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Dogs are highly susceptible to H5N1 avian influenza virus

Ying Chen a, Gongxun Zhong a, Guojun Wang a, Guohua Deng a, Yanbing Li a, Jianzhong Shi a, Zhuo Zhang a,
Yuntao Guan a, Yongping Jiang a, Zhigao Bu a, Yoshihiro Kawaoka b,c,d, Hualan Chen a,⁎
a Animal Influenza Laboratory of the Ministry of Agriculture and National Key Laboratory of Veterinary Biotechnology, Harbin Veterinary Research Institute,
Chinese Academy of Agricultural Sciences, 427 Maduan Street, Harbin 150001, People's Republic of China
b Institute of Medical Sciences, University of Tokyo, Tokyo 108-8639, Japan
c Department of Pathobiological Sciences, School of Veterinary Medicine, University of Wisconsin-Madison, 2015 Linden Drive, Madison, WI 53706, USA
d ERATO infection-induced Host Responses Project, Japan Science and Technology Agency, Saitama 332-0012, Japan
⁎ Corresponding author. Mailing address: Harbin V
CAAS, 427 Maduan Street, Harbin 150001, People's Rep
82761925.

E-mail address: hlchen1@yahoo.com (H. Chen).

0042-6822/$ – see front matter © 2010 Elsevier Inc. A
doi:10.1016/j.virol.2010.05.024
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 25 March 2010
Accepted 20 May 2010
Available online 30 June 2010

Keywords:
H5N1 influenza virus
Replication
Dogs
Replication of avian influenza viruses (AIVs) in dogs may facilitate their adaptation in humans; however, the
data to date on H5N1 influenza virus infection in dogs are conflicting. To elucidate the susceptibility of dogs
to this pathogen, we infected two groups of 6 beagles with 106 50% egg-infectious dose of H5N1 AIV A/bar-
headed goose/Qinghai/3/05 (BHG/QH/3/05) intranasally (i.n.) and intratracheally (i.t.), respectively. The
dogs showed disease symptoms, including anorexia, fever, conjunctivitis, labored breathing and cough, and
one i.t. inoculated animal died on day 4 post-infection. Virus shedding was detected from all 6 animals
inoculated i.n. and one inoculated i.t. Virus replication was detected in all animals that were euthanized on
day 3 or day 5 post-infection and in the animal that died on day 4 post-infection. Our results demonstrate
that dogs are highly susceptible to H5N1 AIV and may serve as an intermediate host to transfer this virus to
humans.
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Introduction

Replication of avian influenza viruses in mammals may facilitate
their adaptation in humans. The H5N1 influenza viruses have been
isolated from several mammalian hosts (Amonsin et al., 2006;
Keawcharoen et al., 2004; Zhu et al., 2008). Pigs, for example, are
regarded as a natural influenza virus host that could be infected by an
H5N1 influenza virus in the field or an experimental setting (Lipatov
et al., 2008; Zhu et al., 2008), possibly leading to the generation of an
H5N1 pandemic strain. Cats and dogs, which come into close contact
with humans, may also play a role in the interspecies transmission of
influenza viruses. Cats are highly susceptible to highly pathogenic
avian influenza viruses (Klopfleisch et al., 2007; Kuiken et al., 2004;
Nakamura and Iwasa, 1942; Rimmelzwaan et al., 2006; Songserm et
al., 2006a; Yingst et al., 2006); however the data are conflicting on
dogs with H5N1 influenza virus infection (Giese et al., 2008; Maas et
al., 2007; Songserm et al., 2006b). Songserm et al. (2006b) reported
that a dog was killed by natural infection of H5N1 influenza virus and
found systemic replication of the virus in the animal. Giese et al.
(2008) andMaas et al. (2007), however, reported that experimentally
infected dogs only developed mild disease including conjunctivitis
and elevated body temperatures, and infectious virus was not
detected from any organs, although all of the inoculated animals
seroconverted. Further study is, therefore, required to clarify the
susceptibility of dogs to H5N1 influenza virus infection.

Results

We used 45-day-old specific-pathogen free Beagles to evaluate the
replication and virulence of H5N1 influenza virus in dogs. Two groups
of six dogs lightly anesthetized with ketamine were inoculated
intranasally (i.n.) (animals B1-B6) or intratracheally (i.t.) (animals
B7-B12) with 1 ml of 106 50% egg-infectious dose (EID50) of H5N1
avian influenza virus A/bar-headed goose/Qinghai/3/05 (BHG/QH/
3/05), which is a clade 2.2 virus that was isolated from a wild bird in
2005 (Chen et al., 2006). Nasal and rectal swabs were collected from
infected dogs everyday from days 2 to 6 post-inoculation (p.i.) for
virus titration in chicken embryos. Two animals in each group were
euthanized on days 3 and 5 p.i., and organs were collected for
assessment of viral replication and pathology. The two remaining
animals in each group were observed and euthanized on day 14 p.i.

The animals in both groups showed disease symptoms after
challenge. All twelve animals became anorexia on day 1 p.i. and
completely lost their appetites for two days, the remaining four
animals recovered by days 6 and 7 p.i. (Table 1). All animals developed
fever on day 2 p.i. and temperature declined on day 5 p.i. (Fig. 1A, B).
Conjunctivitis was observed in two of the six animals inoculated i.n.
and all six animals inoculated i.t.; diarrhea was detected in two
animals of each group (Table 1). In the i.t. inoculated group, two
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Table 1
Virus shedding and appearance of dogs infected with H5N1 influenza virus A/bar-headed goose/Qinghai/3/05a.

Animal Inoculate
route

Day euthanized
post-infection (p.i.)

Virus titer in nasal swabs at
indicated day p.i. (Log10EID50)

Clinical symptoms Seroconversionb

Day 2 p.i Day 3 p.i Day 4 p.i

B1 Intranasal 3 3.3 0.8 / Fever, anorexia, decreased activity /
B2 Intranasal 3 2.8 1.8 / Fever, anorexia, decreased activity /
B3 Intranasal 5 2.5 0.8 0.8 Fever, anorexia, decreased activity /
B4 Intranasal 5 2.8 4.3 1.3 Fever, anorexia, decreased activity /
B5 Intranasal 14 2.3 2.3 1.8 Fever, anorexia, conjunctivitis, diarrhea 160
B6 Intranasal 14 2.5 1.3 b0.5 Fever, anorexia, conjunctivitis, diarrhea 160
B7 Intratracheal 3 b b / Fever, anorexia, conjunctivitis, labored breathing /
B8 Intratracheal 3 b b / Fever, anorexia, conjunctivitis, labored breathing /
B9 Intratracheal 5 b b b Fever, anorexia, conjunctivitis, labored breathing /
B10 Intratracheal Died on day 4 p.i. 1.8 b / Fever, anorexia, conjunctivitis, labored breathing, cough, diarrhea /
B11 Intratracheal 14 b b b Fever, anorexia, conjunctivitis, labored breathing, cough 160
B12 Intratracheal 14 b b b Fever, anorexia, conjunctivitis, labored breathing, diarrhea 80

a Dogs were inoculated with 1 ml of 106EID50 of the indicated H5N1 influenza virus intranasally or intratracheally. Nasal and rectal swabs were collected from day 2 to day 6 p.i.
and titrated in 10-day-old chicken embryos. Virus was not detected from nasal swabs collected on days 5 and 6 p.i. or from any of the rectal swabs; these results are not included in
the Table. /, animals were euthanized or died when the tests were performed. b, no virus was isolated from the sample.

b Sera collected on day 14 p.i. were treated with Vibrio cholerae receptor destroying enzyme and tested for the presence of HI antibody with 0.5% (V/V) chicken erythrocytes.
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animals had cough and all six animals had labored breathing, one
animal in this group died on day 4 p.i. (Table 1).

To investigate whether the inoculated animals shed virus, nasal
and rectal swabswere collected from days 2 to 6 p.i. and titrated in 10-
day-old chicken embryos. As shown in Table 1, virus was detected
from the nasal swabs of all six animals in the i.n. inoculated group, but
was detected from only one animal of the i.t. inoculated group
(Table 1). Virus was not detected from any rectal swabs (data not
shown). These results indicate that the virus replicated better in the
upper respiratory tract of the i.n. inoculated animals than in that of the
i.t. inoculated animals.

To investigate virus replication in the inoculated animals, two
animals in each group were scheduled to be euthanized on days 3
and day 5 p.i.; however, since one of the animal in the i.t. inoculated
group died on day 4 p.i., we euthanized only one animal in this
group on day 5 p.i. (Table 1). As shown in Fig. 1, high titers of virus
were found in the tonsil of both animals (B1 and B2) that were
inoculated i.n. and euthanized on day 3, and low titers were
detected in the trachea (B2) and lung (B1) (Fig. 1C). In the animals
of the i.n. inoculated group that were euthanized on day 5 p.i. (B3
and B4), virus was detected in the tonsil, tracheobronchial lymph
node (B4), trachea (B3) and lung (Fig. 1D), and the virus titers in
lung were clearly higher than those of the animals inoculated i.n.
and euthanized on day 3 p.i.. In the i.t. inoculated animals that were
euthanized on day 3 p.i. (B7 and B8), virus was detected in the
tonsil, tracheobronchial lymph node and lung of both animals and
also in the trachea of B8 (Fig. 1E). Virus was also detected in the
trachea and lung of the animal that was inoculated i.t. and
euthanized on day 5 (B9) (Fig. 1F), and in the tonsil, trachea and
lung of the animal that inoculated i.t. and died on day 4 p.i.(B10)
(Fig. 1G). Virus was not detected from any other organs collected
(data not shown). Of the four animals that were euthanized on day
14, virus was not detected from any organs collected (data not
shown), but all four animals seroconverted on the base of a
hemagglutinin inhibition (HI) test (Table 1). These results indicate
that the BHG/QH/05 virus could replicate efficiently in dogs, but
the replication was limited to the tonsil and respiratory system.

Macroscopic lesions in the lungs were observed in all 7 animals
euthanized on days 3 and 5 p.i. and in the animal that died on day 4
p.i. Emphysema and focal discoloration of the lobes were mainly
seen with two animals (B1 and B2) that were i.n. inoculated and
euthanized on day 3 p.i. A spectrum of macroscopic lesions–
including congestion, exudation, and consolidation–was observed
in the lung lobes of the other six animals (B3, B4, B7-B10) (Fig. 2A).
Histologically, in comparison to the lung of the control animals
(Fig. 2B), the consolidated area in the lungs of the virus infected
animals was consistent with bronchointerstitial pneumonia with
massive recruitment of lymphocytes (Fig. 2C, D). In extrapulmon-
ary organs, prominent swelling and hyperaemia of tonsil were
observed in several animals. Exudation of proteinous fluid and
neutrophilic infiltration was commonly seen in these tonsils
histologically. Viral antigen expression was detected in most of
the areas of tonsil and lung with severe lesions (Fig. 2E, Table 2).

Discussion

Here, we evaluated the susceptibility of dogs to H5N1 influenza
virus infection in beagles. We found that the H5N1 influenza virus
could replicate efficiently in the respiratory tract following i.n. or i.
t. inoculation, and that, upon infection, the animals showed severe
disease symptoms, including fever, anorexia, conjunctivitis, and
labored breathing. One dog died on day 4 p.i. Though susceptibility
in other canine breeds remains to be tested, our results in beagles
demonstrate that dogs are highly susceptible to H5N1 influenza
virus and may serve as a potentially intermediate host to transfer
this virus to humans.

Susceptibility to virus is determined by both host and virus factors.
The expression of α-2,3 or α-2,6 glycans in the respiratory tract is a
major determinant for host sensitivity to avian or human influenza
viruses. The cells of upper respiratory tract of humans mainly express
the α-2,6 glycan (Nicholls et al., 2007; Shinya et al., 2006; van Riel
et al., 2006), an environment that favors the replication and
transmission of human influenza viruses, which preferentially bind
to α-2,6 glycans (Rogers and Paulson, 1983). The avian influenza
viruses primarily bind to α-2,3 glycans (Rogers and Paulson, 1983;
Matrosovich et al., 2000), which are mainly expressed in the cells of
the intestinal tract of avian species (Ito et al., 2000; Pillai and Lee,
2010). A previous study indicated that the BHG/QH/3/05 virus can
bind to both the α-2,3 and α-2,6 glycans (Gao et al., 2009), and this
property may enable the virus to replicate in all parts of the
respiratory tract of beagles as we observed in this study, although
the actual distribution of these two different receptors in the
respiratory tract of beagles is unknown.

Previous studies documented limited virus shedding and a lack
of virus re-isolation from the organs of dogs experimentally
inoculated with H5N1 viruses (Giese et al., 2008; Maas et al.,
2007). Songserm et al. (2006b) reported that an H5N1 influenza
virus was detected from multiple organs of a dog that died from



Fig. 1. Body temperature of and virus replication in beagles after inoculation with H5N1 influenza virus. Body temperature in beagles after inoculation with BHG/QH/3/05
intranasally (A) or intratracheally (B). Virus titers were determined in embryonated eggs injected with tissue homogenates from the animals that were euthanized on day 3 (C, E)
and day 5 (D, E) or that died on day 4 (G) post-challenge with BHG/QH/3/05 intranasally (C, D) or intratracheally (E, F, G). Titers are reported for tissues from individual animals, as
log10EID50/g tissue. The dashed blue lines indicate the lower limit of detection.
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eating duck carcasses infected with H5N1 virus. However, in our
study, efficient virus replication was detected from the respiratory
system of all animals and virus shedding was detected from all of
the intranasally inoculated animals. Virus replication in dogs, even
the dead animal, was restricted to the respiratory system, which is
similar to what has been observed in many humans who have died
from H5N1 influenza infection (Uiprasertkul et al., 2005) and in
nonhuman primates experimentally infected with H5N1 influenza
virus (Baskin et al., 2009; Fan et al., 2009; Ruat et al., 2008).
Therefore, the replication of H5N1 influenza viruses in dogs may
vary from different strains, as seen previously in mice (Chen et al.,
2004; Gao et al., 1999; Lu et al., 1999).

H5N1 influenza viruses have been categorized into ten distinct
HA phylogenetic clades (0–9), and the clade 2 viruses have been
further classified into different subclades (Abdel-Ghafar et al.,
2008). The clade 2.2 viruses, represented by BHG/QH/3/05, were
first detected in wild birds in Qinghai Lake, western China, and
continue to infect wild birds, poultry, and humans in many
countries (Abdel-Ghafar et al., 2008). These viruses have two
known genetic markers, the amino acid lysine at position 627 of
PB2 and the absence of a potential N-linked glycosylation site at HA
amino acid positions 158–160, that favor their replication and
transmission of H5N1 influenza viruses in mammalian hosts (Gao
et al., 2009; Hatta et al., 2001; Steel et al., 2009). Our study
demonstrates that the clade 2.2 virus BHG/QH/3/05 can replicate
in dogs much more efficiently than the strains tested by others
(Giese et al., 2008; Maas et al., 2007). Therefore, effort should be
made to prevent dogs from being infected by H5N1 influenza
viruses to avoid the generation of a virus with pandemic potential
in this host.

image of Fig.�1


Fig. 2. Macroscopic lesions and histological findings of beagles infected with H5N1 virus BHG/QH/3/05. (A) Macroscopic lung lesion of a beagle infected with virus. Day 3 post-
intratracheal infection (animal B8). (B) A lung section from the control animal that wasmock-inoculated with 1 ml PBS i.t. and euthanized on day 5 p. i., HE stain. (C) A section from a
consolidated area of the lung shows bronchointerstitial pneumonia with significant infiltration of inflammatory cells. The lung lesions were distributed around the bronchioli. Day 3
post-intratracheal infection (HE stain, animal B8). (D) Severe alveolar damage within and along the periphery of the consolidated area. Day 5 post-intranasal infection (HE stain,
animal B4). Severe proliferative and reactive hyperplasia of alveolar cells withmassive recruitment of lymphocytes, fibrin exudates, and alveolar edema are shown. (E) Viral antigens
in the lung on day 5 post-intranasal infection (brown). IHC. Asterisks indicate lumen of bronchioli (Animal B4).

18 Rapid Communication
Materials and methods

Facility

Studies with highly pathogenic H5N1 avian influenza viruses were
conducted in a biosafety level 3+ laboratory approved by the Chinese
Ministry of Agriculture. All animal studies were approved by the
Review Board of Harbin Veterinary Research Institute, Chinese
Academy of Agricultural Sciences.
Virus

The H5N1 avian influenza virus, BHG/QH/3/05, used in this study
was isolated from a wild bird at Qinghai Lake in northwest China as
described previously (Chen et al., 2006). The virus was propagated in
Table 2
Pathological lesions and antigen distribution in tissues of dogs infected with H5N1 virus A/

Animal Administration
route

Day euthanized
post-infection (p.i.)

Tonsil Trachea TBLN Lef

Up

B1 Intranasal 3 +/++ b -/- -/- +/
B2 Intranasal 3 +/++ -/- -/- -/-
B3 Intranasal 5 +/+ -/- -/- -/-
B4 Intranasal 5 +/+ -/- -/- ++
B7 Intratracheal 3 -/- -/- -/- +/
B8 Intratracheal 3 +/++ -/- -/- ++
B9 Intratracheal 5 -/- -/- -/- ++
B10 Intratracheal 4c -/- -/- -/- ++

a Beagles (45 days old) were inoculated intranasally (i.n.) or intrachacheally (i.t.) with 1 m
on days 3 and 5 p.i., respectively, and their organs were collected for assessment of patholo

b Pathological lesions/viral antigens. -, no pathological change/antigen. +, limited path
pathological change/abundant antigen. TBLN: tracheobronchial lymph node.

c This animal died on day 4 p.i.
10-day-old specific-pathogen free (SPF) embryonated chicken eggs
and stored at −70 °C before use.

Animal studies

Twelve beagles (45-day-old) were divided into two groups of six
animals each; one group (B1–B6)was inoculated intranasally with 1 ml
of 106EID50 of the BHG/QH/3/05 virus, while the other (B7–B12)
received the same amount of virus by intratracheal inoculation. Two
animals from each group were euthanized on days 3 and 5 post-
inoculation (p.i.), respectively, and organs including brain, spleen,
kidney, liver, duodenum and different parts of their respiratory system
were collected for virus titration and/or histologic and immunohisto-
chemical studies; the remaining animalswere observed and euthanized
on day 14 post-inoculation and serum samples were collected for HI
antibody testing. Nasal and rectal swabs were collected from all
bar-headed goose/Qinghai/3/05a.

t lungs Middle lung Right lungs

per Lower Upper Middle Lower

+ -/- -/- -/- -/- -/-
-/- -/- -/- -/- -/-
-/- ++/++ -/- -/- -/-

/+ +/- +++/++ +/- +/- ++/+
- +/- -/- +++/+++ +/- +/-
/+ -/- -/- +++/++ +/- +/+
+/++ +++/++ +++/++ +++/++ ++/++ ++/+
/- ++/- +++/++ +++/+ +++/+ +++/+

l of 106EID50 of the BHG/QH/3/05 virus. Two animals from each groupwere euthanized
gical lesions and antigen distribution.
ological change/antigen. ++, moderate pathological change/antigen. +++, severe

image of Fig.�2
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available dogs everyday fromdays 2 to 6 p.i. for virus titration in chicken
embryos, as described previously (Chen et al., 2004). One beagle was
mock-inoculated with 1 ml PBS i.t. and euthanized on day 5 p.i., lung
sample was collected for the histological study. Temperature of all
animals was monitored 3 days before inoculation and 14 days after the
inoculation. Amount of food and water consumed by the animals were
monitored everyday during the experiment period.

Pathologic examination

Tissues fixed in 10% phosphate-buffered formalin were dehydrated,
embedded in paraffin, cut into 5-μm-thick sections, and stained with
standardhematoxylin-and-eosin. Immunohistochemistrywasperformed
with amonoclonal antibody against theHAof A/goose/Guangdong/1/96
by using the Dako Envision system (Dako, www.dako.com).

Antibody detection

Sera were treated with Vibrio cholerae (Denka-Seiken, www.
denka-seiken.co.jp) receptor destroying enzyme before being tested
for the presence of HI antibody with 0.5% (V/V) chicken erythrocytes.
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