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ORIGINAL ARTICLE

Pigeons are resistant to experimental infection with H7N9 avian
influenza virus

Yuehuan Liu'*, Zhiyuan Yang', Xiuqing Wang?, Jiming Chen’, Jiezhang Yao®, Yanjun Song®,
Jian Lin!, Chunhua Han', Huijuan Duan', Jicheng Zhao', Jie Pan', and Jia Xie'

! Institute of Animal and Husbandry Medicine, Beijing Academy of Agriculture and Forestry Sciences, Beijing, People's
Republic of China, *Department of Biology and Microbiology, South Dakota State University, Brookings, SD, USA, *China
Animal Health and Epidemiology Center, Qingdao, People’s Republic of China, and *Beijing Municipal Bureau of Agriculture,
Beijing, People’s Republic of China

To determine the susceptibility of pigeons to the newly emerged avian influenza virus subtype H7NO, we
experimentally infected three different types of pigeons (meat, town, and racing) with two different doses (2 x
10* or 2 x 10° EIDsy) of H7N9 avian influenza virus A/Chicken/China/2013 by either intranasal and intraocular
inoculation (IN +10) or intravenous injection (IV). In addition, the potential transmission of H7N9 to pigeons
by direct close contact with experimentally infected pigeons and chickens was assessed. Results showed that
none of the experimentally infected pigeons exhibited any clinical signs regardless of the infection route and
dose. Of the 12 racing pigeons that were randomly selected and necropsied, none of them had any gross lesions.
In agreement with this finding, virus was not isolated from all pigeons. No detectable H7-specific antibodies
were found in any pigeon. In contrast, 11 of 31 chickens that were either directly infected with H7N9 by IN +
10 inoculation or by contact with IN +IO-infected chickens had conjunctivitis. Virus was isolated from all 31
chickens and H7-specific antibodies were detected in these chickens. However, none of the IV-infected chickens
or chickens in direct contact with I'V-infected chickens had any clinical signs. No virus was isolated from these
chickens and no H7-specific antibody was detected. Overall, we conclude that pigeons are less or not susceptible
to the H7NO virus at the doses used and are not likely to serve as a reservoir for the virus. However, the virus
does cause conjunctivitis in chickens and can transmit to susceptible hosts by direct contact.

Introduction recent studies have reported that pigeons are resistant to
H7NO9 infection, but virus was detected from oropharyngeal
swabs at early time points after intranasal inoculation (Kalth-
off et al., 2014; Pantin-Jackwood et al., 2014), suggesting
low level of virus replication in pigeons. Abolnik reviewed
many studies regarding the susceptibility of pigeons to
avian influenza virus and concluded that minimal virus repli-
cation occurs in pigeons, but is not sufficient to transmit the
virus to other susceptible hosts (Abolnik, 2014). Here, we
used three different types of pigeon, two different doses of
virus and two inoculation methods to further determine the
susceptibility of pigeons and chickens to this novel H7N9
avian influenza virus.

A novel H7N9 avian influenza virus A that is capable of
causing a high fatality rate in humans was first isolated in
China in 2013 (Shi et al., 2013). Further genetic analysis
indicates that the novel H7N9 virus contains the haemagglu-
tinin (HA) and neuraminidase (NA) gene segments of H7N9
avian influenza virus, while the remaining six gene segments
came from HIN2 subtype avian influenza virus (Gao et al.,
2013). Human infections with both low-pathogenic and
high-pathogenic H7 subtypes of avian influenza viruses
are generally limited to mild respiratory illness and conjunc-
tivitis (Kalthoff et al., 2010). The isolation of the novel
H7N9 subtype virus from pigeons suggests that pigeons
may be either susceptible to infection or may carry and
spread the virus (Shi et al., 2013). We have previously
reported that the respiratory tract of pigeons mainly

Materials and Methods

Virus. Avian influenza virus A/Chicken/China/2013 (H7N9) was obtained

expresses the receptor for human influenza virus, sialic
acids linked to galactose by an a-2,6 linkage (SAa2,6Gal),
but not the avian influenza virus receptor, an a-2,3 linkage
(SAa2,3 Gal) (Liu et al., 2009). Other studies have shown
that pigeons are generally resistant to H7N7 and H7N1
subtype infection (Panigrahy et al., 1996). Two more

from the China Animal Health and Epidemiology. Virus was propagated
in 10-day-old specific-pathogen-free (SPF) chicken embryos and stored in
—70°C. SPF chicken embryos were purchased from Beijing Experimental
Animal Technology Inc. (Beijing, China). The median egg infectious dose
(EIDs) of the virus was determined by using the Reed & Muench method
(Reed & Muench, 1938).
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Birds. Forty-eight six-month-old pigeons (Columba livia) were provided by
a Beijing racing pigeon farm. Twenty-one 624 month-old town pigeons
were obtained from the Beijing Conference. Twenty-five six-month-old
meat pigeons were provided by the YanQin Meat Pigeon farm. Eighty 4-5
weeks old SPF chickens were purchased from Beijing Experimental
Animal Technology Inc. (Beijing, China). All birds were tested negative
for H7- and H9-specific antibodies by the haemagglutination inhibition
(HI) test and an ELISA specific for all subtypes of AIV (ID Screen® Influ-
enza A Antibody Competition Multi-Species, IDVET) prior to infection.

Birds were randomly divided into different groups and used in the exper-
iments shown in Table 1. Birds were housed in standard negative pressure
isolators. Two different doses of H7N9 were inoculated into pigeons and
chickens by intranasal and intraocular route (IN+I0O) or by intravenous injec-
tion (IV). In some experiments, pigeons or chickens were housed together
with either IN + 10 or IV-infected chickens and pigeons at three days post
infection to determine the transmission of the virus by close contact. Clinical
signs were monitored and recorded daily. Oropharyngeal swabs were
collected from all animals at three, four, and five days after inoculation for
virus isolation. Cloacal swabs were taken at day four after infection and
used for virus isolation. Twenty-four randomly selected chickens and
pigeons from experiment 1 (Table 1) were necropsied at day four and five
after infection and gross lesions were examined. Lungs and trachea tissues
were harvested and used for virus isolation.

Animal protocols in this study were approved by the Beijing Animal Welfare
Committee (SYXK, Beijing, 2012-0005).

Virus isolation. Nasal and oropharyngeal and cloacal swabs were placed
in 1.3 ml of tryptose phosphate broth (TPB) buffer supplemented with
penicillin (10,000 units/ml) and streptomycin (10,000 pg/ml). After cen-
trifugation for 5 min at 4500g (Beckman Coulter Avanti J-26XP), the
supernatant was collected and used for inoculation into SPF chicken
embryos. Embryos were observed daily for viability. Allantoic fluid
was collected from dead embryos and haemagglutination assays were
performed to determine the HA titres as described previously (Yamada
et al., 1985). HA titre equal or greater than 16 were considered as posi-
tive. HA-negative allantoic fluid samples were passed one more time in
embryos to confirm the results. Influenza A virus M gene-specific reverse
transcription polymerase chain reaction (RT-PCR) was used to further
confirm the HA-positive virus isolation results.

RT-PCR. RT-PCR was performed as described previously (Starick et al.,
2000). Briefly, total RNA was extracted from the HA-positive allantoic
fluids. Primers specific for the membrane protein gene (M) were from the
ShengGong Biotechnology Inc. (Shanghai, China). Forward and reverse
primers are 5" AGC GTA GAC GCT TTG TC 3’ and 5" GAC GAT CAA
GAA TCC AC 3, respectively. RT-PCR was performed by using the
TaKaRa RNA PCR kit (AMV) Ver 3.0. The PCR cycling condition was
35 cycles of 94°C 1 min, 53°C 1 min and 72°C 1 min, and 72°C 10 min
for final extension after the initial denaturing at 94°C for 3 min. PCR pro-
ducts were detected by gel electrophoresis.

Serology. Sera collected from birds prior to virus infection and 21 days post
infection were tested for the presence of H7-specific haemagglutination inhi-
bition (HI) antibody response as described previously (Klopfleisch ez al.,
2006). Avian influenza H7 and H9 antigen, Newcastle disease virus antigen
and their respective positive sera were provided by the Institute of Animal
and Husbandry Medicine of Beijing Academy of Agriculture and Forestry
Sciences. Four HA units of H7 antigen was used in the assay. A HI titre
1:16 was considered as positive. The same serum samples were also tested
for the presence of antibody response using a commercially available H7
subtype-specific ELISA kit (ID Screen® Influenza H7 Antibody Competition,
FLUAC H7, IDVET, France) by following the manufacturer’s instructions.

Results

Clinical signs and gross lesions. None of the pigeons exhib-
ited any clinical signs after either direct virus inoculation or
housing together with experimentally infected SPF chickens.
Ofthe 12 pigeons necropsied, none showed any gross lesions.
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In contrast, five out of 10 SPF chickens showed transient
conjunctivitis after close contact with SPF chickens that
were inoculated with H7N9 by IO + IN route (experiment
1). Three out of the 10 SPF chickens that were infected
with H7N9 by the IN + 10 route had conjunctivitis (exper-
iment 2). Three of the six SPF chickens developed conjunc-
tivitis after close contact with SPF chickens that were
experimentally infected with H7N9 by IN + 10 route (exper-
iment 2). None of the IV-inoculated SPF chickens or SPF
chickens in close contact with IV-infected -chickens
showed any clinical signs.

Virus isolation. Regardless of inoculation route, all exper-
imentally infected racing pigeons showed negative virus iso-
lation results from oropharyngeal and cloacal swabs
(Table 2). Virus was not isolated from lungs and tracheas
of 12 pigeons that were necropsied. Similarly, no virus
was isolated from town and meat pigeons regardless of the
inoculation route (Table 2).

In contrast, virus was isolated from all SPF chickens that
were infected with H7N9 by the IN +10 route (Table 2).
In addition, all three SPF chickens from experiment 1
necropsied at 4 days after infection showed positive virus
isolation from lungs and trachea. Two of the three SPF
chickens necropsied at day 5 after infection showed positive
virus isolation from lungs and trachea (Table 2).

For the SPF chickens that were infected with H7N9 by
the IV route, only one of the 15 (experiment 1) and one
of the eight (experiment 2) showed positive virus isolation
(Table 2). Of the three chickens necropsied at days 4 and 5
after virus infection, no virus was isolated from the three
birds necropsied at day 4 while one of the three chickens
necropsied at day 5 showed positive virus isolation
(Table 2).

All pigeons that were housed together with SPF chickens
that were infected with H7N9 by the IN + 10 route showed
negative virus isolation results. While all the SPF chickens
that were housed together with IN+IO-infected chickens
showed positive virus isolation results (experiments 1 and
2, Table 2). None of the pigeons or SPF chickens
that were housed together with infected pigeons had posi-
tive virus isolation results (experiments 1 and 2, Table 2).

Antibody response. All pigeons showed negative H7-
specific antibody response at 21 days after infection as
detected by both ELISA and HI regardless of the route of
virus inoculation (Table 2). All the SPF chickens that were
infected by the IN + 10 route showed positive H7-specific
antibody response as detected by both ELISA and/or HI
assays. However, a variable antibody response was observed
for SPF chickens that were infected by the IV route. In
experiment 1, all nine chickens were negative for H7 anti-
body by ELISA and HI, but in experiment 2, two of the
eight chickens had positive HI antibody response.

All pigeons or chickens that were housed together with
infected pigeons showed negative antibody responses in
experiment 1. However, all five chickens that were housed
together with IN +IO-infected chickens showed positive
HI antibody responses. Similarly, in experiment 2, all
pigeons that were housed together with IN +IO-infected
chickens showed negative HI antibody responses. All chick-
ens that were housed together with IN + IO-infected chick-
ens showed positive HI antibody responses. All SPF
chickens that were housed with IN +IO-infected pigeons
showed negative HI antibody responses (Table 2).
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Table 1. Summary of bird experiments.
Experiment no. Birds Route of infection Infection dose Purpose of experiment
1 14 racing pigeons IN+IO 0.2ml (2 x 10* EIDs) Susceptibility of pigeons

15 SPF chickens
14 racing pigeons v
15 SPF chickens
10 racing pigeons
10 SPF chickens
10 racing pigeons”
10 SPF chickens
2 8 town pigeons

10 meat pigeons
10 SPF chickens
8 town pigeons v
10 meat pigeons
8 SPF chickens
5 town pigeons
5 meat pigeons
6 SPF chickens
6 SPF chickens

a

Housed together with
inoculated pigeons
Housed together with
infected chickens
IN+10

10 infected SPF
chickens

Housed together with IN +

Housed together with IN +
10 infected pigeons

Positive control

Susceptibility of pigeons
Positive control

Transmission by close contact

0.2 ml (2 x 10* EIDs)

Transmission by close contact
0.2ml (2% 10° EIDs;)  Susceptibility of pigeons
Susceptibility of pigeons
Positive control
Susceptibility of pigeons
Susceptibility of pigeons
Positive control
Transmission by close contact
Transmission by close contact
Positive control
Transmission by close contact

0.2 ml (2 x 10° EIDs)

“Five racing pigeons were housed together with IN + IO infected chickens. Five racing pigeons were housed together with IV infected chickens. Five
SPF chickens were housed together with IN+IO infected pigeons. Five SPF chickens were housed together with IN+IO infected chickens.

Discussion

Numerous previous studies have examined the susceptibility
of pigeons to different subtypes of avian influenza virus and
the role of pigeons in the transmission of avian influenza
virus (Panigrahy et al., 1996; Abolnik, 2014). Although
several reports described the isolation of avian influenza
virus from pigeons or the detection of different subtypes
of influenza virus by RT-PCR (Gronesova et al., 2009;
Mansour et al., 2014), the majority of the studies showed
that pigeons are generally resistant to avian influenza virus
replication and are not likely to be a major reservoir and
transmission host for avian influenza virus (Liu et al.,
2007; Kohls et al., 2011; Smietanka et al., 2011; Yamamoto
etal., 2012; Teske et al., 2013; Kalthoff et al., 2014; Pantin-
Jackwood et al., 2014). Here, we investigated the suscepti-
bility of pigeons to avian H7N9 subtype. Two different
doses of H7N9, 2 x 10* EIDs, and 2 x 10° EIDs, were
used to infect three different types of pigeons (racing,
meat and town) by either the IN + 1O route or by IV route.
The IN + 10 route mimics the natural infection in the field
situation. Results showed that none of the pigeons exhibited
any clinical signs. No gross lesions were observed in
pigeons necropsied at days 4 and 5 after virus infection.
Virus was not isolated from any of 64 experimentally
infected pigeons or 30 close contact pigeons. No H7
subtype-specific antibody was detected in racing pigeons
by using both ELISA and HI assays. HI antibody was nega-
tive for all town and meat pigeons. SPF chickens that were in
close contact with infected pigeons showed no H7-specific
antibody response and negative virus isolation results,
suggesting that H7N9 did not replicate in pigeons. Our
results are in agreement with the finding of an earlier
study which showed that pigeons are resistant to experimen-
tal infection with highly pathogenic H7N7 influenza virus by
IN+1IO and IV routes (Panigrahy et al., 1996). Similarly,
pigeons are also resistant to experimental infection with
low-pathogenic H7N1 infection by IO +IN and IV routes
(Panigrahy et al., 1996). Two recent studies have showed
low levels of virus replication in pigeons after intranasal
inoculation (Kalthoff et al., 2014; Pantin-Jackwood et al.,

2014). In our study, we were not able to isolate virus from
pigeons. We observed that three of 10 chickens infected
with the higher dose of H7N9 (2 x 10° EIDs) by the IN +
10 route showed conjunctivitis (experiment 2, Table 2),
but none of 15 chickens in the lower dose groups (2 x 10*
EIDso) showed any clinical signs (experiment 1, Table 2).
Interestingly, chickens in close contact with IN + IO-infected
chickens also exhibited conjunctivitis. No clinical signs in
H7NO9-infected chickens were reported in two recent
studies (Kalthoff et al., 2014; Pantin-Jackwood et al.,
2014). The discrepancy may be due to multiple factors
such as the different virulence of the virus strains used,
different inoculation methods, different age, genetics, and
immune status of pigeons used in these studies. Neverthe-
less, all studies demonstrated that chickens, but not
pigeons, can shed virus and serve as a reservoir for the
virus. None of the IV-infected chickens or chickens in
close contact with IV-infected chickens had any clinical
signs. This indicates that chickens are susceptible to H7N9
during natural infection in a dose dependent manner. This
is further confirmed by the positive virus isolation and H7-
specific antibody response in these diseased chickens. No
HO9-specific or Newcastle disease virus-specific antibody
responses were detected. There is a concern whether the
use of IV infection to determine the virulence of low-patho-
genic avian influenza virus H7N9 adopted by the World
Organisation for Animal Health reflects the true pathogen-
icity of the virus. An outbreak of H7 subtype avian influenza
virus occurred in Holland in 2003, which resulted in con-
junctivitis in people handling chickens (Belser et al.,
2009). In 2004, two human cases of H7N3 avian influenza
virus infection exhibited conjunctivitis and mild respiratory
illness (Tweed et al., 2004). It remains to be determined
whether the virus has a tropism for eye epithelial cells,
which may have the receptor for virus entry.

We compared the susceptibility of chickens to H7N9
using two different doses of infection via either IN + 10 or
IV inoculation route. Interestingly, 23 chickens receiving
IV infection of either 2x 10* EIDs, or 2 x 10° EIDs,
H7N9 showed no clinical signs. Only two of the 23 chickens
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Table 2. Virus isolation and antibody response in SPF chickens and pigeons infected with H7N9 avian influenza virus.

Number of birds with positive virus

Number of birds with H7
subtype specific antibody
response /total number of birds

21 days post

isolation/total number of birds Pre-infection infection
4d
Experiment 3dop 4dop cloacal 5dop
no. Birds Route of infection swab swab swab swab total HI ELISA HI ELISA
1 14 racing pigeons IN+10 / 0/14  0/14  0/11 0/14  0/14 0/14 0/8 0/8
15 SPF chickens / 1515 10/15  11/12  15/15 0/15 0/15 9/9  9/9
14 racing pigeons IV / 0/14 014  0/11 0/14  0/14 0/14 0/8 0/8
15 SPF chickens / 1/15 1/15 0/12  1/15  0/15 0/15 09  0/9
10 racing pigeons housed together with ~ 0/10 0/10 0/10 0/10  0/10  0/10 0/10  0/10 0/10
10 SPF chickens IN+IO or IV 0/10  0/10  0/10  0/10  0/10  0/10 0/10  0/10 0/10
infected racing
pigeons
10 racing pigeons Housed together with 0/10  0/10  0/10  0/10  0/10  0/10 0/10  0/10 0/10
10 SPF chickens infected SPF 5/10*  5/10*  5/10*  5/10° 5/10* 0/10 0/10  5/10* 5/10°
chickens
2 8 town pigeons IN+IO 0/8 0/8 / 0/8 0/8 08 / 08 /
10 meat pigeons 0/10 0/10 / 0/10  0/10  0/10 / 0/10 /
10 SPF chickens 10/10  10/10 / 10/10  10/10 0/10 / 10/10 /
8 town pigeons v 0/8 0/8 / 0/8 0/8 08 / 08/
10 meat pigeons 0/10 0/10 / 0/10  0/10  0/10 / 0/10 /
8 SPF chickens 0/8 0/8 / 1/8 1/8 08/ 2/8 /
5 town pigeons Housed together with  0/5 0/5 0/5 / 0/5 o5/ s/
5 meat pigeons IN+IO infected 0/5 0/5 0/5 / 0/5 05/ s/
6 SPF chicken chickens 6/6 6/6 6/6 / 6/6 6/6 / 6/6 /
6 SPF chicken Housed together with  0/6 0/6 0/6 / 0/6 06 / 06/

IN+IO infected
meat and town
pigeons

op, oropharyngeal.

Five chickens positive for virus isolation and H7 specific antibody were housed together with IN+1O infected chickens. Five chickens negative for virus
isolation and H7 antibody were housed together with IV infected chickens. Pigeons were housed with either IN+IO or I'V-infected chickens. / indicates

not tested.

had positive virus isolation. While all 25 chickens receiving
IN+IO infection of either 2 x 10% EIDsy or 2 x 10° EIDs,
H7N9 had positive virus isolation results. All IN-+IO-
infected chickens showed H7-specific HI antibody response.
In contrast, no HI antibody was detected in IV low-dose
group, but two of eight high-dose IV chickens developed
H7-specific antibody response. Overall, the results suggest
that the IN + IO route of infection is more efficient than IV
infection in terms of virus isolation and antibody response.

The isolation of virus from the lungs and trachea tissues at
4 and 5 days after virus infection suggests that virus replica-
tion occurred in the respiratory tract of chickens. This result
is consistent with the positive virus isolation from orophar-
yngeal swabs. In experiment 1, virus isolation from orophar-
yngeal and cloacal swabs was 100% and 66.7%,
respectively, at day 4 after infection. In experiment 2, all
chickens in close contact with IN+IO-infected chickens
showed 100% virus isolation from both oropharyngeal and
cloacal swabs at day 4 after infection. Overall, the results
suggest that chickens are the reservoirs for the virus and
can efficiently transmit H7N9 avian influenza virus by
close contact, possibly through both aerosol and contami-
nated materials.

We conclude that pigeons used are less or not susceptible
to the H7NO virus at the doses used regardless of the route of
infection. Furthermore, pigeons do not serve as a

transmission host and reservoir for H7N9. The molecular
mechanism by which pigeons are resistant to H7N9 will
be investigated in future studies.
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