention to basic science research such as studying immu-
nomodulatory drugs

Five priority public health topics were identified for an
inter-pandemic zoonotic influenza scenario as follows:

Inter-pandemic zoonotic influenza

1. Antiviral susceptibility of circulating zoonotic viruses (e.g., H5, H9,
H7 influenza viruses)

2. Reassortment between zoonotic and human influenza viruses and
the potential for inter sub-type spread of antiviral resistance and vir-
ulence markers

3. Development and sharing of clinical treatment protocols in anticipa-
tion of the emergence of a new zoonotic virus

4. Further characterization of human infections with avian H5N1 and
other animal influenza viruses, including geographic variability in
morbidity and mortality, genetic susceptibility factors, and sites of
infection and viral replication

5. Monitoring for the development of antiviral resistance during treat-
ment of A(H5N1) virus infection

Stream 5: Promoting the development and applica-
tion of modern public health tools

Modern tools for early detection and monitoring of disease
The group focusing on surveillance tools concluded that
the agreed topics of interest were equally applicable during
both pandemic and inter-pandemic period:

1. Identify modern technologies for early detection of influenza out-
breaks as well as their application in surveillance at the human-ani-
mal interface
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2. Develop and evaluate innovative approaches for influenza surveil-
lance and monitoring with other existing disease monitoring systems

3. Studies to address challenges on data, clinical specimens, and viruses
sharing with consideration for local, ethical, legal, and research per-
spectives

4. Examine the timeliness and quality of data required for early detec-
tion from local to regional, national, and global levels

Role of modeling in public health decision making
Five priority public health topics were identified for an
inter-pandemic seasonal influenza scenario as follows:

1. Integration of genetic and epidemiological data to understand spa-
tiotemporal spread to forecasts evolution for vaccine strain selection
and to anticipate likely burden of disease

2. Quantifying the relative contributions of different modes of transmis-
sion of human influenza and developing mechanistic modeling of
transmission processes

3. Research using data-capture technologies to characterize human
contact and mobility patterns at local, regional, and global scales,
and their correlation with transmission risk

4. Integration of genetic, antigenic, and epidemiological analyses to
optimize surveillance for newly emerging pathogens at the ani-
mal/human interface

5. Identifying and quantifying human and environmental ecological,
behavioral, and demographic determinants of the risk of cross-spe-
cies transmission and pandemic emergence

Modern tools for strategic communication
Four priority public health topics were identified for an
inter-pandemic seasonal influenza scenario as follows:

1. Review of evidence and experience related to health crisis communi-
cation from fields to organize knowledge and support evidence-
based practice in strategic communication

2. Identify and develop tools to rapidly and accurately monitor knowl-
edge, attitudes, and practices in different population groups and
guide future communication efforts

3. Identify and develop communication tools and approaches for cul-
tural settings and communities to practice and promote appropriate
risk reduction measures

4. Understand the potential ethical, social, economic, and political com-
munication in crisis and develop strategies to work within constraints
while maximizing opportunities

Discussion

Complemented by an analogous research roadmap for a
pandemic influenza scenario, the research topic recom-
mendations for an inter-pandemic period represent an
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important outcome of joint international efforts by WHO,
academicians, and public health experts.

Implementation of the identified research priorities is
expected to underpin public health decision-making at all
levels with proven knowledge that will help to save large
numbers of lives, reduce health costs, and economic loss
and mitigate potential social disruption over a medium-to-
long term period.

Reference

1 World Health Organization (WHO). WHO public health research
agenda for influenza, Version 1, 2009. World Health Organization,
Geneva, Switzerland, 2009. Available at: http:/Awww.who.int/csr/
disease/influenza/2010_04_29_global_influenza_research_agenda_
version_01_en.pdf (Accessed 1 June 2010).

The impacts of school resumption on the incidence of
pandemic (H1N1) 2009 in school students

Carlos K. L. Chau,*® Lin W. Tian,? Shui S. Lee*P*

2School of Public Health and Primary Care, The Chinese University of Hong Kong, Hong Kong SAR, China. ®Stanley Ho Centre for Emerging
Infectious Disease, The Chinese University of Hong Kong, Hong Kong SAR, China. “Department of Microbiology, The Chinese University of Hong

Kong, Hong Kong SAR, China.

Keywords school closure, non-pharmaceutical intervention, social distancing.

Please cite this paper as: Chau et al. (2011) The impacts of school resumption on the incidence of pandemic (HIN1) 2009 in school students. Influenza and

Other Respiratory Viruses 5 (Suppl. 1), 252-268.

Introduction

School closure is one non-pharmaceutical intervention that
is often suggested in pandemic preparedness plans, and it
was widely implemented in Pandemic (HIN1) 2009 to
reduce transmission amongst school students. However,
from past epidemiological studies, the effect of school clo-
sure in reducing respiratory disease transmission was
inconclusive." Given this public health intervention causes
major disruption to the education system and potentially
raises childcare issues to working parents, evaluating its
effect in the recent pandemic is necessary to improve future
pandemic planning.

In Hong Kong, since school closure was implemented
early in the pandemic and closure was effectively continued
with the commencement of summer holiday, the lack of
incidence data in the absence of school closure makes it
difficult to analyse its effect directly. This has prompted us
to analyse the situation indirectly from the angle of school
resumption after summer holiday.

Materials and methods

In Hong Kong, public health surveillance on Pandemic
(HINT1) 2009 was effective from 25th April-30th September
2009: healthcare professionals were advised to report sus-
pected cases of infection to Centre for Health Protection,
Department of Health, HKSAR, for further laboratorial

confirmation. Demographics of reported cases were subse-
quently recorded into a computerised system (the “e-flu”
database). Following institutional approval, a dataset of all
confirmed cases diagnosed from May to September 2009
was obtained, which included the age, gender, confirmation
date, and notification date of each report. All cases were
classified into four defined socio-economic classes by age:
pre-schoolers (0-5), school students (6-19), adults (20-60),
and retirees (261). Assuming cases had contracted infection
on the earlier date between confirmation and notification,
daily incidence in each age class was counted for epidemic
curve construction.

Upon observing an unusual rise in the epidemic curve of
school students when school season resumed in September,
interrupted time series analysis (also known as intervention
analysis)? was applied to obtain the statistical significance
of this observation. The analysis was applied to the inci-
dence in school students from 12th July to 26th September
2009, which covered the period from the start of summer
holiday to the end of the 4th week of new school season.
Incidence in school students before summer holiday was
deliberately dropped since not all schools were closed when
the school closure policy was effective: all primary schools
were closed proactively, whereas secondary schools were
individually closed on a reactive basis if students were
identified to have contracted the infection. School activity
was formulated as a step function, which takes value from
Ist September 2009 onwards (St = 0: t < lst September,
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Figure 1. Epidemic curve of pre-schoolers (age: 0-5), school students
(age: 6-19), adults (age: 20-60) and retirees (age: 261) from Ist May to
26th September 2009.

St = 1 otherwise). A range of times series models were fit-
ted by the maximum likelihood method and AIC (Akakine
Information Criterion) was used to select the one with best
fit. All computations were performed in SAS version 9.2.

Results

A total of 3905 (14-8%) pre-schoolers, 13758 (52:1%)
school students, 8383 (31:8%) adults, and 338 (1:3%) retir-
ees were diagnosed with the infection in the surveillance
period. The epidemic curves of preschoolers, school stu-
dents, and adults showed a steady rise from 11th June
onwards when local transmission of pandemic influenza
was identified. An upsurge in the epidemic curve of school
students can be observed in early September, coinciding
with the commencement of the new school year (Figure 1).

Interrupted time series analysis on the epidemic curve of
school students returned an ARIMA(0,1,0) model with
equations:

Yt = Nt + 60 - 275t

Nt=yt—1+2-73

Options for the control of influenza VII |

where St, Yt, yt denote school activity, predicted and actual
incidence in school students on day t, respectively. Stan-
dard error and significance for model constants were: 60-27
(SE = 33-5, P = 008), 2:73 (SE = 3-84, P = 0-48). In short,
the model can be interpreted as: the number of infected
school students rose by 2:73 per day on average during the
entire study period, with a sharp increase by 60-27 coming
into effect when the new school year began.

Discussion

Time series analysis showed, at the marginally significance
level, that daily incidence in school students had a major
increase when school season resumed. On the assumption
that the increase was not cau