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Influenza virus infections of carnivores—primarily in dogs and in large and small cats—have
been repeatedly observed to be caused by a number of direct spillovers of avian viruses or in
infections by human or swine viruses. In addition, there have also been prolonged epizootics
of an H3N8 equine influenza virus in dogs starting around 1999, of anH3N2 avian influenza
virus in domestic dog populations in Asia and in the United States that started around 2004,
and an outbreak of an avian H7N2 influenza virus among cats in an animal shelter in the
United States in 2016. The impact of influenza viruses in domesticated companion animals
and their zoonotic or panzootic potential poses significant questions for veterinary and
human health.

There are asmany as 900million domesticated
dogs and 600 million domesticated cats

worldwide, withmost existing as household pets
and others forming semidomesticated pop-
ulations that include “village dogs” or urban fe-
ral cats that live adjacent to human populations.
The number of companion dogs has increased
rapidly since the beginning of the twentieth cen-
tury, and there are now nearly 75 million in the
United States and 43million inWestern Europe,
with growing numbers in the Eastern Hemi-
sphere. Fully domesticated companion cats exist
in similar numbers to dogs in the United States
and in many other parts of the world. Most
companion animals are housed in small num-
bers in residential homes and many have no or
only brief and infrequent contact with other
members of the same species, so that transmis-
sion of influenza is inefficient. However, some

domestic dogs and cats live in high-contact net-
works in urban social locales—in day or board-
ing kennels or in animal shelters—and some
dogs are housed in dense populations for meat
production. Under such conditions, the contact
networks among dogs and cats allow sustained
transmission of some influenza virus lineages if
they enter those populations, resulting in sus-
tained outbreaks and epidemic or panzootic po-
tential. The close contacts between dogs and
cats with humans also raises further questions
about the zoonotic potential of their influenza
viruses, as well as about the likelihood of infec-
tion of dogs or cats by human influenza viruses.

Here, we review our understanding to date
of influenza virus in canine and feline lineages,
which includes both established outbreaks in
dogs and occasional spillover events in both
dogs and cats (Fig. 1).
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CANINE INFLUENZAVIRUSES

Domesticated dogs have lived with human pop-
ulations for several millennia, potentially creat-
ing a risk of transmission risk of pathogens from
humans to dogs and the reverse. Past surveys
have noted relatively low but consistent levels
of seroconversion of dogs to human influenza
strains. Given the likely high levels of exposure of
dogs to those viruses in human homes, this in-
dicates that they have a low level of susceptibility
to human influenza viruses. However, there are
no clear historical records of outbreaks or epi-
demics of influenza in dogs, and dogs were gen-
erally not considered to be natural hosts to
influenza viruses before the identification of
H3N8 canine influenza virus (CIV) in Florida in
2004.

H3N8 Canine and Equine Influenza Viruses

The H3N8 CIV was derived from the H3N8
equine influenza virus (EIV), being first identi-
fied in 2004 in greyhounds in Florida at a train-
ing facility (Crawford et al. 2005). Subsequent
sequence analysis showed that the canine virus
arose from the transfer of a single Florida 1 clade
EIV into dogs. That virus had been infecting the
greyhounds since ∼1999, and infected dogs, in-
cluding greyhounds, had carried the virus to
many parts of the United States to cause local-

ized outbreaks (Payungporn et al. 2008). Follow-
ing recognition of that CIV, the outbreak was
largely controlled in greyhounds and in most
areas of the United States, and the virus contin-
ued to circulate in Colorado and in the North-
eastern United States, including New York and
Pennsylvania, but with additional outbreaks in
other nearby states (Hayward et al. 2010). It ap-
pears that the virus circulated in the Philadel-
phia area for a few years between 2009 and 2012,
resulting in a separate genetic clade of the virus
developing (Fig. 2). The virus circulated in Col-
orado until∼2010–2012, when it appears to have
died out. The virus continued to circulate in the
Northeastern states until ∼2016, apparently per-
sisting among dogs in animal shelters in New
York for several years and spreading to other
locations along with dogs from those shelters
(Fig. 2) (Dalziel et al. 2014; Pecoraro et al. 2014).

Although sequence analyses show that a sin-
gle H3N8 EIV initiated the epidemic in the
United States, there have been other reported
spillovers of EIV into dogs, including a limited
outbreak among foxhounds in the United King-
dom in 2002 (Newton et al. 2007; Daly et al.
2008) and infection of individual dogs in Aus-
tralia during an outbreak in that country in 2007
(Kirkland et al. 2010; Crispe et al. 2011). Ex-
perimental studies show that EIV isolates have
the ability to replicate in dogs when those are
housed in close proximity to infected horses or
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Figure 1.Timeline ofmajor canine outbreaks as well as canine and feline spillover events since 1999. Outbreaks of
equine-origin H3N8 and avian-origin H3N2 in dogs have been sustained in dog populations, with a major
contraction (or possible resolution) of H3N8. Major spillover subtypes include H5N1, H5N2, H5N6, H7N2, and
H1N1pdm. Dog-to-cat cross-species transmissions have been observed with canine influenza virus (CIV) H3N2
in Korea.

B.R. Wasik et al.

2 Cite this article as Cold Spring Harb Perspect Med 2021;11:a038562

w
w

w
.p

er
sp

ec
ti

ve
si

n
m

ed
ic

in
e.

o
rg



after experimental inoculation (Yamanaka et al.
2009, 2010; Pecoraro et al. 2013). In contrast,
isolates of the H3N8 CIV do not appear to
efficiently infect horses even when directly
challenged, and they also did not infect equine
tracheal cells in culture (Yamanaka et al. 2012;
Gonzalez et al. 2014; Feng et al. 2015). There is
also no evidence of transmission of CIV H3N8

from infected dogs to their human companions
or contacts (Krueger et al. 2014).

H3N2 Canine Influenza Virus in Asia
and the United States

The H3N2 CIV (Fig. 3) appears to have been
directly derived from an avian influenza virus

Figure 2. Evolutionary relationships among the hemagglutinins (HAs) of the H3N8 canine influenza virus (CIV)
since the emergence of that virus in dogs. All available HA sequences were used in the analysis and were
outgroup-rooted on a 2002 H3N8 equine influenza virus HA sequence (strain A/equine/Kentucky/5/2002).
Phylogenetic relationships were determined using the maximum likelihood (ML) method available in PhyML
(Guindon and Gascuel 2003), using a general time-reversible (GTR) substitution model, gamma-distrusted (Γ)
rate variation among sites, and bootstrap resampling (100 replicates). Diamonds at nodes indicate bootstrap
support in≥70 out of 100 replicates. Regional lineages were seen to develop in Colorado (blue) and in New York
(red) and nearby states in the United States, as well as a sublineage that arose around Philadelphia (green)
between 2007 and 2010.
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Figure 3. Evolutionary relationships among H3N2 canine influenza virus (CIV) in China, Korea, and the United
States, showing how the viruses spread among the different regions. An analysis of available full genome
sequences, in which the eight genome segment open reading frames are concatenated. The tree is outgroup-
rooted on the earliest available H3N2 CIV sequence in the database (A/canine/Guangdong/1/2006). Just eight of
149 genome sequences contained reassortant viruses, as determined by RDP4 analysis (Martin et al. 2015), and
were removed before analysis. Phylogenetic relationships were determined using the maximum likelihood (ML)
method available in PhyML (Guindon and Gascuel 2003), using a general time-reversible (GTR) substitution
model, gamma-distrusted (Γ) rate variation among sites, and bootstrap resampling (100 replicates). Diamonds at
nodes indicate bootstrap support in ≥70 of 100 replicates. Colors indicate countries of origin from Korea (blue),
China (green), or the United States (red). An analysis of the hemagglutinin (HA) segment sequences (inset)
available for 2017–2019 isolates of H3N2 CIV show the close relationships between those viruses in the United
States and China.
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that was introduced into dogs in China or Korea
∼2004–2005 (Zhu et al. 2015). A direct ancestral
virus has not been identified in birds, but the
closest known sequences of each genome seg-
ment fall among avian viruses circulating in
Asia. The virus was found among dogs in both
China and South Korea by 2006, and it appears
that the virus then spread endemically within
each country. Other outbreaks of canine disease
have been reported in Thailand, but those do
not appear to have resulted in sustained epidem-
ics (Bunpapong et al. 2014). The H3N2 CIV
was first reported in the United States in early
2015, when there was an outbreak of respiratory
disease in dogs in Chicago and in nearby areas of
Illinois, Indiana, and Wisconsin. A second out-
break that was seeded from that initial outbreak
occurred in Georgia and nearby states, but that
appears to have died out within a few months.
Analysis of the 2015H3N2CIV from theUnited
States showed that it was introduced into the
United States from South Korea, likely along
with dogs rescued from meat production farms
in that country (Voorhees et al. 2017). Some
later outbreaks of H3N2 CIV in the United
States and in Canada also appear to involve in-
troductions of the virus from either Korea or
China, and those spread for varying distances
over the periods of the outbreaks (Fig. 3B)
(Weese et al. 2019). The epizoology of the
H3N2 CIV involved introduction of viruses
into an area (city or region) to cause a localized
outbreak, which generally died out in a few
weeks, likely once populations of dogs in kennels
or animal shelters had been infected and had
become immune. The main exception to this
pattern appears to have been in the Chicago
area, where the virus continued to spread at
low levels for a number of years after being in-
troduced in 2015 (Newbury et al. 2016; Voo-
rhees et al. 2018) although possibly dying out
in 2018 or 2019. In some cases, viruses intro-
duced into various regions of the United States
from Asia were detected early after introduction
of the infected dogs, and subsequent spread was
prevented by quarantine or other infection-con-
trol procedures. The epidemiologyof the virus in
Asia is not well-described, but likely involves
viral persistence in both animal shelters and

kennels, as well as in farms where dogs are raised
for meat production (Lee et al. 2009; Su et al.
2013a).

Pathogenesis of the CIV Infections

The H3N8 and H3N2 CIVs cause similar dis-
eases in dogs, with themain symptoms being the
result of upper respiratory tract infection (Cas-
tleman et al. 2010; Song et al. 2011a; Pulit-Penal-
oza et al. 2017). In naive animals the viruses
reach peak titers by 3–4 d after exposure, and
highest titers of virus are found in the nose,
with significant amounts of virus also being
found in pharyngeal secretions and the trachea.
The dogs generally develop a fever of ∼39.5°C,
and many develop a cough; only a very small
proportion develop pneumonia or more severe
disease (Lee et al. 2011). Mortality is <1% in
most cases. Viral shedding peaks around days
3–4 after infection and decreases rapidly by
around days 5–7, although transient low-level
shedding of the H3N2 CIV has been reported
up until around day 20 (Song et al. 2011a; New-
bury et al. 2016).

SPILLOVERS INTO DOGS AND CATS

Domesticated pet dogs and cats are frequently
exposed to human and other influenza viruses
and may become infected on occasions, al-
though in most cases there appears to be no
onward transmission. Semidomesticated ani-
mals may also come in contact with infect-
ed birds, either in dense markets or farms, in
some cases taking in avian influenza viruses by
ingestion. In addition, as domesticated dogs and
cats may be housed in close proximity within
houses and animal shelters, cross-transmission
may occur between those species, as has been
seen in feline cases of CIV H3N2 lineages
(Song et al. 2011b; Jeoung et al. 2013).

Human Influenza Virus Spillover into Dogs
and Cats

Both dogs and cats were found to be susceptible
to human influenza strains during surveys con-
ducted during the 1970s. Serological surveys
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showed that dog populations had low percent-
ages of animals that had seroconverted for hu-
man influenza viruses in the United States, Eu-
rope, and South or East Asia, including H3N2,
H1N1, and influenza B viruses (Nikitin et al.
1972; Fyson et al. 1975; Kilbourne and Kehoe
1975; Romváry et al. 1975; Chang et al. 1976;
Madhavan and Agarwal 1976; Onta et al. 1978;
Houser and Heuschele 1980). Experimental in-
oculation of dogs with human H3N2 (A/Hong
Kong/1/68) also resulted in infection, shed virus,
and seroconversion, but with no obvious clinical
signs (Paniker and Nair 1972). Following the
2009 human pandemic H1N1 (H1N1pdm), a
number of cases of human influenza infection
in dogs were documented (Dundon et al. 2010;
Piccirillo et al. 2010; Seiler et al. 2010; Said et al.
2011; Damiani et al. 2012; Yin et al. 2014; Su
et al. 2019; Tangwangvivat et al. 2019). Some
reassortants between the human H1N1pdm
and CIV H3N2 were reported from dogs in
South Korea, indicating that there were mixed
infections and some onward transmission of
those viruses, although only one example of
each reassortant has been reported (Song et al.
2012; Na et al. 2015). Full genome sequencing of
more than 100 H3N8 or H3N2 CIVs collected
from dogs in the United States revealed no re-
assortants with any other viruses or between
those two CIV variants (Hayward et al. 2010;
Voorhees et al. 2018).

A domestic cat was found to be infected with
avian influenza in a case in the 1940s and exper-
imental inoculation resulted in infection and
disease (Nakamura and Iwasa 1942); surveys
of cats for seroconversion to human IAVs in
the 1960s and 1970s showed a low level of pos-
itive results, indicating some previous infections
(Paniker and Nair 1970; Fyson et al. 1975; Rom-
váry et al. 1975; Onta et al. 1978), although ex-
perimental inoculation confirmed that cats were
susceptible to human strains (Paniker and Nair
1972). Surveillance following the emergence of
2009 H1N1pdm showed a number of infections
in cats (including fatalities) for that virus (Löhr
et al. 2010; Pingret et al. 2010; Sponseller et al.
2010; Campagnolo et al. 2011; Fiorentini et al.
2011; McCullers et al. 2011; Su et al. 2013b;
Pigott et al. 2014; Zhao et al. 2014; Knight

et al. 2016; Tangwangvivat et al. 2019), and ex-
perimental inoculations also confirmed suscept-
ibility of cats to that strain (Bao et al. 2010; van
den Brand et al. 2010). Cats are generally at low
seroprevalence for other human influenza
strains (Ali et al. 2011; Zhang et al. 2015b; Ibra-
him et al. 2016).

In a recent survey, dogs in Southern China
presenting with respiratory disease to veterinary
clinics were tested for the presence of influenza
viruses, revealing the presence of a variety of
different viruses containing combinations of ca-
nine, avian, swine, and human influenza viruses
(Chen et al. 2018). Those included H1N1pdm,
swine North American triple reassortant H3N2,
and swine Eurasian-like avian H1N1, as well as
reassortants between those viruses and CIV
H3N2. These results highlight the potential abil-
ity of dogs to be a “mixing vessel” of diverse-
origin influenza strains into novel reassortants.

Avian Influenza Virus in Cats

In 2004, the World Health Organization
(WHO) reported that a number of household
cats in Thailand had been infected with a highly
pathogenic avian influenza (HPAI) H5N1
strain, and at least one of the cats had been in
contact with dead chickens (see who.int/csr/
don/2004_02_20/en/). Further cases of H5N1
infections that year in Thailand were found in
captive tigers and leopards that were fed infected
chickens (Keawcharoen et al. 2004); some tigers
became infected despite not being fed infected
chickens, suggesting cat-to-cat transmission
(Thanawongnuwech et al. 2005). Experimental
inoculation of or feeding of meat from infected
birds to domestic cats with H5N1 avian influen-
za viruses confirmed their susceptibility, as well
as horizontal transmission between cats (Naka-
mura and Iwasa 1942; Kuiken et al. 2004; Rim-
melzwaan et al. 2006).

A number of single cases of H5N1 HPAI cat
infections in different parts of the world have
also been reported,mostly associatedwith recent
avian outbreaks or direct contact/feeding by the
cats (Songserm et al. 2006; Yingst et al. 2006;
Amonsin et al. 2007; Klopfleisch et al. 2007).
Although most cases were referred for diagnosis
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because of disease or death, some subclinical
infections also occurred, indicating that not all
were severe (Leschnik et al. 2007). Infections of
cats with HPAI was in some cases marked by
significant infection pathology in the gastroin-
testinal tract, in addition to systemic spread to
other tissues (Vahlenkamp et al. 2010; Reperant
et al. 2012). Challenge in cats with an attenuated
H5N6 low pathogenic avian influenza (LPAI)
strain resulted in subclinical infections and viral
shedding, and those cats were protected against
HPAI H5N1 viruses (Vahlenkamp et al. 2008),
suggesting that cross-strain protection may be
sufficient to limit outbreak potential (Ayyalaso-
mayajula et al. 2008). Field sero-surveys have
confirmed that H5N1 HPAI exposures in cats
remain fairly rare and most often coincide with
wild or market bird outbreaks (Marschall et al.
2008; Desvaux et al. 2009; Sun et al. 2015; Zhao
et al. 2015; Zhou et al. 2015).

The evidence of H5N1 HPAI infections in
cats has led to several surveys and studies of their
potential as hosts for other avian influenza
strains. A fatal H5N6 infection in a cat in China
followed 2014 outbreak cases in humans and
preceded a poultry outbreak (Yu et al. 2015),
whereas two novel H5N6 reassortants (with vi-
ral RNA segments derived from H9N2 and
H7N9 viruses) were identified in cats in 2016
(Cao et al. 2017). Additional cases of H5N6 in-
fections were found in cats in South Korea in
proximity to a farm outbreak (Lee et al. 2018).
Although there have been no other widely re-
ported natural cases of avian-origin spillovers in
cats, successful experimental infections include
H5N2 (from an infected dog) (Hai-xia et al.
2014), H3N8 (from an equine lineage) (Su
et al. 2014), H9N2 (Zhang et al. 2013), H7N7
(from an isolated human case) (van Riel et al.
2010), and LPAI H1N9 and H6N4 viruses en-
demic in shorebirds (Driskell et al. 2013).

Outbreak of H7N2 Influenza Avian Influenza
Virus in Cats in the United States

This outbreak occurred in late 2016 among cats
housed in an animal shelter in New York state
(Lee et al. 2017; Newbury et al. 2017). The cats
were subsequently moved into a separate facility

to facilitate control efforts, but because of the
large number of cats in the shelter it took a
number of weeks to bring the outbreak under
control (Blachere et al. 2018). A human infec-
tion was observed in one of the veterinarians
involved in the control program at the shelter,
in whom virus was sampled from the respiratory
tract, but no clinical disease was observed
(Belser et al. 2017; Marinova-Petkova et al.
2017). Sequence and phylogenetic analysis
showed that the virus closely matched circulat-
ing avian H7N2 in the New York area over the
preceding decade (Fig. 4A). Comparative to an
avian H7N2 lineage, the feline H7N2 isolate (A/
feline/NY/2016) showed improved replication
in mammalian cell lines (Fig. 4B) and pervasive
infection of the feline respiratory tract (Fig. 4C)
consistent with mammalian adaptation. Disease
was rather mild, yet experimental and natural
transmission was observed, suggesting further
monitoring of shelter animals would be a good
precaution for both human health risk and good
veterinary health of companion animals (Hatta
et al. 2018).

INFLUENZA INFECTIONS OF OTHER
MEMBERS OF THE ORDER CARNIVORA

Infections have occasionally been observed with
influenza in multiple diverse suborders of car-
nivores besides cats and dogs. In particular,
some members of the Mustalidae family are
quite susceptible and have been closely studied.
Ferrets have long been known to be highly sus-
ceptible to infection by human and many other
influenza viruses and are used as a model for
studying infection and transmission by those
viruses (Bouvier and Lowen 2010; Belser et al.
2018). Mink are closely related to ferrets, and
infections and outbreaks by many strains of avi-
an, human, and swine influenza viruses on fur
farms have been reported, including H10N4
(Berg et al. 1990), swine H3N2 (Gagnon et al.
2009), H1N1pdm (Åkerstedt et al. 2012), H1N2
(Yoon et al. 2012), H9N2 (Zhang et al. 2015a;
Yong-Feng et al. 2017), and H5N1 (Jiang et al.
2017). However, it is likely that, in the wild,
ferrets and mink (and most other wild carni-
vores) are too dispersed and do not come in
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contact sufficiently often enough to be able to
allow more than a few individuals to be infected
with a virus after any spillover event.

Seals and related Pinnipeds are infected by
influenza viruses, likely because of exposure to
avian influenza viruses in their environment in
addition to close-contact herding ecology dur-
ing beaching. Notable avian influenza spillovers
have includedH7N7 in 1980 in Cape Cod (Unit-
ed States) (Geraci et al. 1982), H3N8 in 2011 also
in the Northeast United States (Anthony et al.
2012), and H10N7 in 2014 in Denmark and
Sweden (Bodewes et al. 2015). Thesemajor cases
of avian spillover involved harbor seals develop-
ing pneumonia with significant die-off owing to
infection. It has also been reported that some
seal populations sustain recurring influenza B
virus infections originating from humans (Bod-
ewes et al. 2013). Marine carnivores represent
a unique interface of avian and mammalian
influenza hosts at coastal waterways.

CONCLUDING REMARKS

It is now clear that dogs and cats are naturally
but variably susceptible to many influenza virus
strains from other hosts, including birds and
mammals, but that biological and ecological
barriers commonly reduce or prevent transmis-
sion. However, in some cases, sufficiently dense
and well-connected populations exist to allow
outbreaks or epidemics to occur, and those may
be difficult to control in the absence of a con-
certed strategy. Although some reassortants be-
tween different strains of influenza have been
reported in both dogs and cats, those appear to
have not created extended outbreaks or epidem-
ics to date. However, the close connections be-
tween dogs and cats with humans means that
exposure of many humans of all ages and of
varying health status is likely to occur, so that
continued surveillance and control of feline and
canine viruses seems necessary.
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