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Outbreaks of low-pathogenicity avian influenza (LPAI) viruses of the H7N3 subtype were first detected in Italy in October 2002, and
the virus continued to circulate between 2002 and 2004 in a densely populated poultry area in the northeast portion of that country.
This virus circulated in unvaccinated and vaccinated poultry farms, and the infection was controlled in August 2003 by culling, control
of movements, improved biosecurity, and heterologous vaccination. In 2004, H7N3 reoccurred in vaccinated poultry farms in which
infection had been successfully controlled by the vaccination program. To shed light on this occurrence and the temporal pattern and
genetic basis of antigenic drift for avian influenza viruses (AIVs) in the absence and presence of heterologous vaccination, a collection
of H7N3 viruses isolated in 2002 and 2004 were characterized genetically and antigenically. Molecular analysis showed that viruses
isolated in the 2004 outbreaks after the implementation of vaccination had acquired specific amino acid signatures, most of which were
located at reported antibody binding sites of the hemagglutinin (HA) protein. Antigenic characterization of these 2004 isolates showed
that they were antigenically different from those isolated prior to the implementation of vaccination. This is the first report on anti-
genic and genetic evolution of H7 LPAI viruses following the application of heterologous vaccination in poultry. These findings may
have an impact on control strategies to combat Al infections in poultry based on vaccination.

vian influenza (Al) is a listed disease of the World Organisa-

tion for Animal Health (OIE) and has become one of the
greatest concerns for animal and human health. Avian influenza
viruses (AIVs) are distinguished as high-pathogenicity (HPAI)
and low-pathogenicity (LPAI) viruses based on the intravenous
pathogenicity index (IVPI) in specific-pathogen-free (SPF) chick-
ens and the presence of multiple basic amino acids at the cleavage
site of the hemagglutinin (HA) protein. To date, all influenza out-
breaks of the highly pathogenic form have been caused by influ-
enza A viruses of either subtype H5 or H7. Since 1959, only 24
primary outbreaks of subtypes H5 and H7 have been reported
worldwide; a majority occurred in Europe and the Americas (1),
and as a consequence, HPAI outbreaks in poultry were considered
rare events.

The emergence and spread of A/goose/Guangdong/1/1996
(H5N1)-like HPAI virus in 1996 (1, 2) radically changed the per-
ception of the disease in the veterinary and public health sectors.
The outbreak of the H5N1 HPAI virus was responsible for the
death and culling of millions of birds and infected a variety of
nonavian hosts, including humans and pigs (3), spreading to 63
countries or regions (2, 4). In some countries, culling was success-
fully applied to control the disease, whereas in others, vaccination
was added to control programs.

Due to the economic cost associated with the culling program,
vaccination was first implemented for HPAI virus infections in
Mexico against H5SN2 (1995) (5, 6) and in Pakistan against H7N3
(1995) (7) viruses. Moreover, Italy used vaccination to control the
H7N1 HPAI epidemic in 2000 (8). In 2002, vaccination was first
implemented for HSN1 HPAI virus in Hong Kong, and in 2004, it
was implemented in Indonesia and China (9). Additionally, vac-
cination was used to control LPAI virus infections in Mexico (10,
11), Italy, and the United States (12, 13).

It is well established that influenza virus naturally undergoes
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antigen drift and shift, but to date, few studies have documented
the influence of a vaccination program on the antigenic diversity
of the AIVs. It is important to consider that H5N1 HPAI viruses
belonging to different genetic clades show considerable antigenic
variation, suggesting a correlation between the genetic and anti-
genic characteristics (14). A recent study compared the genetic
evolution of the HA genes of HSN'1 HPAI viruses isolated in coun-
tries where vaccination was applied and not applied (15), high-
lighting that the HA genes of viruses isolated from countries ap-
plying vaccination evolved genetically more rapidly than those of
viruses circulating in countries not applying vaccination. How-
ever, that study did not address whether such a genetic difference
had any impact on the antigenic characteristics of the viruses un-
der study. Additionally, several studies are available on the distinct
antigenic characteristics of H5SN1 HPAI viruses from Egypt, where
vaccination was implemented; however, data on the antigenic
characteristics of Egyptian H5N1 HPAI viruses isolated from un-
vaccinated and vaccinated farms are absent (15-18).

As vaccination of susceptible animals might be more advanta-
geous than a culling program, the implication of the vaccination
on driving antigenic drift is an important consideration when de-
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signing new vaccines and implication of control strategies. To
date, there has been only one study investigating the antigenic
difference of the H7 AIVs, with the aim to select challenge viruses
for vaccine efficacy (19) and not examine selection pressure due to
vaccination. Therefore, still-limited data are available on the an-
tigenic characteristics of H7 AIVs.

Italy experienced an epidemic of LPAI virus subtype H7N3 in
poultry from 2002 to 2004. At the end of 2002, a vaccination
program was designed based on a differentiating infected from
vaccinated animals (DIVA) strategy and was carried out using an
inactivated heterologous H7 AIV vaccine (strain A/chicken/Italy/
1067/1999 [H7N1]) from December 2002 to August 2003 (20).
Nevertheless, from January 2003 to October 2003, H7N3 LPAI
virus had spread in unvaccinated flocks but to a lesser extent in
vaccinated flocks. Additional control measures, including culling
and controlled marketing procedures, were enforced, and these
efforts resulted in the absence of detectable virus circulation. One
year after the depopulation of the LPAI virus-infected flock, the
H7N3 subtype reemerged. Following reemergence, some vacci-
nated flocks contracted infection, as the population was only par-
tially immune (20, 21). During the 2002-2004 Italian LPAT H7N3
epidemic, a longitudinal collection of H7N3 viruses was obtained
and archived. These viruses represent a unique collection, as it
allowed the generation of data on the antigenicity and genetic
makeup of viruses obtained before, during, and after the imple-
mentation of the vaccination campaign. In this study, we have
investigated whether vaccination practices can lead to selection
and transmission of variants that exhibit different antigenic char-
acteristics that lead to the reoccurrence of the virus after a control
program. Our results clearly showed the occurrence of the anti-
genic and genetic variations for the H7N3 LPAI Italian strains,
which circulated in a naive and vaccinated population between
2002 and 2004.

MATERIALS AND METHODS

Viruses. AIVs of the H7N3 subtype were selected for this study according
to the following criteria: (i) year of isolation, (ii) vaccination status of the
flock from which they were isolated, and (iii) HA sequence data (Table 1).
A flock was defined as vaccinated when a minimum of two vaccination
interventions were carried out and at least 21 days had elapsed between
the second vaccination intervention and the date of collection of positive
samples in the field. A total of 44 isolates were selected. In particular, 16
H7N3 isolates collected during the 2002 epidemic (no vaccination cam-
paign in place), 14 isolates collected in 2003 from unvaccinated (7 viruses)
and vaccinated (7 viruses) flocks, and 11 H7N3 isolates sampled from
vaccinated farms during the 2004 epidemic were analyzed (Table 1); the
last were all available viruses isolated in 2004 and 3 genetically unrelated
H?7 viruses.

In summary, 21 H7N3 isolates from unvaccinated farms and 20 H7N3
isolates from vaccinated farms isolated during the 2002-2004 epidemics
were studied. Three additional isolates were also included in this study:
A/chicken/Italy/1067/1999 (H7N1), which was the vaccine strain used
during the vaccination campaign, A/turkey/England/647/1977 (H7N7),
and A/shoveler/Italy/377/2006 (H7N7) (Table 1), included as unrelated
viruses. Viruses were propagated in 9- to 11-day-old SPF embryonated
chicken eggs (Charles River Laboratories Inc., US) and inactivated with
0.05% (vol/vol) B-propiolactone (Sigma-Aldrich, US) for 3 h at 37°C to
carry out cross-hemagglutination inhibition (HI) tests.

Production of turkey sera. Eight-week-old turkeys were used to pro-
duce 13 polyclonal antisera against H7N3 viruses. Prior to the immuni-
zation, all turkeys were tested virologically and serologically by real-time
RT-PCR (RRT-PCR) for type A influenza virus and by commercial com-
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petitive type A enzyme-linked immunosorbent assay (ELISA) (ID Screen
influenza A antibody competition; IDVet, France), respectively. Turkeys
were immunized intravenously with 0.2 ml of inactivated H7 viruses and
boosted 4 weeks after by the same route. All antigens used to produce sera
had HA titers ranging between 27 and 2° log,, and their purity was con-
firmed by OIE standard techniques (22).

All turkeys received two immunizations to obtain HI titers above 2°.
Serum samples were collected 3 weeks after the second immunization.
Turkey sera were generated using two turkeys per serum batch, except for
the batch generated against A/chicken/Italy/1067/1999 (H7N1). Blood
was collected, pooled per individual bird, and allowed to clot in plastic
vessels at 37°C for 2 h. Vessels were centrifuged at 1,000 X g for 10 min,
and 1-ml aliquots were placed in vials and stored at —20°C until use.

Prior to testing, sera were treated with receptor-destroying enzyme
(RDE; Sigma-Aldrich, US) to remove any nonspecific reactions as de-
scribed by the OIE manual (22). Viruses to immunize birds were selected
according the year of isolation, vaccination status of the farm from which
they were isolated, and phylogenetic analysis.

Turkey sera were produced against the H7N1 virus (vaccine strain),
Alturkey/England/647/1977 (H7N7), two H7N3 strains isolated during
the 2002 epidemic (A/turkey/Italy/8000/2002 and A/turkey/Italy/9369/
2002), and two H7N3 strains isolated during the 2004 epidemic (A/
turkey/Italy/4130/2004 and A/turkey/Italy/3399/2004) (Table 1). A total
of 13 turkey serum samples were collected and used to carry out the
cross-HI tests (Table 1). All animals were handled in strict accordance
with the relevant national and local animal welfare bodies (24).

Cross-HI tests. The HI test was carried out according to OIE guide-
lines (22). Briefly, 4 hemagglutinin units and 1% (vol/vol) chicken red
blood cell suspension were used to carry out HI tests. Serum samples were
tested singularly, resulting in 13 different titers for each virus isolate. The
data set consisted of a table of 13 turkey sera and 44 viruses resulting in 572
individual HI measurements (Table 2). Each HI experiment was repeated
twice, and the average value was calculated.

Genomic sequencing. Viral RNA was extracted from the infective
allantoic fluid of SPF embryonated chicken eggs using the Nucleospin
RNA II kit (Macherey-Nagel, Duren, Germany) and was reverse tran-
scribed with the SuperScript III reverse transcriptase kit (Invitrogen,
Carlsbad, CA). PCR amplification was performed by using specific prim-
ers (primer sequences available upon request). The complete coding se-
quences were generated using the BigDye Terminator v3.1 cycle sequenc-
ing kit (Applied Biosystems, Foster City, CA). The products of the
sequencing reactions were cleaned up using the Performa DTR Ultra 96-
well kit (Edge BioSystems, Gaithersburg, MD) and sequenced in a 16-
capillary ABI PRISM 3130x] genetic analyzer (Applied Biosystems). Se-
quence data were assembled and edited with SeqScape software v2.5
(Applied Biosystems).

Molecular characterization and evolutionary analyses. Phylogenetic
analyses were performed using maximum likelihood by GARLI (25) and
bootstrap resampling analyses using PAUP* 4.0 Beta (26) to apply a neigh-
borhood joining method, as described earlier (27). Positive-selection analyses
were performed using PAML (28) as described elsewhere (27).

Atotal of 1,410 HA sequences of the H7 subtypes of influenza A viruses
were downloaded from the Influenza Research Database (IRD; http:
/Iwww .fludb.org), and the phylogenetic analysis was used to identify those
HA genes belonging to the Eurasian lineage for further analysis. Subse-
quently, phylogenetic analyses were performed on a total of 77 HA full-
length sequences of 30 H7N3 LPAI viruses isolated from the 2002-2004
Italian epidemic and 47 other viruses isolated from avian species in Eu-
rope and Asia from 1934 to 2011.

The protein sequences of these isolates were aligned with the H3 pro-
tein sequences as shown previously (29). The antibody binding sites were
annotated based on those in H3N2 influenza A virus (30).

To investigate the impact of vaccinations on the evolutionary rate of
the HA gene, evolutionary rates using Bayesian statistics were analyzed.
To make the data analysis more accurate, only isolates with specific isola-
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TABLE 1 List of H7N3 viruses isolated in Italy between 2002 and 2004 subjected to antigenic analysis”

Date (day-mo-yr) of  Date (day-mo-yr) of  Province of No. of animals  Antigenic
Virus suspected outbreak sample submission isolation Species on farm group
A/turkey/Italy/7159/2002 (H7N3) 12-Oct-02 16-Oct-02 Fattening turkey 33,019 Unv
Alturkey/Italy/7653/2002 (H7N3) 28-Oct-02 29-Oct-02 Verona Fattening turkey 8,896 Unv
Alturkey/Italy/8000/2002 (H7N3) 04-Nov-02 07-Nov-02 Brescia Fattening turkey 7,430 Unv
A/turkey/Italy/8912/2002 (H7N3) 25-Nov-02 27-Nov-02 Vicenza Fattening turkey 7,000 Unv
Alturkey/Italy/8535/2002 (H7N3) 08-Nov-02 15-Nov-02 Brescia Fattening turkey 22,080 Unv
Alturkey/Italy/8307/2002 (H7N3) 15-Nov-02 13-Nov-02 Verona Fattening turkey 14,000 Unv
A/chicken/Italy/8093/2002 (H7N3) 08-Nov-02 12-Nov-02 Verona Broiler breeder 25,197 Unv
Alturkey/Italy/8458/2002 (H7N3) 13-Nov-02 15-Nov-02 Verona Fattening turkey 18,500 Unv
Alturkey/Italy/8651/2002 (H7N3) 21-Nov-02 21-Nov-02 Verona Fattening turkey 14,400 Unv
A/turkey/Italy/8834/2002 (H7N3) 23-Nov-02 25-Nov-02 Verona Fattening turkey 7,000 Unv
Alturkey/Italy/9369/2002 (H7N3) 10-Dec-02 11-Dec-02 Verona Fattening turkey 14,000 Unv
Alturkey/Italy/9314/2002 (H7N3) 06-Dec-02 09-dic-02 Verona Fattening turkey 40,600 Unv
A/turkey/Italy/9289/2002 (H7N3) 05-Dec-02 06-Dec-02 Verona Fattening turkey 5,090 Unv
Alturkey/Italy/9737/2002 (H7N3) 31-Dec-02 31-Dec-02 Brescia Fattening turkey 28,716 Unv
Alturkey/Italy/9374/2002 (H7N3) 11-Dec-02 12-Dec-02 Verona Fattening turkey 12,500 Unv
A/turkey/Italy/9102/2002 (H7N3) 29-Nov-02 03-Dec-02 Verona Fattening turkey 12,860 Unv
Alturkey/Italy/251/2003 (H7N3) 11-Jan-03 15-Jan-03 Brescia Fattening turkey 10,800 Unv
A/chicken/Italy/682/2003 (H7N3) 28-Jan-03 30-Jan-03 Padova Layers 32,000 Unv
A/turkey/Italy/1010/2003 (H7N3) 04-Feb-03 12-Feb-03 Brescia Fattening turkey 40,000 Unv
A/guineafowl/Italy/1613/2003 (H7N3)  13-Mar-03 12-Mar-03 Padova Guinea Fowl 54,000 Unv
Alturkey/Italy/2043/2003 (H7N3) 21-Mar-03 03-Apr-03 Brescia Fattening turkey 100,000 Unv
A/chicken/Italy/2240/2003 (H7N3) 16-Apr-03 17-Apr-03 Verona Fattening turkey 13,000 Unv
Alturkey/Italy/2684/2003 (H7N3) 01-Apr-03 19-May-03 Brescia Fattening turkey 12,000 Unv
A/turkey/Italy/2856/2003 (H7N3) 23-May-03 27-May-03 Brescia Fattening turkey 79,800 Vac
A/turkey/Italy/2987/2003 (H7N3) 03-Jun-03 05-Jun-03 Verona Fattening turkey 12,800 Vac
A/turkey/Italy/2962/2003 (H7N3) 03-Jun-03 04-Jun-03 Verona Fattening turkey 13,700 Vac
A/turkey/Italy/2963/2003 (H7N3) 26-May-03 04-Jun-03 Verona Fattening turkey 48,000 Vac
A/turkey/Italy/4036/2003 (H7N3) 15-Jul-03 16-Jul-03 Verona Fattening turkey 16,000 Vac
A/turkey/Italy/3620/2003 (H7N3) 01-Jul-03 01-Jul-03 Verona Fattening turkey 25,500 Vac
A/turkey/Italy/4608/2003 (H7N3) 08-Aug-03 12-Aug-03 Verona Fattening turkey 5,600 Vac
A/turkey/Italy/3337/2004 (H7N3) 17-Sept-04 21-Sept-04 Verona Fattening turkey 14,500 Vac
A/quail/Italy/3347/2004 (H7N3) 21-Sept-04 22-Sept-04 Verona Fattening turkey 360,000 Vac
A/turkey/Italy/3439/2004 (H7N3) 24-Sept-04 27-Sept-04 Verona Fattening turkey 23,000 Vac
A/turkey/Italy/3477/2004 (H7N3) 27-Sept-04 29-Sept-04 Verona Fattening turkey 21,600 Vac
A/turkey/Italy/3399/2004 (H7N3) 20-Sept-04 23-Sept-04 Verona Fattening turkey 7,000 Vac
A/turkey/Italy/3807/2004 (H7N3) 14-Oct-04 14-Oct-04 Verona Fattening turkey 11,300 Vac
A/turkey/Italy/3829/2004 (H7N3) 15-Oct-04 14-Oct-04 Verona Fattening turkey 22,200 Vac
A/turkey/Italy/4042/2004 (H7N3) 21-Oct-04 28-Oct-04 Verona Fattening turkey 36,400 Vac
A/turkey/Italy/4130/2004 (H7N3) 26-Oct-04 04-Nov-04 Verona Fattening turkey 6,500 Vac
A/turkey/Italy/4479/2004 (H7N3) 16-Nov-04 15-Nov-04 Verona Fattening turkey 20,000 Vac
A/turkey/Italy/4199/2004 (H7N3) 04-Nov-04 09-Nov-04 Verona Fattening turkey 7,200 Vac

@ A/chicken/Italy/1067/1999 (H7N1) (not shown) was the vaccine strain, and A/shoveler/Italy/377/2006 (H7N7) and A/turkey/ENGLAND/647/1977 (H7N7) (not shown) were
genetically unrelated viruses used to produce turkey sera. Viruses from vaccinated farms are in bold. Vac, viruses from vaccinated farms; Unv, viruses from unvaccinated farms.

tion dates were included. The evolutionary rates of HA genes were estimated
using Bayesian Evolutionary Analysis Sampling Trees (BEAST) version 1.7.1
(31). The Bayesian skyline coalescent tree prior (10 piece-wise constant
groups) is used in the analysis. In addition, we used the HKY substitution
model with Markov Chain Monte Carlo runs of 50,000,000 steps and ana-
lyzed with Tracer with a discarded burn-in of 10%. The strict clock model was
used in this analysis. Three independent tests were performed.

Construction of the antigenic map. The antigenic map was con-
structed using AntigenMap (http://sysbio.cvm.msstate.edu/AntigenMap)
(32, 33), as described previously (16), with an HI titer of 1:10 as the
threshold for a low reactor. Each entry in the HI table was normalized by
the maximum value from each serum sample. The antigenic map utilized
low-rank matrix completion to minimize the noises in the HI data and
multiple dimensional scaling to generate the map reflecting the antigenic
distances embedded in HI data. Each unit in the antigenic map corre-
sponded to a log, unit in the HI test.
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Nucleotide sequence accession numbers. The HA sequences ob-
tained in this study are available in GenBank under the following acces-
sion numbers: CY024738, CY095562, CY029905, CY020605, GQ247853,
CY095546, CY034750, CY021365, CY022613, CY020589, CY095554,
JX515663, (CY021493, CY021357, CY021485, CY020613, CY028684,
CY020597, CY028676, CY029913, CY020581, and CY021501 and in the
Global Initiative on Sharing All Influenza Data (GISAID; www.gisaid.org)
database under the following accession numbers: EP1154974, EP1243276,
EPI1243277, EP1154967, EP1154966, EP1154969, EP1154970, EP1154973,
EPI154972, EP1154971, EP1154959, EP1154960, EPI154958, EP1154963,
EP1243279, EP1154962, EP1154964, EP1154961, and EP1243280.

RESULTS

Evolutionary dynamics of H7N3 viruses before, during, and af-
ter H7N3 outbreaks. To investigate the natural history of Italian
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H?7 viruses, a phylogenetic tree of the HA gene was constructed by
including 1,235 H7 genes from a public database, analyzed after
removing incomplete sequences and redundant sequences. These
viruses included 171 H7 Italian AIVs, all of which belonged to the
Eurasian H7 lineage (data not shown). The HA genes of H7N1
viruses from 1999 to 2001 genetically formed a sublineage; the
vaccine strain A/chicken/Italy/1067/1999 (H7N1) used for the
2003-2004 campaign in Italy belonged to this branch (Fig. 1).
The HA genes of the viruses isolated from the 2002-2004 outbreak
form a distinct lineage and are associated with three H7N3 LPAI
viruses from mallards, including A/mallard/Italy/33/2001
(H7N3), A/mallard/Italy/43/2001 (H7N3), and A/mallard/Italy/
199/2001 (H7N3) (Fig. 1).

The phylogenetic analysis conducted on the HA genes of the
Italian H7N3 LPAI viruses showed that viruses isolated in 2004
from vaccinated farms and viruses isolated in 2002 and 2003 from
unvaccinated farms form 2 distinct sublineages (Fig. 1b). There is
an exception to that: A/turkey/Italy/2856/2003 was isolated from
an unvaccinated farm.

Comparison of nucleotide sequences of 2002-2004 H7N3 iso-
lates revealed the larger extent of genetic diversity that existed pre-
and postvaccination. Viruses isolated from October 2002 to early
2003 from unvaccinated farms showed a relatively lower amino
acid sequence divergence (identity ranged from 99.1% to 100%).
Postvaccination viruses isolated during the second half of 2003
and in 2004 had higher sequence divergence (identity ranged from
98% to 100%). Only the virus A/turkey/Italy/2856/2003 isolated
from vaccinated animals clustered separately: it grouped with the
2003 isolates from unvaccinated farms. A/turkey/Italy/2856/
2003) was isolated on 27 May from the Brescia province, and most
of the other viruses were identified after July of 2003.

The evolutionary rate analysis conducted on the HA genes of
H7N3 LPAl isolates showed that strains isolated before the imple-
mentation of the vaccine campaign had an evolutionary rate of
12.20 X 10~ substitutions/nucleotide per year (standard error of
mean, 5.62 X 107> lower bound of the highest posterior density
[HPD] interval [95% HPD lower], 7.56 X 10~°; upper bound of
the highest posterior density interval [95% HPD upper], 16.50 X
10~?) with an effective sample size of 1,617. The evolutionary rate
for the strains after vaccine campaigns was 5.37 X 10~ substitu-
tions/nucleotide per year (standard error of mean, 3.22 X 107
95% HPD lower, 2.70 X 107% 95% HPD upper, 7.98 X 107°)
with an effective sample size of 1,801. Finally, the mean evolution-
ary rate was 8.04 X 10~ substitutions/nucleotide per year (stan-
dard error of mean, 3.11 X 10~ >; 95% HPD lower, 5.84 X 102,
95% HPD upper, 10.30 X 10~?) with an effective sample size of
1,384.

Molecular characterization of H7N3 viruses. To investigate
the amino acid mutations that might have occurred under vaccine
pressure, the HA1 sequence of the first strain isolated at the begin-
ning of the epidemic in 2002 (A/turkey/Italy/7159/2002) was
compared to the HA1 sequences of all viruses used in this study. A
total of five mutations were observed between isolates from un-
vaccinated farms and those from vaccinated farms, four of which
were located in antibody binding sites: G133E (144, H3 number-
ing; antibody binding site A), A151T (160, H3 numbering; anti-
body binding site B), G177V (186, H3 numbering; antibody bind-
ing site B), Q201H (210, H3 numbering), and T112A (122, H3
numbering; antibody binding site A) (Fig. 1b).

Viruses isolated after the beginning of vaccination (May to
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August 2003) possessed an A1517T change from the original iso-
late. Sequence from viruses isolated toward the end of the vacci-
nation campaign, September and October 2004, in addition to
A151T, had three distinct amino acid substitutions: G133E,
G177V, and Q201H. In addition, 3 viruses (A/turkey/Italy/4130/
2004, A/turkey/Italy/4479/2004, and A/turkey/Italy/4199/2004)
from November 2004 showed one more additional mutation,
T112A (122, H3 numbering; antibody binding site A). Moreover,
our results demonstrated that there was positive selection on
A151T after the start of the vaccination program. Interestingly, the
mutations G133E, A151T, G177V, Q201H, and T112A found in
the postvaccination isolate were not observed in the isolate A/
turkey/Italy/2856/2003.

We analyzed the profiles of these amino acids among other H7
influenza A viruses, including the H7 viruses circulating in Italy
before the 2002 H7N3 LPAI outbreaks, the H7N7 viruses circulat-
ing in Netherlands from 2003 to 2006, the H7N3 viruses circulat-
ingin Mexico during 2012 outbreaks and in Pakistan from 1995 to
2004, and the recently emerging H7N9 viruses in China (Table 3).
Interestingly, these viruses predominantly showed T112, G133,
A151, G177, and Q201, except for the H7N9 viruses isolated in
China, which possessed A112 and V177.

Antigenic characterization of H7N3 LPAI viruses in Italy.
Antigenic cartography showed that Italian LPAI H7N3 viruses
isolated during the 2002-2004 epidemic were separated in two
antigenically diverse groups pre- and postvaccination. One group
is formed by 18 viruses from vaccinated farms (group Vac) (Table
1 and Fig. 2, blue stars) while the second group (group Unv) is
formed by 16 viruses isolated (Table 1, Fig. 2, red crosses) from
unvaccinated farms. The average antigenic distance among the
isolates of group Unv was estimated to be 1.16 units (standard
deviation, 0.62 unit), and that among the viruses from group Vac
was 0.95 unit (standard deviation, 0.43 unit). However, the aver-
age antigenic distance between viruses of the two groups was 1.54
units (standard deviation, 0.54 unit). There were 7 exceptions to
the clustering of viruses into pre- and postvaccination virus iso-
lates: A/turkey/Italy/2864/2003 (H7N3), A/chicken/Italy/682/
2003 (H7N3), A/turkey/Italy/1010/2003 (H7N3), A/guineafowl/
Ttaly/1613/2003 (H7N3), A/turkey/Italy/2043/2003 (H7N3),
A/chicken/Italy/2240/2003 (H7N3), and A/turkey/Italy/251/2003
(H7N3) (Table 1 and Fig. 2). All were isolated in 2003 from un-
vaccinated flocks following the implementation of the vaccination
campaign within Italy (Fig. 2, green crosses). Four of these viruses
isolated between January and March 2003 (A/turkey/Italy/2684/
2003, A/chicken/Italy/682/2003, A/turkey/Italy/1010/2003, and
A/guineafowl/Italy/1613/2003) were more antigenically similar to
the Unv group, while in contrast, 3 viruses isolated in April and
May 2003 (A/turkey/Italy/2043/2003, A/chicken/Italy/2240/2003,
and A/turkey/Italy/251/2003) were antigenically closer to the Vac
group. The Student ¢ test demonstrated that a statistical difference
existed between these two groups of viruses (P < 0.01) but not
within each group (P > 0.05).

DISCUSSION

In this study, H7N3 LPAI viruses isolated during the Italian epi-
demic between 2002 and 2004 were analyzed to investigate the
influence vaccination programs have on virus antigenic drift.
Phylogenetic and evolutionary analyses were conducted on the
HA gene to highlight that there were genetic changes which oc-
curred in a 2-year period. The influence of these changes on anti-
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FIG 1 (a) Phylogenetic analysis of HA gene segments of H7N3 influenza A viruses from 2002-2004 outbreak in Italy and of H7 viruses isolated elsewhere. The
isolates from unvaccinated farms are marked in red and those from vaccinated farms in blue. The phylogenetic analyses were performed using maximum
likelihood by GARLI (25) and bootstrap resampling analyses using PAUP* 4.0 Beta (26) to apply a neighborhood joining method, as described earlier (28). (b)
Phylogenetic analysis of HA gene segments of H7N3 influenza A viruses from 2002-2004 outbreak in Italy. The isolates from unvaccinated farms are marked in
black and those from vaccinated farms in red. Colored boxes are used to highlight the year of isolation: blue for viruses from 2002, green for viruses from 2003,

and yellow for viruses from 2004.

genic change was supported in part by the cross-HI data, in which
the viruses clustered into unvaccinated (Unv) and vaccinated
(Vac) groups. Interestingly, even though the isolates were in two
distinct groups, there was greater antigenic heterogeneity in the
Unv group than in the Vac group, which were more antigenically
related to each other.

The genetic analysis undertaken in this study confirmed previ-
ous work which suggested that the H7 LPAI viruses causing the
1999-2001 and 2002-2004 Italian outbreaks in poultry were likely
the result of the separate introduction of AIV into domestic poul-
try from wild birds (34, 35). Moreover, the characterization

showed that higher genetic divergence of the HA gene existed for
viruses from the Vac group than for viruses of the Unv group.
These findings place further emphasis on the role of vaccination in
driving the genetic differentiation and evolution of H7N3 LPAI
viruses.

Evolutionary rates of H7 influenza A viruses were estimated to
be 8.04 X 10~ substitutions/nucleotide per year, which is similar
to 4.77 X 107> substitutions/site/year for HA genes of H5N1
highly pathogenic avian influenza viruses (36).

Although the evolutionary rates of H7 influenza A viruses were
not significantly different between the viruses before and those

TABLE 3 Frequencies of amino acids at the positions in HA protein where the mutations were identified in the H7N3 influenza A viruses before and

after heterologous vaccination was employed

No. of corresponding amino acids for indicated viruses (yr, no. of isolates)*

Relevant Netherland H7N7  Mexican H7N3  Pakistan H7N3 China H7N9
H7 H3 amino ITtalian H7N3 viruses  Italian H7 viruses  viruses viruses viruses viruses
position  position®  acids” (2002-2004, 41) (1999-2002, 44) (2003-2006, 7) (2012, 3) (1995-2004, 16) (2013, 33)
112 122 (A) T/A/S/E 37/3/0/0 33/11/0/0 7/0/0/0 0/0/3/0 16/0/0/0 0/32/0/1
133 144 (A) G/E 30/11 42/2 7/0 3/0 16/0 33/0
151 160 (B) A/T 23/18 28/16 7/0 3/0 16/0 33/0
177 186 (B) G/IV 28/13 31/13 6/1 3/0 15/1 0/33
201 210 Q/H/R/L  28/13/0/0 41/0/2/1 7/0/0/0 3/0/0/0 16/0/0/0 33/0/0/0

“ The alignments between H7 and H3 were performed based on the work of Yang et al. (29), and the antibody binding sites (in parentheses) were annotated by Wilson and Cox

(30).

¥ Amino acids present in the corresponding position in HA sequences of H7 influenza A viruses.
¢ The virus sequences were downloaded from influenza virus resources at GenBank. The corresponding amino acids were counted, and the numbers of predominant residues are in

bold.
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FIG 2 Antigenic cartography for H7N3 LPAI virus isolates from the 2002-2004 Italian epidemic. The map was constructed using AntigenMap (http://sysbio

.cvm.msstate.edu/AntigenMap) based on HI data from Table 2.

after vaccination implementation, there were a number of amino
acid substitutions that were conserved with the Vac group HA
genes, and positive selection was observed in the antibody binding
sites of these H7 viruses.

For example, the mutation A151T was observed in the Vac
group compared to the Unv group, and this amino acid was under
positive selection pressure after the introduction of the vaccina-
tion program. Interestingly, amino acid mutations on the HA1
located at potential antibody binding sites were observed only
among the H7N3 isolates from vaccinated farms in a progressive
manner. Thus, it appeared that the postvaccination antigenic
change was mirrored by the simultaneous appearance of a pro-
gressive genetic change in immunodominant sites, explaining the
correlation of the antigenic and genetic clustering. Interestingly,
these five substitutions were not observed in other H7 influenza A
viruses found in public databases, except A112 and V177 in the
emerging H7N9 viruses in China. The impacts of these mutations
on the antigenicity of H7N9 viruses were not clear.

There was one isolate (A/turkey/Italy/2856/2003) from a vac-
cinated farm that clustered genetically with viruses from unvacci-
nated farms but was antigenically closer to viruses of the Vac
group. Genetic analysis did not show any particular substitutions
which could explain the antigenic difference observed. This virus
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could have spread from unvaccinated farms and been able to in-
fect a vaccinated population.

To the best of our knowledge, this is the first study on the
antigenic characterization of H7 LPAI viruses collected through-
out an epidemic which was controlled also by using heterologous
vaccination. Therefore, the collection of H7N3 viruses in a longi-
tudinal way allowed the comparison of genetic and antigenic char-
acteristics of AIVs that circulated in absence and presence of vac-
cination. The limitation of this study was the lower number of
viruses isolated in 2004 from vaccinated farms than of viruses
isolated in 2002 and 2003. The reason for that was the prompt
application of control measures and surveillance efforts which
were in place in areas at risk that limited the spread of the infection
after its reoccurrence in 2004.

However, the antigenic diversity of 2004 H7 viruses suggests
that the antigenic diversification of viruses following the vaccina-
tion campaign was not a limiting factor for the control of the
infection. This highlights that the successful management of Al
outbreaks was not only a result of vaccination itself but also due to
the proper application of other control measures. This is typified
during the H5N1 HPAI outbreaks, which progressively resulted in
the adoption of vaccination as a complementary measure to con-
trol the infection in several countries. Vaccination was imple-

Clinical and Vaccine Immunology


http://sysbio.cvm.msstate.edu/AntigenMap
http://sysbio.cvm.msstate.edu/AntigenMap
http://cvi.asm.org

mented successfully in some countries, while in others, Al viruses
continued to spread notwithstanding massive vaccination in
place, like in Egypt (37, 38). Although an increasing amount of
data is available on the management of Al outbreaks using, among
other measures, vaccination, data on the impact of poultry vacci-
nation on the evolutionary dynamics of AIVs in natural situations
is limited.

Based on the influence on antigenic drift that the vaccination
strategy adopted by Mexico using a homologous vaccine strain,
i.e., a vaccine preparation containing an H5N2 field isolate to
control the LPAI (H5N2), had, a DIVA heterologous vaccine
strategy was developed and used in Italy. This involved using a
vaccine strain with the same HA (H7) as was antigenically and
genetically distinct to the field H7 with a different neuraminidase
(NA) (N3 versus N1) (39, 40). This strategy allowed the differen-
tiation of infected from vaccinated animals by the presence of
antibodies to the different NA protein (39, 40). Thus, the samples
in this study are unique, as the vaccine strain would elicit selective
pressure only on the HA rather than the NA. Therefore, impor-
tantly, this study is complementary to that of Lee et al. (10) and
adds new data on the impact of heterologous vaccination for the
control of LPAI outbreaks in poultry.

The absence of antigenic studies on LPAI viruses that circu-
lated in the presence and absence of vaccination makes compari-
son with other results difficult. Similarities can be identified be-
tween this study and research investigating H5N1 HPAI viruses
isolated from countries where vaccination was adopted (Egypt
and Indonesia) or not adopted (Nigeria, Turkey, and Thailand)
(15). This study demonstrated that an LPAI virus rapidly evolved
with increased selection in vaccinated populations (15). However,
the direct correlation of antigenic and genetic evolution of AIVs
and the use of vaccination remains difficult, as other factors may
contribute to virus evolution in poultry populations, such as den-
sity, species diversity, and strain variability.

The 2002-2004 program for vaccination of poultry using a het-
erologous vaccine alongside more traditional controls such as
culling and controlled animal movement enabled the eradication
of the LPAT H7N3 virus from the population. The reemergence of
the virus in 2003 was predominantly in unvaccinated farms, and
vaccination of these flocks and revaccination of flocks of previ-
ously vaccinated birds with a heterologous vaccine assisted in con-
trol. Our genetic and antigenic characterization of a subset of iso-
lates demonstrated that there was some positive pressure on the
virus to change after vaccination. Interestingly, this pressure was
selecting for virus identified in vaccinated populations to become
more homogenous, with greater genetic difference observed in the
unvaccinated population. This would suggest that the selection of
vaccine strain is a critical factor in the selection pressure applied to
the circulating strain. The use of a heterologous vaccine strain was
successfully applied in Italy to control the infection (12, 41) and, if
managed properly, might be able to deal with the antigenic
changes of field isolates as suggested by the data presented.

Our study suggests that LPAI should be monitored with the
longitudinal collection of viruses together with all relevant epide-
miological information that would allow studies on the genome
sequence and antigenic typing of LPAI viruses. This would enable
a greater understanding of the dynamics of subtype evolution
within different populations.

This is highlighted by the recent outbreaks of LPAI H7N9 that
have been noted to occur in pigeons and chickens present in mar-
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kets, all located in Shanghai, China, and neighboring provinces.
Poultry that have tested positive for the presence of H7N9 and are
also suspected of being the source of reported human cases did not
show any visible signs of disease, making it very difficult to detect
this virus in poultry. In addition to culling, the key options for
controlling the virus at the animal source in the medium term, and
preventing its regional and global spread, could be the implemen-
tation of a suitably adapted vaccination policy of limited duration,
especially in areas where the culling policy is difficult to apply. The
experience gained during the H5N1 HPAI virus crisis and other
major epidemics caused by HPAI and LPAI viruses may provide
the global community with a benefit in the field of vaccines and
vaccination strategies. As a matter of fact, studies conducted on
H7N3 LPAI viruses that caused several outbreaks in a 2-year pe-
riod in Italy demonstrate that surveillance and retrospective in-
vestigation on genetic and antigenic characteristics of notifiable
LPAI viruses are useful to aid decision makers in controlling avian
influenza virus infections.
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