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Risk Assessment of H2N2 Influenza Viruses from the Avian Reservoir
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H2N2 influenza A viruses were the cause of the 1957-1958 pandemic. Historical evidence demonstrates they arose from avian
virus ancestors, and while the H2N2 subtype has disappeared from humans, it persists in wild and domestic birds. Reemergence
of H2N2 in humans is a significant threat due to the absence of humoral immunity in individuals under the age of 50. Thus, ex-
amination of these viruses, particularly those from the avian reservoir, must be addressed through surveillance, characteriza-
tion, and antiviral testing. The data presented here are a risk assessment of 22 avian H2N2 viruses isolated from wild and domes-
tic birds over 6 decades. Our data show that they have a low rate of genetic and antigenic evolution and remained similar to
isolates circulating near the time of the pandemic. Most isolates replicated in mice and human bronchial epithelial cells, but rep-
lication in swine tissues was low or absent. Multiple isolates replicated in ferrets, and 3 viruses were transmitted to direct-contact
cage mates. Markers of mammalian adaptation in hemagglutinin (HA) and PB2 proteins were absent from all isolates, and they
retained a preference for avian-like o2,3-linked sialic acid receptors. Most isolates remained antigenically similar to pandemic
A/Singapore/1/57 (H2N2) virus, suggesting they could be controlled by the pandemic vaccine candidate. All viruses were suscep-
tible to neuraminidase inhibitors and adamantanes. Nonetheless, the sustained pathogenicity of avian H2N2 viruses in multiple
mammalian models elevates their risk potential for human infections and stresses the need for continual surveillance as a com-

ponent of prepandemic planning.

In 1957, a novel influenza virus of the subtype H2N2 emerged
in humans in Southeast Asia, rapidly spread worldwide, and
caused the second pandemic of the 20th century (1-3). The pan-
demic virus possessed hemagglutinin (HA), neuraminidase (NA),
and PB1 polymerase genes from avian viruses of wild duck origin,
and the remaining genes were from the circulating human HIN1
virus (2, 4). Morbidity and mortality rates during the 1957-1958
pandemic were significantly lower than those during the precur-
sor 1918 “Spanish influenza” pandemic, yet estimates of world-
wide mortality are between 1 to 4 million (3). The pandemic sub-
sided by 1958, and the virus established a stable presence in
humans for only a decade. It was displaced after reassortment
events led to the emergence of the H3N2 virus in the 1968 pan-
demic (1, 3, 5, 6).

Only influenza viruses of the subtypes H1, H2, and H3 have
maintained a sustained presence in humans. Of late, study of the
pandemic potential of H5, H7, and H9 subtype viruses has dom-
inated scientific discussion, but they have yet to establish success-
ful circulation and human-to-human transmission. The first pan-
demic of the 21st century was not caused by H5, H7, or H9 but
instead by recycling of the HIN1 subtype in the form of a virus
that was antigenically distinct from those already circulating in
humans (7, 8). Both the reemergence of a pandemic HIN1 virus
and the relative lack of widespread human infections with novel
subtypes have led some to hypothesize that only H1, H2, and H3
viruses possess the potential to establish stable circulation in hu-
mans. H1 and H3 viruses are currently endemic; therefore, atten-
tion has turned to the possible return of the H2 virus (9-11). Of
primary concern is the absence of this subtype from humans for
more than 5 decades. This has resulted in most individuals
younger than 50 years lacking humoral immunity to the H2 anti-
gen (11). The proven pandemic potential of H2N2 and the threat
to an immunologically naive population justify continued study
into the risk it poses to the public.
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Migratory waterfowl are the reservoir for influenza A viruses,
and all pandemics of the past century, including the 2009 pan-
demic virus, contained influenza genes of direct avian lineage
(12). The exact origin of the pandemic H2N2 virus is unknown.
There is little evidence that they adapted by passage through a
mammalian intermediate host (i.e., pigs). The pandemic viruses
did, however, contain multiple genes from avian influenza viruses.
Some human isolates were genetically and phenotypically avian-
like in respect to receptor binding and antigenicity (13, 14). To-
gether, these characteristics suggest the contribution of an avian
precursor. Though it currently does not circulate in humans, the
H2 subtype persists in wild and domestic bird populations (15,
16). Further, these avian viruses display a high degree of genetic
and antigenic similarity to ancestral viruses that contributed genes
to the 1957 pandemic (2, 15-17). The small number of studies of
the pathogenesis of H2 viruses have focused largely on human
pandemic or swine H2N3 isolates (14, 18), while examination into
the pathogenesis of avian H2N2 viruses is limited. In the present
study, we evaluated 22 H2N2 viruses of avian origin to determine
their ability to infect mammals and ultimately evaluate their risk
potential for emergence from the avian reservoir and movement
into humans. To this end, we have characterized these avian H2N2
viruses in respect to antigenic and genetic properties, receptor
binding specificity, replication in primary normal human bron-
chial epithelial (NHBE) cells and porcine tracheal respiratory ex-
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TABLE 1 H2 influenza viruses used in this study

Category” Animal origin Virus Subtype Abbreviation
Eurasian wild A/Mallard/MT/Y61 H2N2 Mal/MT/61
wild A/Mallard/Potsdam/177-4/1983 H2N1 Mal/Pot177/83
wild A/Mallard/Potsdam/179/1983 H2N2 Mal/Pot179/83
Domestic A/Duck/Hong Kong/273/1978 H2N2 Dk/HK273/78
Domestic A/Duck/Hong Kong/319/1978 H2N2 Dk/HK319/79
Domestic A/Chicken/Jena/4836/1983 H2N2 Ck/Jena/83
Domestic A/Chicken/Jena/4705/1984 H2N2 Ck/Jena/84
North American Wwild A/Blue-wingedTeal/Alberta/604/1978 H2N2 Bwt/Alb/78
wild A/Mallard/NewYork/6750/1978 H2N2 Mal/NY/78
Wwild A/Mallard/Minnesota/182717/1998 H2N2 Mal/MN/98
wild A/Mallard/Minnesota/355777/2000 H2N2 Mal/MN/00
wild A/Mallard/Minnesota/AI08-3437/2008 H2N2 Mal/MN/08
Domestic A/Chicken/Connecticut/13657/1990 H2N2 Ck/CT/90
Domestic A/Chicken/Pennsylvania/24825/1991 H2N2 Ck/PA/91
Domestic A/Chicken/NewYork/29878/1991 H2N2 Ck/NY/91
Domestic A/GuineaFowl/NewYork/4449-12/1994 H2N2 GF/NY/94
Domestic A/Duck/New]ersey/7872-27/1995 H2N2 Dk/NJ/95
Domestic A/GuineaFowl/NewYork/13824/1995 H2N2 GF/NY/95
Domestic A/Chicken/NewYork/13828-3/1995 H2N2 Ck/NY/95
Domestic A/Chicken/New]Jersey/13839-17/1995 H2N2 Ck/NJ/95
Domestic A/Chicken/NewYork/Sg-00425/2004 H2N2 Ck/NY/04
Domestic A/Chicken/Pennsylvania/298101-4/2004 H2N2 Ck/PA/04
Nonavian Swine A/Swine/Missouri/2124514/2006 H2N3 Sw/MO/06

@ “Category” indicates geographic region or a nonavian isolate.

plants, pathogenicity and transmission in animal models, and an-
tiviral susceptibility.

MATERIALS AND METHODS

Ethics statement. All experiments using human H2N?2 isolates or animals
infected with H2 viruses were conducted in a biosafety level 3 enhanced
containment laboratory in accordance with USDA 9 CFR 121 and 7 CFR
331.

Animals experiments were approved by the St. Jude Children’s Re-
search Hospital Animal Care and Use Committee and were performed in
compliance with the policies of the National Institutes of Health and the
Animal Welfare Act.

Viruses. Unless otherwise noted, viruses used in this study (Table 1)
were obtained from the St. Jude Children’s Research Hospital repository.
A/Mallard/Minnesota/Al08-3437/2008 (H2N2), A/Mallard/Minnesota/
355777/2000 (H2N2), and A/Mallard/Minnesota/182717/98 (H2N2)
were kindly provided by David Stalknecht (University of Georgia, Athens,
GA), and A/Chicken/NewYork/Sg-00425/2004 (H2N2) and A/Chicken/
PA/298108-4/2004 (H2N2) were kindly provided by Carol Cardona (Uni-
versity of Minnesota, St. Paul, MN). Candidate viruses were chosen to
represent a wide range of species, geographic, and temporal isolates. One
virus, Mal/Pot177/83, was previously reported as H2N2 but later con-
firmed as H2N1 by sequence analysis of the neuraminidase gene and neur-
aminidase inhibition assay (19) (data not shown). All viruses were prop-
agated in 10-day-old, embryonated chicken eggs, and 50% egg infectious
doses (EIDs,,) were determined by the method of Reed and Muench (20).
Viruses used in these studies represent either 2 or 3 passages in eggs with
the exception of A/Chicken/NY/29878/91 (H2N2) and A/Swine/MO/
2124514/2006, which were passaged 4 times in eggs before use.

Cells. Madin-Darby canine kidney (MDCK) cells (ATCC, Manassas,
VA) were cultured in modified Eagle’s medium (MEM; CellGro, Hern-
don, VA) supplemented with 5% fetal bovine serum (FBS; Thermo Sci-
entific HyClone, Logan, UT) at 37°C in 5% CO,. Primary normal human
bronchial epithelial (NHBE) cells (Lonza, Walkersville, MD) from a
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2-year-old healthy female donor were expanded, cryopreserved, and cul-
tured in an air-liquid interface (ALI) system on Transwell inserts (Corn-
ing, NY) (21). ALI was established after cells reached confluence. The
apical surface of the cells was exposed to a humidified 95% air and 5%
CO, environment for a minimum of 5 weeks. Basal medium (bronchial
epithelial cell basal medium supplemented with SingleQuot growth fac-
tors; Lonza) was changed every 48 h, and the apical surface was washed to
remove mucus.

Swine tracheal explants. Piglets (1 week old) were kindly provided by
C. Leffler and E. Parfenova (University of Tennessee, Memphis, TN) and
were humanely euthanized. The tracheas were removed and washed with
phosphate-buffered saline (PBS) containing penicillin-streptomycin-am-
photericin B (Sigma, St. Louis, MO). The tracheas were opened by a single
lengthwise incision, and explants (5 mM in diameter) were prepared with
abiopsy punch. The explants were grown on Transwell inserts, and 1 ml of
medium (as described for NHBE culture) was added to the basal chamber.
Tissues were incubated at 37°C in 5% CO, for at least 18 h before infec-
tion.

Sequencing. Viral RNA from allantoic fluid was extracted by a
QIAamp vRNA kit (Qiagen, Valencia, CA) and amplified by performinga
one-step reverse transcription (RT)-PCR assay (Qiagen). HA and M gene
sequencing was accomplished by using overlapping primer pairs and the
Sanger platform (Hartwell Center for Bioinformatics and Biotechnology,
SJCRH). Additional full-length HA, M, and PB2 sequences were obtained
from GenBank (available from the corresponding author by request). M
gene sequences were spliced to analyze M2 gene products. Evolutionary
trees of HA genes were prepared from Sanger-acquired, full-length se-
quences in MEGA version 5.05 software by using the following parame-
ters: ClustalW, neighbor-joining analysis, 1,000 bootstrap tests, maxi-
mum composite likelihood, pairwise analysis.

Serology. Viruses were screened for antigenicity against a variety of
sera in the hemagglutinin inhibition (HI) test described previously (22)
using chicken and/or horse red blood cells as indicated. Sera were gener-
ated in ferrets or chickens by infection via the natural route (intranasal or
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TABLE 2 Antigenic characterization of avian H2N2 influenza viruses by HI assay

Postinfection ferret serum titer raised against”:

Avian viruses

Human viruses

Animal Swine virus
Category” origin H2N2 isolate Mal/MT/61  Ck/Jena/84 Dk/Shan/00° Ck/PA/04 Sing/57¢ Neth/68 Sw/MO/06
Eurasian Wwild Mal/MT/61 320 160 640 < 320 20 160
Wwild Mal/Pot177/83 (H2N1) 80 160 640 < 80 20 80
wild Mal/Pot179/83 80 160 640 < 80 20 80
Domestic  Dk/HK273/78 160 320 640 < 80 40 160
Domestic  Dk/HK319/79 160 160 640 20 40 20 80
Domestic  Ck/Jena/83 320 320 640 20 < 40 80
Domestic  Ck/Jena/84 160 640 640 20 < 20 160
North American ~ Wild Bwt/Alb/78 40 160 640 < 80 < 160
Wwild Mal/NY/78 80 160 640 < 80 < 80
wild Mal/MN/98 80 20 640 20 < < 320
wild Mal/MN/00 40 40 < < < < 40
Wwild Mal/MN/08 < 20 20 < < < 40
Domestic  Ck/CT/90 80 80 640 < 80 < 160
Domestic  Ck/PA/91 80 80 640 < 40 < 40
Domestic  Ck/NY/91 40 80 640 < < < 40
Domestic  Dk/NJ/95 40 80 640 < < < 40
Domestic  GF/NY/95 40 160 640 < 40 < 80
Domestic  Ck/NY/95 80 80 640 < 40 < 80
Domestic  Ck/NJ/95 40 40 320 < 40 < 40
Domestic  Ck/NY/04 80 160 640 80 40 < 160
Domestic  Ck/PA/04 80 160 640 160 < 20 80
Control Human A/Singapore/1/57 ND ND ND ND 320 ND ND
Human A/Netherlands/65/68 160 ND ND 80 ND 320 ND
wild A/WildDuck/Shantou/992/00 ND ND 1,280 < ND ND ND
(H2N8)
Swine Sw/MO/06 (H2N3) 160 40 640 ND 40 20 320

@ HI titers shown are the reciprocal of the highest doubling dilution that inhibited 4 hemagglutinating units of virus using horse red blood cells. “<<” represents a titer below the

cutoff of 1:20 serum dilution. ND, not determined; boldface, homologous virus control.
b “Category” indicates geographic region or a nonavian isolate.

¢ This serum was produced in chickens.

@ This serum was used with chicken red blood cells.

oculonasal, respectively). Animals were boosted after 2 weeks by intra-
muscular injection of virus without adjuvant, and blood was collected 1
week later for serum isolation. Sera against virus A/Mallard/MT/Y61 was
used without a boost. Sera against A/Chicken/Pennsylvania/298101-4/
2004 and A/Singapore/1/1957 were kindly provided by C. Cardona (Uni-
versity of Minnesota, St. Paul, MN) and R. Fouchier (Erasmus Medical
Center, Rotterdam, Netherlands), respectively. Results presented are rep-
resentative of two independent tests.

Sensitivity to neuraminidase inhibitors. The following neuramini-
dase inhibitors (NAIs) were used: oseltamivir carboxylate (oseltamivir)
from Hoffmann-La Roche (Basel, Switzerland), zanamivir from Glaxo-
SmithKline (Research Triangle Park, NC), and peramivir from BioCryst
Pharmaceuticals (Birmingham, AL). A modified fluorometric assay using
the fluorogenic substrate 2'-(4-methylumberlliferyl)-a-p-N-acetyl-
neuraminic acid (MUNANA; Sigma-Aldrich, St. Louis, MO) was per-
formed to determine viral NA activity and used influenza A/Fukui/20/
2004 (E119) (wild-type virus) and A/Fukui/45/2004 (E119V) in each
round as reference viruses (23). Influenza viruses were standardized to
equivalent NA activity and incubated with NAIs (concentration range,
5% 1077 uM to 2 uM). The fluorescence of the released 4-methylumbel-
liferone was measured in a Synergy 2 microplate reader (Biotek, Win-
ooski, VT) at excitation and emission wavelengths of 360 nM and 460 nM,
respectively. The drug concentration that inhibited 50% of the NA enzy-
matic activity (IC,) was determined from the dose-response curve with
GraphPad software (La Jolla, CA). Box plot analysis was performed with
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GraphPad software as described previously (24). Results are representa-
tive of two independent tests.

Receptor binding assays. Receptor binding specificity was deter-
mined by assaying the relative association to biotinylated sialylglycopoly-
mers (Glycotech, Gaithersburg, MD): 3’sialyllactose (3'SL; Neu5Aca2,
3GalB1,4Glc) and 6'sialyllactosamine (6" SLN; Neu5Aca2,6GalB1,4GlcB)
as previously described (25). Briefly, 128 hemagglutinating units of each
virus were coated to wells of enzyme-linked immunosorbent assay
(ELISA) plates previously coated with fetuin and incubated overnight at
4°C. Plates were washed with PBS-0.01% Tween 80 (PBST); unbound
sites were blocked with PBST containing 0.1% bovine serum albumin
(BSA), and dilutions of sialylglycopolymers were prepared in reaction
buffer (PBST, 0.1% BSA, 1 uM oseltamivir carboxylate) and added to
plates for 1.5 h at 4°C. Plates were then washed, and streptavidin-horse
radish peroxidase (HRP) (BD Biosciences, San Jose, CA) was added for 1
h at 4°C. Plates were washed and incubated with tetramethylbenzidine
substrate solution (BD Biosciences) for 30 min, and the reaction was
stopped by adding 2 M H,SO,. The absorbance at 450 nM (A,,5,) was read
on a Synergy microplate reader (Biotek). Scatchard plots (A,5,/polymer
concentration compared to A,,) were prepared from each set of data, and
the x (A,,,,) and y (Y,) values were calculated from the slope of the line.
The apparent association (K, = Y,/A,,,,,) and the relative affinity to 3'SL
polymer (K, 3'SL/K,, 6'SLN) were calculated for each virus. Results are
representative of three independent tests.

max.
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NHBE and swine explant infections. Apical surfaces of NHBE cells or
explants were washed with PBS and equilibrated at 37°C for 30 min with
infection medium (bronchial epithelial cell basal medium; Lonza) con-
taining 0.5% BSA. One hundred microliters of virus inoculum (multiplic-
ity of infection [MOI] of 0.001 in NHBE cells or 10° EIDs, units per
explant) was prepared from each virus and added to the apical surface of
the tissues for 1 h. The surfaces were given 2 brief acid washes (PBS, pH
2.2) and 3 PBS washes to remove unbound virus. At each time point (every
24 h for 4 days), 300 pl of infection medium was added to the apical
surface for 30 min and harvested, and titers were determined on MDCKGs,
with 50% tissue culture infectious dose (TCIDs,) determined by the
method of Reed and Muench (20). NHBE cell data are representative of
combined data from two independent tests of 3 inserts per virus group.
Swine explant data are representative of 2 independent tests with 3 ex-
plants per virus group.

Mouse infections. Six- to eight-week-old DBA/2] mice (Charles
River, Wilmington, MA) were lightly anesthetized with isoflurane (Baxter
Healthcare, Deerfield, IL) and intranasally administered 10° EID5, units
of virus in a 50-pl volume. Mice (n = 5/virus group) were monitored daily
for morbidity (i.e., weight loss) and mortality. Those displaying =30%
loss of starting weight were humanely euthanized. Additional mice (n =3
or fewer depending on virus mortality rate and number of remaining
animals) were euthanized at 5 days postinfection (dpi), and one half of
each lung was removed and homogenized in 1 ml of PBS. EID, values
were determined as previously described. At 14 to 16 dpi, blood from 3
animals per experimental group was collected, and seroconversion to ho-
mologous challenge virus was determined by performing HI assays (22)
with horse red blood cells. Results represent a single screen of each virus in
mice, with a follow-up replicate experiment using the viruses chosen for
further study in swine explants, ferrets, and receptor binding experiments.

Ferret infections. Eight-month-old male ferrets (Triple F Farms,
Sayre, PA) were verified as being seronegative for influenza A (H1 and H3
subtypes) and B in the HI assay. Two sets of 3 ferrets were used for each
virus group, and each set included 1 inoculated donor, 1 direct contact
housed in the same cage with the donor, and 1 aerosol contact housed in
an adjacent cage separated by a permeable barrier that allowed free airflow
but excluded animal contact. Donor ferrets were lightly anesthetized by
isoflurane and intranasally inoculated with 10° EIDy,, units of virus in a
total volume of 1 ml. Twenty-four hours later, direct and aerosol contacts
were introduced. Every 48 h, the ferrets’ temperatures and weights were
recorded before they were sedated with ketamine (25 mg/kg of body
weight) (26, 27) and induced to sneeze by intranasal instillation of PBS.
The viral titer of nasal washes was determined in MDCK cells, and TCID5,
values were determined as previously described. At 14 to 16 dpi (i.e., once
shedding had ceased), blood was collected from both donor and contacts
to determine seroconversion to homologous challenge virus via HI assay
(22) using horse red blood cells.

Statistical analyses. All experiments except the DBA/2]J screen are
representative of or are data combined from 2 or 3 independent tests as
indicated. The mean values = standard deviations and statistical signifi-
cance were determined by Excel (Microsoft, Redmond, WA) or by using
GraphPad Prism version 5 (GraphPad Software, La Jolla, CA) to perform
t tests.

RESULTS

Virus selection and antigenic analysis. The 22 avian viruses cho-
sen for analysis were isolated from domestic birds (i.e., chicken,
guinea fowl, duck) and wild birds (i.e., duck) between 1961 and
2008. A recent swine H2N3 virus was included as a control for
experiments using mammalian models of infection or receptor
binding. North American and Eurasian isolates were included for
geographical diversity (Table 1). Phylogenetic analysis and con-
struction of an evolutionary tree based upon full-length HA se-
quences revealed division into two primary branches based largely
upon geographical distribution (data not shown), similar to pre-
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FIG 1 Replication of representative avian H2N2 viruses in DBA/2] mice. (A)
Virus induced morbidity and virulence as classified by weight loss: high, >10%
loss of starting weight; intermediate, 5 to 10% loss; low, <5% loss. (B) Viruses
that induced mortality. Data in morbidity curves are presented as mean
values * standard deviations. Control groups are denoted as dashed lines.

vious findings (16, 17). The Eurasian branch includes many older
viruses most closely related to pandemic human isolates, and the
North American branch includes mostly contemporary isolates
(Table 1 and data not shown). Two North American isolates (Ck/
NY/91 and Ck/PA/04) clustered in the Eurasian branch.

Analysis of the antigenic relationships between the avian H2N2
viruses was accomplished using a panel of antisera generated
against viruses from multiple species, including (i) three Eurasian
avian virus antisera which represent approximately 2-decade in-
tervals since the introduction of the H2 subtype from birds into
humans [Mal/MT/61 (H2N2), Ck/Jena/84 (H2N2), A/Duck/
Shantou/992/2000 (H2N8)], (ii) one North American avian anti-
sera (Ck/PA/04), (iii) two human virus antisera which represent
either a pandemic or seasonal isolate [A/Singapore/1/1957
(H2N2), A/Netherlands/65/1968 (H2N2)], and (iv) one swine vi-
rus antisera [A/Sw/MO/06 (H2N3)]. Nearly all viruses tested re-
acted with all three Eurasian sera. Two contemporary viruses
(Mal/MN/08 and Mal/MN/00) failed to react with antisera to Mal/
MT/61 and Dk/Shan/00, respectively. Reactivity to the North
American sera was considerably lower, with only 6 viruses in the
panel (including the homologous control) reacting. All but 8 vi-
ruses reacted to the human pandemic virus A/Singapore/1/57,
demonstrating that the avian H2 viruses used here retain antigenic
similarity to those viruses present during the introduction of
H2N2 into humans. Few of the viruses reacted with antisera to
human seasonal virus A/Netherlands/65/1968 (including all
North American isolates) (Table 2). All viruses in the panel re-
acted with the Sw/MO/06 antisera (18). Overall, these data suggest
that most isolates in this study are antigenically related and most
similar to avian viruses circulating in Eurasia and to a North
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TABLE 3 Pathogenicity of avian H2N2 influenza viruses in DBA/2J mice

Risk Analysis of H2N2 Avian Influenza Viruses

Maximum
Category” Animal origin Virus wt loss” % mortality Lung titer® Serology” Virulence®
Eurasian Wwild Mal/MT/61 11.5 £ 3.7 0 6.5 = 0.3 (3/3) High
wild Mal/Pot177/83" 16.0 = 4.6 0 56+ 1.0 (3/3) High
Wwild Mal/Pot179/83 25.0 = 4.1 60 58 £04 (2/2) High
Domestic Dk/HK273/78 14.0 £ 3.5 20 54+ 1.3 (3/3) High
Domestic Dk/HK319/79 120 =79 100 6.9 =09 < High
Domestic Ck/Jena/83 3.0+ 24 0 53+ 14 (3/3) Low
Domestic Ck/Jena/84 11.0 £ 5.2 0 53 *0.7 (3/3) High
North American Wwild Bwt/Alb/78 < 0 3.8+ 04 (3/3) Low
Wwild Mal/NY/78 4.0=*54 0 53+ 1.1 (3/3) Low
Wwild Mal/MN/98 4.0*23 0 6.0 + 0.5 (3/3) Low
Wwild Mal/MN/00 < 0 43 *+04 (3/3) Low
Wwild Mal/MN/08 28.0 = 4.2 80 53*+04 (3/3) High
Domestic Ck/CT/90 50+ 1.5 0 1.5+2.6 (3/3) Intermediate
Domestic Ck/PA/91 < 0 5.0+ 0.5 (3/3) Low
Domestic Ck/NY/91 10.0 £5.3 0 0.3 £ 0.6 ND Intermediate
Domestic GF/NY/94 4.0 = 4.3 0 32%27 ND Low
Domestic Dk/NJ/95 50+ 1.9 0 2.8+ 0.5 (3/3) Intermediate
Domestic GF/NY/95 50+ 1.7 0 6.0 + 0.7 (3/3) Intermediate
Domestic Ck/NY/95 14.0 £ 5.5 0 0.3 * 0.6 (3/3) High
Domestic Ck/NJ/95 24.0 = 5.4 60 (2/2) High
Domestic Ck/NY/04 < 0 30*33 (3/3) Low
Domestic Ck/PA/04 5.0 *+ 3.1 0 6.0 = 0.7 (3/3) Intermediate
Nonavian Swine Sw/MO/06 25.0*+24 100 6.4+0.3 < High
Mouse adapted PR/8 26.0 £ 0.9 100 7.5 %0.0 < High
Mock (PBS) < 0 < (0/3) N/A

@ “Category” indicates geographic region or a nonavian isolate.

¥ Corresponds to the point during infection at which the group displayed the maximum decrease from starting weight (% starting weight = SD); <, no statistical loss of weight at

any time point.
¢ Mean lung titer (Log,, EID5,/ml = SD) at 5 days postinfection.

 Assessed by hemagglutination inhibition assay of horse red blood cells. Parentheses represent the number of animals that seroconverted to titers of =1:20 out of total surviving
animals sampled. “<<” represents a titer below the cutoff of 1:20 serum dilution or no surviving animals. ND, not determined.

¢ High, >10% loss of starting weight; intermediate, 5% to 10% loss; low, <5% loss.
fTsolate Mal/Pot177/83 is subtype H2N1.

American swine H2N3 virus. Additionally, the isolates are more
closely related to the human pandemic viruses than to those hu-
man seasonal viruses isolated near the end of the H2N2 circulation
period.

Replication in DBA/2J mice. DBA/2] mice are susceptible to
infection with a wide range of influenza viruses and are a viable
mammalian model for screening the pathogenicity of large num-
bers of isolates (28-30). We tested the ability of avian H2N2
viruses to infect DBA/2] mice and cause disease as scored by mor-
bidity (i.e., weight loss) and virus replication in the lungs. Mouse-
adapted A/PuertoRico/8/34 (HIN1) virus (PR/8) was used as a
positive control. Despite the avian origin of the H2N2 viruses, all
were pathogenic in mice, as assessed by the ability to either induce
=5% weight loss, replicate in the lungs, or both (Fig. 1 and Table
3). Although only 9 of the 22 viruses (41%) met both criteria, 19
(86%) replicated in the lungs (mean titer of =1 log,, TCIDs,),
demonstrating that avian H2N2 viruses can replicate in mice
without inducing morbidity. The swine H2N3 and PR/8 viruses
induced high morbidity and mortality rates (100%) and replicated
to high titers in the lungs (6.4 log,, to 7.5 log,, TCIDs,/ml) as
expected (Fig. 1, Table 3). Three virulence classifications were
constructed on the basis of the morbidity criterion: high (>10%
loss of initial weight), intermediate (5 to 10% loss of initial
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weight), and low (<<5% loss of initial weight). Five avian viruses
induced mortality (20% to 100%), and all were classified as high
virulence. All but 1 Eurasian virus was in the high-virulence
group. Among the North American isolates, only 3 were high vir-
ulence, and most (7/15) were low virulence. Surviving animals
seroconverted to homologous virus (Table 3). These data show
that the majority of the avian H2N2s are pathogenic in mice and
can cause various levels of virulence despite not being mouse
adapted.

Replication in primary differentiated NHBE cells. To deter-
mine the replication capacity of avian H2N2 viruses in human
cells, we used an ex vivo model of differentiated NHBEs, which
retain morphological and physiologic characteristics of the hu-
man respiratory tract (21). Because nearly all the viruses were
pathogenic in mice, we retained the entire panel for NHBE cell
infections. Differentiated cells were infected with a low multiplic-
ity of infection (MOI) (0.001) to more closely model physiological
inocula. Similar to results seen in the mouse model, 91% of the
avian H2N2 isolates replicated in NHBEs; only Ck/NJ/95 and Mal/
MN/00 failed to do so (Table 4). Viruses were classified into 3
groups on the basis of replication kinetics at 24 h postinfection
(hpi): rapid/high (=4 Log,, TCIDsy/ml), delayed/intermediate
(<4 Log,, but surpassed this level at subsequent time points), and
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TABLE 4 Replication of avian H2N2 influenza viruses in NHBE cells

Category” Animal origin ~ Virus Replication”  Titer, 24 hpi Peak titer® hpi of peak titer ~ Replication pattern®

Eurasian Wwild Mal/MT/61 Yes 6.6 = 0.7 (6/6) 7.3 £ 0.3 (6/6) 72 Rapid/high
Wwild Mal/Pot177/83¢  Yes 4.1 = 1.2 (5/6) 7.2 = 0.6 (6/6) 48 Rapid/high
wild Mal/Pot179/83  Yes 4.0 + 1.6 (6/6) 7.2+ 0.7 (6/6) 48 Rapid/high
Domestic Dk/HK273/78 Yes < 2.9 1.9 (2/6) 96 Low
Domestic Dk/HK319/79 Yes 4.0 = 0.7 (3/6) 5.8 = 2.9 (5/6) 72 Rapid/high
Domestic Ck/Jena/83 Yes 6.0 = 0.7 (5/6) 7.5+ 0.9 (6/6) 48 Rapid/high
Domestic Ck/Jena/84 Yes 6.2 = 0.7 (6/6) 8.0 = 0.4 (6/6) 48 Rapid/high

North American ~ Wild Bwt/Alb/78 Yes 3.3+ 0.0 (1/6) 6.3 £ 0.0 (1/6) 72 Low
Wwild Mal/NY/78 Yes 3.2 + 0.6 (3/6) 6.4 + 0.9 (6/6) 72 Intermediate/delayed
Wwild Mal/MN/98 Yes < 5.2 = 0.6 (3/6) 96 Intermediate/delayed
Wwild Mal/MN/00 No < < < None
Wwild Mal/MN/08 Yes 3.6 = 0.7 (5/6) 7.0 £ 0.4 (6/6) 72 Intermediate/delayed
Domestic Ck/CT/90 Yes 3.0 = 1.6 (4/6) 6.3 + 0.4 (5/6) 72 Intermediate/delayed
Domestic Ck/PA/91 Yes 4.0 £ 0.4 (2/6) 6.4 + 0.3 (4/6) 72 Rapid/high
Domestic Ck/NY/91 Yes 3.3+ 0.0 (1/6) 5.3 £ 0.4 (6/6) 96 Intermediate/delayed
Domestic GF/NY/94 Yes 3.5+ 0.0(1/6) 5.2+ 1.7 (5/6) 48 Intermediate/delayed
Domestic DKk/NJ/95 Yes < 4.3 = 0.8 (6/6) 96 Intermediate/delayed
Domestic GF/NY/95 Yes 3.0 = 0.5 (5/6) 5.5 * 1.3 (6/6) 48 Intermediate/delayed
Domestic Ck/NY/95 Yes < 4.0 = 0.7 (6/6) 96 Intermediate/delayed
Domestic Ck/NJ/95 No < < < None
Domestic Ck/NY/04 Yes 4.3 + 0.0 (1/6) 5.2 = 0.4 (3/6) 96 Intermediate/delayed
Domestic Ck/PA/04 Yes 4.8 + 0.0 (2/6) 6.6 = 0.1 (4/6) 72 Rapid/high

Control Swine SW/MO/06 Yes 7.9 = 0.6 (3/3) 8.6 = 0.9 (3/3) 48 Rapid/high

Mock (PBS) No < < < None

a «

Category” indicates geographic region or a nonavian isolate.
b Productive replication was defined as >1 Log,, TCIDs,/ml in at least 1 of 6 inserts.

¢ Mean titer (Log,, TCIDso/ml = SD) of 6 inserts (or 3 for controls). Negative inserts were excluded from analysis. Numbers in parentheses are the number of positive inserts out of

the total.

4 Replication patterns were scored based upon titers 24 h postinfection as follows: rapid/high, =4 Log,, TCIDs,/ml; intermediate/delayed, =4 Log,; low, =4 Log,, throughout the

time course; none, no replication throughout the time course.
¢ Isolate Mal/Pot177/83 is subtype H2N1.

f“<” represents a titer below the cutoff of <1 Log,, EIDs,/ml or no surviving animals. ND, not determined.

low (<4 Log,, throughout the study) (Fig. 2 and Table 4). Nearly
half of the viruses had delayed/intermediate replication. High and
low replication phenotypes were 36% and 9%, respectively. The
mammalian-adapted control, SW/MO/06, replicated to high ti-
ters (Table 4). Thus, avian H2N2 viruses, including contemporary
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9 L ¥ Dk/HK319/78 | = &
= - Q T,
E 8 -- -e- CkiJena/sd S &
o 74 -0- Ck/PA/O4 L
2 64 A CKNYO1 T3 O
° T
2 ° ~¥- DK/NJ/95 32
T4 o Ma/mNgs 18 &
g 37 —&- DK/HK273/78 T
o 21 Zr
2 ¥~ CK/NJ/95 5o
i ]
- / e - Ma/MN/oo L
(@]
0 24 72 96 -A- SW/MO Ig
Hours After Inoculation =¥ Mock =
w

FIG 2 Replication kinetics of representative avian H2N2 viruses in normal hu-
man bronchial epithelial (NHBE) cells. The replication patterns indicated were
scored based upon 24-h-time-point titers as follows: rapid/high, =4log,, TCID5/
ml; intermediate/delayed, =4 log,,; low, =4 log,, throughout the time course;
none, 0log, , throughout the time course. Control groups are represented by open
shapes and dashed lines. Data are presented as mean values from 6 inserts per virus
group from two independent experiments, excluding negative inserts. The limit of
detection is indicated by a solid horizontal line.
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isolates from the past decade, are able to infect and cause produc-
tive replication in a human ex vivo NHBE model system.

Replication in swine tracheal explants. To assess the ability of
avian H2N?2 viruses to infect pigs, we used an ex vivo model of
tissue explants prepared from pig tracheas, a system used previ-
ously to model the potential of influenza viruses to replicate in
swine (31-33). We screened the replication ability of a small panel
representing viruses of North American, Eurasian, wild animal,
and domestic animal origin (Fig. 3). The positive control, Sw/MO/
06, replicated to expected high titers (5.8 to 7.1 Log,, TCID5,/ml).
Only two avian viruses, Ck/Jena/84 and GF/NY/95, had significant
replication over the 1-hpi carryover titers. In both cases, replica-
tion was not sustained past 48 hpi (Fig. 3). While the explants
maintain structure and receptor specificity mimicking infection
patterns observed in live animals, a lower expression of «2,3-
linked receptors may limit upper respiratory replication of these
viruses (31, 32). Overall, the avian H2N2 viruses in this study had
an impaired ability to infect or maintain stable replication in
swine tracheal tissues.

Pathogenicity and transmission in ferrets. Ferrets are the
gold standard for modeling pathogenesis and transmissibility of
influenza. We tested the ability of the avian H2N2 viruses to infect
donor ferrets and be transmitted by either direct contact (i.e., to a
cage mate) or aerosol (i.e., to animals in adjacent cages). A positive
control for infection and transmission, Sw/MO/06, was also used
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FIG 3 Replication kinetics of representative avian H2N2 viruses in ex vivo swine tracheal explants. Data are presented as the mean values of 3 explants per virus
group * standard deviation. The limit of detection is indicated by a solid horizontal line, and bars below without standard deviations are indicative of 0 values.
Statistical significance of replication (as determined by comparison to the amount of virus 1 h after inoculation) was determined by performing t tests. *, P < 0.05;

**, P < 0.005. Isolate Mal/Pot177/83 is subtype H2N1.

(18). Five of nine avian viruses replicated in donor ferrets, as as-
sessed by the isolation of virus from nasal discharge (Fig. 4A and B
and Table 5). Clinical symptoms, including weight loss, fever,
sneezing, nasal discharge, and lethargy, were absent from all fer-
rets infected with avian viruses, with the exception of one infected
with Mal/MT/61 (Table 5). Three avian viruses, Mal/MT/61, Dk/
HK319/79, and Mal/Pot179/83, were transmitted to cage mates
that were in direct contact with donor ferrets, and none displayed
clinical signs of disease (Fig. 4A and Table 5). No aerosol trans-
mission was observed with any virus tested (data not shown).
Sw/MO/06 replicated in both donors, induced clinical disease,
and spread to direct-contact animals as has been previously de-
scribed (18). Our experiment indicated no aerosol transmission of
this isolate (data not shown), which was not examined in a previ-
ous study (18).

Seroconversion was observed in all donor ferrets even when
the virus was not shed by the animals. In the latter cases, HI titers
were often one or two doubling dilutions lower than in animals
that were actively shedding virus (Table 5). Seroconversion was
also observed in direct-contact animals that shed virus with the
exception of one animal infected with Dk/HK/319/79. One con-
tact ferret infected with Mal/Pot179/83 did not shed virus and was
seropositive. All remaining contact ferrets that did not shed virus
remained seronegative (Table 5). Overall, these data demonstrate
that several avian H2N?2 viruses are pathogenic in ferrets and some
are capable of transmission between animals in direct contact.
However, none of the viruses were able to spread by aerosol.

Molecular characteristics and receptor specificity. To exam-
ine molecular determinants that may confer replication in mam-
mals, we analyzed full-length HA gene sequences, focusing on
important residues in the receptor binding domain (Q226L and
G228S by H3 numbering) which influence the adaptation of avian
influenza viruses to mammalian hosts (14, 34). SwW/MO/06 has
226L and 228G residues (Table 6) (18), indicative of mammalian
adaptation. In contrast, all avian H2N2 viruses in our panel for
which sequences were available had the avian consensus resi-
dues 226Q and 228G (Table 6).
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HA mutations E190D and D222G have been implicated in the
change from a2,3-linked (i.e., avian-like) to a2,6-linked (i.e., hu-
man-like) sialic acid receptor binding in the 1918 and 2009 HIN1
pandemic viruses, respectively (35). The 222G residue also signif-
icantly increases viruses’ ability to infect ciliated epithelia (36). All
avian H2N?2 viruses in this study for which sequences were avail-
able and the control swine viruses retained the 190E residue and
lacked the 222G change.

The presence of residues at positions 271A and 627K in the PB2
protein have been implicated in increased pathogenesis and rep-
lication in mammalian species (37). All avian H2N?2 viruses in this
study had the avian-like residues 271T and 627E. In contrast, SW/
MO/06 had the 271A mutation, indicative of mammalian adapta-
tion, but retained 627E. The PB2 mutation D701N can compen-
sate for the absence of the 627K mutation in the process of
adaptation, but all avian H2N2s tested retained aspartic acid at
this position (Table 6) (38).

To explore the functional effect of receptor site residues, we
analyzed the ability of immobilized avian H2N2 viruses to bind
biotinylated sialylglycopolymers of a2,3- or a2,6-sialic acid link-
ages, representing avian- or human-like receptors, respectively.
The avian H2N2 viruses preferentially bound the 2,3 polymer,
with K, (WM™) values of 0.2 to 1.8 (Fig. 5A). All avian H2N2
viruses tested had a 17-fold- to 224-fold-higher affinity for the
a2,3 polymer than for the a2,6 polymer (Fig. 5B). The control
virus, Sw/MO/06, previously shown to preferentially bind 2,6
linkages (13), bound the a2,6 polymer with higher affinity than
the a2,3 polymer (Fig. 5). Thus, the molecular characteristics of
the receptor binding site and the preference for a2,3-linked car-
bohydrate receptors confirm the avian nature of these H2N2 vi-
ruses.

Antiviral susceptibility. Antivirals are an important option in
the control of influenza virus outbreaks. Therefore, we deter-
mined the susceptibility of avian H2N2 viruses to two FDA-ap-
proved classes of influenza antivirals: the adamantanes and neur-
aminidase inhibitors (NAIs). Genetic resistance to adamantanes is
conferred by combinations of M2 protein mutations at positions
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FIG 4 Replication and transmission of avian H2N2 viruses in ferrets. Each virus group contained 6 ferrets: 2 each of donors, direct contacts, and aerosol contacts.
(A) Viruses exhibiting droplet/contact transmission; (B) viruses exhibiting replication in donors only; (C) viruses exhibiting no replication in ferrets. Data are
presented as TCIDs, values for each individual animal at a given time point. The limit of detection is indicated by a solid horizontal line, and bars below are

indicative of 0 values. Isolate Mal/Pot177/83 is subtype H2NI1.

26, 27, 30, 31, or 34 (39). All viruses tested in this study possess
consensus M2 gene sequences that suggest genetic susceptibility to
the adamantanes (Table 6). We next assessed the phenotypic sus-
ceptibility to NAIs in the fluorescence-based NA enzyme inhibi-
tion assays. The mean ICs,s obtained with oseltamivir (0.34 nM)
were similar to those obtained with the investigational NAI
peramivir (0.28 nM). However, the mean IC;ys obtained with
zanamivir (0.88 nM) were approximately 2.5-fold higher than
those obtained with oseltamivir and 3-fold higher than those ob-
tained with peramivir (Table 7). The range of IC5,s was 0.12 to
1.35 nM for most viruses, demonstrating high susceptibility of
H2N2 influenza viruses to all three NAIs. The single exception to
this finding was isolate Mal/Pot177/83, which had a mean ICs, of
3.11 nM, 9-fold greater than that of the other avian isolates tested
(Fig. 6 and Table 7). This isolate was identified as a mild outlier in
the box plot analysis. Mal/Pot177/83 had been previously identi-
fied as N2 in our database. It was subsequently verified as the N1
subtype after commencement of the study, and this may explain
the slight elevation in ICs,s over the N2 viruses. However, this
virus retained high susceptibility to zanamivir (0.33 nM) and
peramivir (0.14 nM). Overall, our data suggest that the avian
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H2N2 isolates are susceptible to both classes of influenza antivirals
(Fig. 6 and Tables 6 and 7).

Risk assessment and scoring. A total of 10 H2 viruses were
evaluated in all experimental models and assays. We employed a
ranked scale with values of 0 to 4 to evaluate the performance of
these viruses according to the test criteria, with lower values rep-
resenting lower risk. The sum of the values for each criterion were
determined and assigned to three risk categories: low (sum of <5),
intermediate (sum of 5 to 9), or high (sum of 10 or higher). The
mammalian-adapted Sw/MO/06 virus ranked as high risk on our
scale along with one other avian virus, Dk/HK319/79, and both
consistently showed high fitness in most ex vivo and in vivo assays.
The remaining viruses were equally divided into the intermediate-
and low-risk categories, with the low-risk viruses often perform-
ing less efficiently than the high- or intermediate-risk groups in
these same assays (Table 8).

DISCUSSION

The risks of antigenic recycling and reintroduction of H2N2 vi-
ruses into humans or other mammals remain a distinct possibility.
The 1957 pandemic virus contained multiple genes donated from
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TABLE 5 Pathogenicity and transmission of avian H2N2 influenza viruses in ferrets

Donor ferrets

Direct-contact ferrets

No. of ferrets

No. of ferrets with

No. of ferrets No. of ferrets with

shedding Clinical signs (no. seroconversion, shedding Clinical signs (no. seroconversion,
Virus (n=2)" of ferrets/total)® (assay range)® (n=2)" of ferrets/total)” (assay range)”
Avian
Mal/MT/61 2 Sneezing (1/2) 2 (320) 2 None 2 (320)
Dk/HK273/78 0 None 2 (20-40) 0 None <
Dk/HK319/79 2 None 2 (80-160) 2 None 1(320)
Mal/Pot177/83°¢ 1 None 2 (160) 0 None 2 (20)
Mal/Pot179/83 2 None 2 (160) 1 None 2 (20-160)
Ck/Jena/84 2 None 2 (160) 0 None <
Dk/NJ/95 0 None 2 (40-80) 0 None <4
GF/NY/95 0 None 14(80) 0 None <
Ck/NJ/95 0 None 2 (20-40) 0 None <
Nonavian and control
Sw/MO/06 2 Weight loss (2/2), 2 2 Sneezing (2/2) 2

sneezing (2/2)

“ Number of animals with >1 Log,, TCIDs,/ml nasal titer out of total animals.
b Numbers in parentheses are numbers of animals displaying signs out of the total.

¢ Number of animals (n = 2) that seroconverted to homologous virus. Assessed by HI assay; titers are representative of the reciprocal of the highest doubling dilution that inhibited
4 hemagglutinating units of homologous virus with horse red blood cells. <, titers below assay cutoff of <1:20.

@ One animal in this group died due to adverse reaction to ketamine injection at 4 dpi.
¢ Isolate Mal/Pot177/83 is subtype H2N1.

birds, and H2 viruses continue to circulate in avian species. There-
fore, the avian reservoir is a potential source for reintroduction of
the subtype. Despite this, analysis of avian H2N?2 viruses and the
ability to infect mammals is lacking. We have addressed this defi-
ciency by assessing the risk of several avian H2N2 isolates to hu-
mans and other mammals by using a wide variety of criteria and
model systems.

We found most viruses in our panel could replicate in both
DBA2/] mice and NHBE cells. In DBA2/] mice, virulence of the
viruses was variable, with roughly half causing very little weight
loss and the rest causing the mice to lose weight and display clin-
ical signs of disease. We scored virulence and morbidity based on
the amount of weight the animals lost. No direct correlation exists
between this criteria and the outcome of human infections, but
the reduction of influenza-induced morbidity and mortality is one
of several criteria that is used to evaluate the efficacy of vaccines
and antivirals (40-42). Also, experimental studies by Kocer et al.

suggest a relation between high virus-induced morbidity and the
ability of that virus to infect ferrets (30), a standard animal model
of influenza infection in humans. In our studies, viruses inducing
a high morbidity score also replicated in one or more donor and
direct contact animals, further suggesting an increased risk for
mammalian infections (Tables 2 and 5). Perhaps more applicable
to model risk to humans are primary human NHBEs. It has been
demonstrated by Ilyushina et al. that replication of influenza vi-
ruses from various species between 8 and 24 hpi correlates with
infection in humans (43). Thus, we chose an early time point (24
h) to assess how quickly an H2N2 virus of purely avian origin
could replicate in these human cells. We observed that most avian
viruses replicated to a high or intermediate score despite their
preference for a2,3-sialic acid linkages, which are less abundant
on NHBEs than a2,6-sialic acids. A similar phenomenon has been
observed with avian H5 viruses, which have for more than a de-
cade breached the avian-human species barrier and caused signif-

TABLE 6 Sequence analysis of pertinent HA, M2, and PB2 amino acid residues

Amino acid(s)?

PB2 mammal

HA receptor binding® M2 adamantane antiviral resistance” adaptation®

Category 190 222 226 228 26 27 30 31 34 271 627 701
Avian or «2,3 binding consensus’ E - Q G - - - - - - - -
Human or «2,6 binding consensus” D - L/Q S/IG - - - - - - - -
Adamantane-susceptible consensus - - - - L \% A S G - - -
PB2 mammalian adaptation consensus - - - - - - - - - A K N
All avian viruses in this study” E K/E Q G L v A S G T E D
Swine/MO/06" E K L G L I A S G A E D

“ Sequences were obtained from in-house Sanger sequencing or GenBank. “~” indicates the residue does not pertain to the designated category.

¥ Consensus sequences as described in references 13,14, and 18.

“ HA analysis excludes Bwt/Alb/78, Mal/MN/00, Mal/MN/98.

M2 analysis excludes Bwt/Alb/78, Mal/MN/00, Dk/NJ/95.

¢ PB2 analysis excludes Bwt/Alb/78, Mal/MN/00, Mal/MN/98, Mal/MN/08, Dk/NJ/95.
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icant disease (21, 44—47). The degree to which receptor specificity
plays in replication in NHBEs or other models used here should be
defined by further experimentation. As these viruses were pas-
saged multiple times in eggs, it is possible, particularly with older
avian viruses circulating near the pandemic period, that any qua-
sispecies that bind a2,6-sialic acid linkages would be replaced by
viruses binding the more expected a2,3-sialic acid linkages. How-
ever, we note that Sw/MO was one of the most egg-passaged vi-
ruses (4 passages) used in this study, and it retains its strong pref-
erence for binding to a2,6-linked glycopolymers. Nevertheless, it
will be important to use additional polymer linkages (both a2,3
and «2,6) and various carbohydrate lengths within a comprehen-
sive glycan array format to better understand the binding profiles
of these viruses to the lesser preferred receptor type. These studies
are under way.

In contrast to mice and NHBEs, few avian H2 viruses repli-
cated in swine tracheal explants, consistent with previous obser-
vations using avian viruses of several subtypes (32). Unlike the
HINI and H3N2 pandemic viruses of the 20th century, H2N2
viruses did not establish a stable lineage in pigs, and there is also no
conclusive evidence that the 1957 H2N2 pandemic virus involved
reassortment in a pig. However, H2N3 viruses containing avian
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surface proteins along with markers of mammalian adaptation
were isolated from pigs in 2006, demonstrating the potential of
this host species to harbor avian-origin H2 viruses (18). Given the
role swine play in the evolution and transmission of pandemic and
epidemic influenza viruses, the ability of an H2 virus to display
even limited replication in a pig may be an initial step toward
acquisition of mutations necessary for infection of humans.
Though our ex vivo studies suggest a low risk of swine infection
from avian H2N2s, additional testing ex vivo or in vivo, in con-
junction with ongoing swine herd surveillance for this subtype,
should remain a priority.

Ferrets infected with influenza display a disease course similar
to that of humans, making them a suitable model to determine the
susceptibility of humans and other mammals to our avian H2N2
viruses. Over half of the viruses tested in ferrets replicated in do-
nor animals, though little clinical disease was observed outside the
Sw/MO/06 virus, and this may indicate that the pathology associ-
ated with avian H2 virus infection would be low in humans. Sur-
prisingly, we found that 3 avian viruses were able to transmit to
direct-contact cage mates, though it is unknown at this time if
fomites are the source of virus spread. One donor-contact ferret
pair infected with Dk/HK319/79 virus displayed a transmission
pattern that was delayed by 3 to 4 days, and each animal shed for
only a single time point. While this is inconsistent with typical
contact transmission shedding in ferrets, the Pappas et al. study
demonstrates that an H2N2 virus having acquired HA Q226L elic-
its a shedding pattern with a lag of 3 to 5 days between the cessa-
tion of shedding in the donor and appearance of shedding in the
recipient (14). Interestingly, this was in a respiratory droplet
transmission pattern. Though unlikely, the transmission of HK/
319 by aerosol to the cage mate remains a possibility, and addi-
tional sequence analysis of these isolates will shed light on genetic
mutations that may have facilitated such an event. Alternatively,
Driskell et al. demonstrate a similar pattern with another avian
virus (HIN9), in which a contact transmission lag period of 4 days
is present in 1 of 3 direct-contact animals (48). Thus, the observed
H2N2 delayed shedding with Dk/HK319/79 could simply be a
characteristic of a somewhat inefficient transmission of an avian
virus in a mammalian host.

Given our current data, the potential for aerosol spread of ei-
ther the avian or swine H2 viruses in humans appears unlikely. We
did not observe transmission to cage-separated aerosol animals in
ferret experiments. Further, our avian viruses do not possess the
226L mutation in the HA gene previously shown to be important
for efficient airborne spread (14). However, Sw/MO/06 does have
this mutation yet was not able to spread to aerosol contacts.
Therefore, additional mutations, particularly in the HA gene, may
be necessary for an H2 virus to transmit by this route. Finally, all
three viruses that replicated in donor ferrets and spread to direct
contacts (Mal/MT/61, Dk/HK319/79, and Mal/Pot179/83) were
also classified as high virulence in mice and rapid replicators in
NHBE cells. The combination of the latter two virus characteris-
tics, (i) the ability to cause high virulence in DBA/2 mice and (ii)
rapid, high replicative pattern in NHBE cells (which provide an ex
vivo model that recapitulates the receptors in the human respira-
tory tract), predicted the ability of H2N2 influenza viruses to
spread via direct contact between ferrets. Nonetheless, we ob-
served some H2N2 isolates that did not exhibit similar patterns
between models examined (i.e., Ck/NJ/95 did not replicate in
NHBE cells or swine explants but exhibited high virulence in the
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TABLE 7 Susceptibility of avian H2N2 influenza viruses to neuraminidase inhibitors

Inhibitory activity (ICs, =SD, nM)?

Category” Animal origin Virus Oseltamivir Zanamivir Peramivir
Eurasian wild Mal/MT/61 0.14 £ 0.02 0.76 £ 0.07 0.25 £ 0.02
wild Mal/Pot177/83¢ 3.11 = 1.01 0.33 £0.19 0.14 = 0.04
Wild Mal/Pot179/83 0.21 = 0.02 0.82 = 0.07 0.25 = 0.02
Domestic Dk/HK273/78 0.17 £ 0.04 0.81 £0.20 0.27 £ 0.06
Domestic Dk/HK319/79 0.16 = 0.05 0.84 = 0.28 0.27 = 0.09
Domestic Ck/Jena/83 0.19 = 0.02 0.88 = 0.08 0.32 = 0.05
Domestic Ck/Jena/84 0.17 £ 0.03 0.71 £ 0.08 0.23 £0.03
North American wild Bwt/Alb/78 0.3 + 0.04 0.64 * 0.07 0.26 = 0.06
wild Mal/NY/78 0.15 £ 0.03 0.71 £0.11 0.26 = 0.03
wild Mal/MN/98 0.59 £ 0.02 1.35 = 0.46 0.27 = 0.03
wild Mal/MN/00 0.19 £ 0.04 1.24 £0.43 0.28 £ 0.06
wild Mal/MN/08 0.41 £ 0.01 0.90 = 0.11 0.46 = 0.08
Domestic Ck/CT/90 0.14 £ 0.02 0.76 = 0.12 0.27 = 0.08
Domestic Ck/PA/91 0.15 £ 0.02 0.90 £ 0.17 0.32 £0.08
Domestic Ck/NY/91 0.18 = 0.03 0.94 = 0.22 0.34 = 0.12
Domestic GF/NY/94 0.15 £ 0.01 0.79 £ 0.07 0.29 = 0.08
Domestic Dk/NJ/95 0.15 £ 0.01 1.08 £ 0.22 0.24 £0.03
Domestic GF/NY/95 0.17 £ 0.01 0.86 = 0.09 0.30 £ 0.05
Domestic Ck/NY/95 0.22 £ 0.08 1.12 £ 0.37 0.31 = 0.04
Domestic Ck/NJ/95 0.29 £ 0.08 1.35£0.23 0.35 £ 0.05
Domestic Ck/NY/04 0.13 £ 0.04 0.87 = 0.09 0.20 £ 0.02
Domestic Ck/PA/04 0.12 £ 0.03 0.77 £ 0.07 0.22 £ 0.06
Mean IC,,, for all viruses 0.34 + 0.63 0.88 = 0.23 0.28 = 0.06

a «

Category” indicates geographic region or a nonavian isolate.

” Mean inhibition of NA enzymatic activity with MUNANA substrate (100 uM final concentration).

¢ Isolate Mal/Pot177/83 is subtype H2N1.

mouse model). Multiple variables can impact the replication and
transmission pattern of an influenza virus and, for this reason,
virus-specific variations between the in vitro and in vivo models
highlight the notion that there is no universal model that can
precisely predict influenza virus fitness in humans. Therefore,
comprehensive risk assessment of a virus should include a variety
of available model systems.

To summarize the data generated and further evaluate the risk
of these viruses to humans and other mammals, we constructed a

1.0+
0.5
0.0

0.5

log,, IC,, (nM)

-1.04

-1.5

T T T

Oseltamivir Zanamivir Peramivir

FIG 6 Box plots of the mean ICs,s (nM) for oseltamivir carboxylate, zanami-
vir, and peramivir for avian H2N2 influenza viruses by the fluorometric assay.
Boxes represent the 25th to 75th percentiles, and the horizontal lines within the
boxes represent the median values. The length of the box represents the inter-
quartile range (IQR). The end of the solid lines (whiskers) extending on either
side of the box represent the 95% confidence limits. The isolates with ICs
between 1.5 and 3.0 IQR from the 25th and 75th percentiles were defined as
mild outliers. The detected mild outlier for oseltamivir carboxylate A/Mal/
Pot177/83 is shown as a closed circle.
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risk scoring system by which individual criteria (i.e., replication in
NHBE cells, replication in ferrets, etc.) were assigned a value rel-
ative to the virus fitness in a particular model. The values were
tabulated and assigned to three risk groups: low, intermediate, and
high. Such strategies have been used by other groups to evaluate
the risk potential of HON?2 viruses (49), and a similar system (in-
fluenza risk assessment tool [IRAT]) is under development by the
Centers for Disease Control and Prevention to evaluate pandemic
potential of influenza viruses from animals (50). We included
Sw/MO/06 as a control in many of our assays. This virus shows
several criteria suggestive of adaptation to mammals. This virus
was “high” according to our risk scoring and validated this ap-
proach. Additionally, using previously published data (51-56), we
scored the highly virulent A/Vietnam/1203/2004 (H5N1) virus.
This subtype has been widely speculated to be of high pandemic
potential and scored as high risk by our criteria (Table 8). Only
one avian virus, Dk/HK319/79, was “high.” As with Sw/MO/06,
this virus was incapable of spread to aerosol contacts, and it pos-
sessed no markers of mammalian adaptation in HA or PB2 genes.
Nevertheless, further study of this isolate, including serial passag-
ing through the ex vivo or in vivo models used in our study, could
shed light on its ability to acquire additional mutations that facil-
itate pathogenesis in mammals. All remaining viruses were classi-
fied as either intermediate or low risk.

Despite an elevated risk of Sw/MO/06 and Dk/HK319/79, these
and all other viruses in our panel would be susceptible to both
classes of influenza antivirals. Additionally, formulation of an
H2N2 vaccine is another potential option to address the lack of
widespread immunity to the H2 antigen among individuals
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TABLE 8 Risk scoring of H2N2 viruses

Score
Similarity to

Receptor ~ NHBE Swine M2 pandemic Risk
Virus specificity” cells’  explants® Mice? Ferrets® HA226/ PB2627¢ inhibitors” NAIs' vaccine’ Risk classification*
Mal/MT/61 0 3 0 2 3 0 0 0 0 0 8 Intermediate
Dk/HK273/78 0 1 0 3 0 0 0 0 0 0 4 Low
Dk/HK319/79 0 3 1 3 3 0 0 0 0 0 10 High
Mal/Pot177/83 0 3 0 2 1 0 0 0 0 0 6 Intermediate
Mal/Pot179/83 0 3 0 3 2 0 0 0 0 0 8 Intermediate
Ck/Jena/84 0 3 1 2 1 0 0 0 0 1 8 Intermediate
Dk/NJ/95 0 2 0 1 0 0 0 0 0 1 4 Low
GF/NY/95 0 2 1 1 0 0 0 0 0 0 4 Low
Ck/NJ/95 0 0 0 3 0 0 0 0 0 0 3 Low
Sw/MO/06 (H2N3) 1 3 1 3 3 1 1 0 0 0 13 High
VN/1203 (H5N1) 0 3 1 3 1 0 1 1 0 N/A 10 High

“ Polymer binding: 0, >2-fold preference for a2,3; 1, >2-fold preference for a2,6.

b Replication kinetics: 0, none; 1, low; 2, intermediate/delayed; 3, high/rapid.

€0, no replication; 1, productive replication. In vivo data was used to score VN/1203.
d Morbidity: 0, low/none; 1, intermediate; 2, high; 3, high with mortality.

€0, no replication in donors; 1, replication in donors, no transmission; 2, replication in 1 contact; 3, replication in both contacts; 4, aerosol transmission.

I Consensus as HA residue 226: 0, avian consensus (Q); 1, mammalian consensus (L).
£ Consensus as PB2 residue 627: 0, avian consensus (E); 1, mammalian consensus (K).
0, adamantane sensitive residues in M2; 1, 1 or more resistant residues in M2.

" Inhibition by NAL 0, <1 uM; 1, >1 pM. VN/1203 score meets criteria for susceptibility to oseltamivir but not zanamivir.
7 Antigenically similar by HI assay: 0, virus inhibited by A/Singapore/1/57 sera =1:40; 1, not inhibited.

K Risk classification: low risk, <5; intermediate risk, 5 to 9; high risk, >10.

younger than 50 years (11). Our serology data suggest the avian
viruses have undergone limited divergence from ancestors and
many remained antigenically similar to pandemic isolate and vac-
cine strain A/Singapore/1/57. Nevertheless, we did observe iso-
lates (e.g., Ck/Jena/84) that were not inhibited by A/Singapore/
1/57 sera and were also capable of replication in donor ferrets.
Thus, the risk of H2N2 viruses circulating in birds that are anti-
genically distinct from the pandemic vaccine virus of 1957 and
capable of replication in mammals exists. However, our data
showed that animals (both mice and ferrets) infected with avian
H2s readily seroconverted. Additionally, protective studies in an-
imals suggest that H2 viruses of various origins produce broadly
cross-reactive protective antibodies (57). This suggests that for-
mulation of a broadly immunogenic H2 vaccine is possible, and
inclusion of the H2 antigen in an annual vaccine has been sug-
gested by some experts (11).

The characterization of a panel of avian H2N?2 viruses in this
study addresses the lack of knowledge we currently have about
these viruses, their pathogenicity in various hosts, and molecular
characteristics that may elevate their risk for reemergence in hu-
mans. At this time, our risk scoring criteria indicate that most of
the viruses present a low or intermediate risk to humans with
multiple prophylactic and therapeutic options available to con-
trol them. However, this should not detract from future study
of this subtype and prepandemic planning. Further screening
and genetic analysis of banked avian H2 viruses are important in
assessing the potential of this subtype to reemerge from the avian
reservoir. Additionally, active surveillance and characterization of
contemporary avian H2 viruses are critical to evaluate emerging
markers of mammalian adaptation, antiviral susceptibility, and
candidate vaccine strains, all of which are critical components in
the public health response to influenza.
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