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A canine influenza A(H3N2) virus emerged in the United
States in February—March 2015, causing respiratory dis-
ease in dogs. The virus had previously been circulating
among dogs in Asia, where it originated through the transfer
of an avian-origin influenza virus around 2005 and contin-
ues to circulate. Sequence analysis suggests the US out-
break was initiated by a single introduction, in Chicago, of
an H3N2 canine influenza virus circulating among dogs in
South Korea in 2015. Despite local control measures, the
virus has continued circulating among dogs in and around
Chicago and has spread to several other areas of the coun-
try, particularly Georgia and North Carolina, although these
secondary outbreaks appear to have ended within a few
months. Some genetic variation has accumulated among
the US viruses, with the appearance of regional-temporal
lineages. The potential for interspecies transmission and
zoonotic events involving this newly emerged influenza A
virus is currently unknown.

Inﬂuenza A viruses (IAVs) periodically spill over to cause
single infections or outbreaks in new host animals. In
many cases, these events begin with the transfer of a vi-
rus from an avian reservoir host to mammals or domes-
tic poultry, whereas other events result from the transfer
of a virus infecting mammals into a new mammalian
host. Here we describe the epidemic of an avian-origin
canine influenza A(H3N2) virus (H3N2 CIV) in the Unit-
ed States that began by late February 2015 with an out-
break of respiratory disease in dogs in Chicago, Illinois,
and nearby areas. Since this time, the virus has circulated
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continuously among dogs in these areas and has caused
sporadic outbreaks nationwide.

H3N2 CIV belongs to the the family Orthomyxoviridae,
genus Influenza virus A. Currently, 18 hemagglutinin (HA)
and 11 neuraminidase (NA) subtypes are known to exist. In
addition to their reservoir hosts among waterfowl and sea-
birds, IAVs have infected several other animals in nature to
cause epidemics of disease, including repeated outbreaks
among humans, swine, horses, terrestrial and domesticated
birds, marine mammals, and, more recently, cats and dogs
(1,2). Dogs were not thought to sustain natural IAV infec-
tions before the recognition of H3N8 CIV in 2004.

The H3N8 CIV subtype was first detected in 2004
among racing greyhounds in Florida (3) and was later shown
by serologic testing to have emerged in dogs around 1999
(4) through the transfer of an H3NS8 equine influenza virus
from the Florida clade 1 sublineage of equine influenza virus
(5). Despite maintaining a relatively low basic reproductive
number (R ) of 1.0 in the general dog population, H3N8
CIV caused outbreaks in many regions of the United States
soon after it emerged (6). Interconnected networks of dense
susceptible host populations found in dog shelters and ken-
nels probably enabled the long-term maintenance of the vi-
rus (6,7). In recent years, however, this virus has been con-
fined to a small area in the northeastern United States (6).
The reasons for the recent limited circulation of the H3NS§
CIV have not been defined, but probably include the appar-
ent inability of the virus to evolve increased transmissibility
in the general dog population, increased use of vaccinations
in dogs in shelters and kennels, and intensification of control
measures in shelters where infections are occurring.

The precise time and place of origin of the H3N2 CIV
is still not clear. The virus was first reported in South Ko-
rea in 2007, although a virus circulating among dogs in
China in 2006 was subsequently reported and sequenced
(8). Although that virus (A/canine/Guangdong/1/2006
[H3N2]) remains the earliest known H3N2 CIV, serologic
evidence shows that H3N2 CIVs were present in South Ko-
rea by 2005 (9). This timeline agrees with that determined
by analysis of sequenced H3N2 CIV isolates from Asia,
which points to a single common ancestral virus present
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in dogs during 1999-2006 (95% highest posterior density)
(10). Although the timing of the initial H3N2 CIV emer-
gence in dogs is well-supported by serologic surveys and
sequence data, the events surrounding the initial emergence
are largely unknown. In Asia, the virus appears to be most
widespread among dogs in kennels and in meat dog farms
and markets (//,/2). Given that live poultry markets in
Asia have been identified as a major source of IAVs that
spill over to infect new hosts (/3), close physical contact
between birds and dogs in these host-dense environments
might have facilitated the emergence of the virus in dogs.

H3N2 CIV Disease, Host Range, and

Zoonotic Potential

Similar to H3N8 CIV infections, H3N2 CIV infections
in dogs are associated with mild upper respiratory tract
disease, including frequent coughing and fever, although
infection of the lungs and more severe disease and death
occur on occasion and are probably associated with mixed
infections by other viruses or bacteria (/4). Although CIV
epidemics pose a clear threat to canine health, the risks to
other animals and humans are largely unknown. Unlike
H3NS8 CIV, H3N2 CIV appears to have a relatively broad
host range, infecting ferrets, guinea pigs, and cats after ex-
perimental challenge (/5,/6). Nevertheless, experimental
inoculation of strains of H3N2 CIV from South Korea and
the United States (/7) into swine resulted in poor replica-
tion, suggesting that sustained transmission of the virus
after a canine—swine transfer is unlikely, despite swine
being a common host of other H3N2 [AVs. Natural spill-
over of the virus from dogs to cats has been documented
in South Korea and the United States, but those outbreaks
were largely confined to the shelter populations where they
emerged, and the viruses do not appear to undergo pro-
longed transmission in household cats, despite high levels
of viral shedding (/8,19).

To our knowledge, no transfers of either CIV sub-
type to humans have been documented. However, human
pandemic [AVs, including the HIN1 (both seasonal and
the 2009 pandemic) (20) and the H3N2 (2/) subtypes, ap-
pear able to occasionally infect dogs based on results of
serologic testing or isolation of the virus. Although none
of these infections is known to have resulted in major on-
ward transmission among dogs, this might provide the op-
portunity for human IAVs to reassort with CIVs through
natural co-infections in dogs. In 2010, a novel H3N1 CIV
resulting from the reassortment of an H3N2 CIV (HA seg-
ment) and pandemic HIN1/09 virus (the other 7 genomic
segments) was isolated in a dog from South Korea (22),
and in 2012 an H3N2 carrying only the pandemic HIN1/09
matrix segment was isolated from a dog in South Korea
(23,24). In 2015, a novel reassortant H3N2 CIV contain-
ing the polymerase acidic (PA) genomic segment from an
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HON2 pandemic avian IAV was also isolated from a dog in
South Korea (25). Additionally, dogs and humans express a
similar diversity of sialic acid variants and linkages, which
have been demonstrated to be important determinants of
IAV infection and host range (26), including N-acetyl neur-
aminic acid and both the a2-3 and 02—6 linkages (27,28).
Given these key biologic and physiologic features and the
close contact that exists between human and dog popula-
tions, the potential for dogs to act as virus “mixing vessels”
or as sources of zoonotic infections by IAVs should not
be overlooked.

The US H3N2 CIV Outbreak

The H3N2 CIV outbreak likely started in February 2015
and spread rapidly through dog training classes, animal
shelters, boarding kennels, and veterinary clinics in the
Chicago area by early March, at which time initial reports
of an unusual respiratory disease in dogs were received (K.
Toohey-Kurth and S. Newbury, pers. comm.). We identi-
fied clinical samples from infected dogs as IAV-positive
in mid-March 2015 by using a type A influenza—specific
PCR for the conserved viral matrix segment sequences
(29) and an amplification protocol approved for use by the
National Animal Health Laboratories (Ames, 1A, USA).
We identified the virus as the H3N2 subtype on April 10,
2015, by using Sanger sequencing of partial HA and ma-
trix genomic segments (performed at Cornell University,
Ithaca, NY, USA) and partial NA genomic segments (per-
formed at University of Wisconsin, Madison, WI, USA)
that had been amplified as previously described (29). Se-
quences searched in the nucleotide database using blastn
(http://blast.ncbi.nlm.nih.gov/Blast.cgi) (30) had the high-
est identity to H3N2 viruses from South Korea. The iden-
tification of the virus as the H3N2 subtype and its relation
to H3N2 CIV in Asia was announced on April 12 (37),
and a probable origin in South Korea of the US H3N2 CIV
outbreak was confirmed by whole-genome sequencing
performed at the National Veterinary Service Laboratories
(Ames, IA, USA) on strain A/canine/Illinois/12191/2015,
in which all 8 genome segments (GenBank accession nos.
KT002533-40) showed highest similarity to H3N2 CIV in
South Korea.

During the last weeks of March and into April 2015,
H3N2 CIV was detected in many animal shelters in Chi-
cago and in the neighboring areas of Illinois, Indiana, and
Wisconsin but was absent from other regions of the United
States (Figure 1). The virus spread through affected re-
gions with a wavelike introduction and with case numbers
growing rapidly over periods of 2—4 days after introduc-
tion into new dog populations (Figures 1, 2). The infection
presented as a mild to moderate respiratory disease, often
with a characteristic honking cough, with some progression
to pneumonia but, generally, with few or no deaths. Some
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Figure 1. Incidence of canine influenza A(H3N2) virus RNA—positive dogs in the Chicago, lllinois, area, USA, March 14-April 27, 2015.
A) Weekly testing summary of samples collected within lllinois. B) Weekly testing summary of samples collected in all other states.

C) Presence of virus in the Midwest region, by US postal code.

dogs, particularly those in animal shelters, were coinfected
with other respiratory pathogens, including canine pneu-
movirus, canine parainfluenza virus, and canine respiratory
coronavirus (32). Analyzing the viral loads in shelter dogs
during the outbreak showed that the virus peaked in the
swabs 2-3 days after the probable time of infection and
that in some cases low levels of RNA along with low levels
of infectious virus could be detected 2—3 weeks later (33)
(Table 1), suggesting that prolonged isolation of infected
dogs would be necessary to completely prevent transmis-
sion. The highest RNA levels detected by real-time reverse
transcription PCR were found in nasal swab specimens col-
lected 2—4 days after infection, with lower levels found in
other tissues (Table 2) (32).

Within a few months after its introduction into the Chi-
cago-area dog population, the disease ended in some shel-
ters or kennels, probably because all the resident dogs had
become immune. This hypothesis is supported by intensive
sampling of the dogs in some shelters, which showed that
once the virus entered a closed population of susceptible
dogs, most or all dogs would be infected within a few days
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Figure 2. Spread of canine influenza A(H3N2) virus in an animal
shelter in the Chicago, lllinois, area, USA, April 2015. The first
virus-positive result was obtained on April 17; by April 23, the virus
had infected all dogs tested.
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(Figure 2), thereafter producing a high level of immuno-
logic resistance in that population.

By May 2015, H3N2 CIV infections were being de-
tected outside of the midwestern United States, and with-
in a year of its introduction, the virus caused substantial
outbreaks of disease in several eastern and southeastern
states (Table 3, Figure 3). Smaller outbreaks also occurred
in Colorado, California, and Washington State, indicating
that national spread of the virus occurred. However, none
of these secondary outbreaks was sustained or widespread.

Viral RNA Extraction, Full-Genome Sequencing,
and Sequence Analysis

We extracted viral RNA by using the QIAamp Viral RNA
Kit (QIAGEN, Valencia, CA, USA) from original clini-
cal sample material obtained from IDEXX Laboratories
(West Sacramento, CA, USA) or from the New York
State Animal Health and Diagnostic Laboratory at Cornell
University (Ithaca, NY, USA), and we adapted to CIV an
[IAV multisegment real-time reverse transcription PCR
amplification approach (34). We used amplified genomes
to prepare sequencing libraries, which we sequenced on
the Illumina MiSeq platform (Illumina, San Diego, CA,
USA) with 150 nt paired-end reads, and assembled reads
de novo as described in Mena et al. (34). We generated
12 CIV full-genome sequences for this study, all of which
were submitted to GenBank and assigned accession num-
bers (online Technical Appendix, https://wwwne.cdc.gov/
EID/article/23/12/17-0246-Techappl.pdf). We obtained
additional H3N2 CIV genomes from the National Center
for Biotechnology Information Influenza Virus Resource
(http://www.ncbi.nlm.nih.gov/genomes/FLU/Database/
nph-select.cgi?go = database).

We performed consensus sequence editing, align-
ment, and phylogenetic analyses by using Geneious 9.0.5
and various modules contained in that package (35). We
trimmed each gene segment to contain only its major open
reading frame and aligned the segments by using MAFFT

Emerging Infectious Diseases « www.cdc.gov/eid ¢ Vol. 23, No. 12, December 2017



Canine Influenza A(H3N2) Virus, USA

Table 1. Persistence of virus or viral RNA in dogs in 2 separate Chicago-area animal shelters that were infected with canine influenza

A(H3N2) virus, United States, April 2015*

Shelter and

C value, by dog no.

no. days 1 2 3 4

Shelter 1

2521
29.6

*Data from Newbury et al. (33) Table 1, used with permission. Data shown as rRT-PCR Ct values. Values <36 are considered positive results (black
cells), and values >37 but <40 are considered weak positive results (dark gray cells). Light gray cells indicate negative rRT-PCR assay results for
influenza A virus shedding. C, cycle threshold; Neg, negative; NT, not tested; rRT-PCR, real-time reverse transcription PCR.

tSamples for which virus was successfully isolated.

7.222 (36). We then analyzed the segments separately or
concatenated with all other genome segment sequences
from the same virus. In 39 of the genomes analyzed, we
excluded individual segment phylogenies (Figure 4, panel
A) and segments from incomplete genomes and intersub-
type reassortant viruses. For concatenated full-genome
phylogenies (Figure 4, panel B), we excluded intersub-
type and intrasubtype reassortant viruses, for a total of
32 genomes analyzed. Total sequence alignment lengths
were as follows: polymerase basic 2, 2,277 nt; poly-
merase basic 1, 2,268-2,271 nt; PA, 2,148 nt; HA, 1,698
nt; nucleocapsid protein, 1,494 nt; NA, 1,407-1,413 nt;
matrix 1, 756 nt; and nonstructural 1, 690 nt. Concatena-
tion of the 8 segments yielded a total consensus align-
ment length of 12,741-12,747 nt. We determined phylo-
genetic relationships among the sequences by using the
maximum-likelihood method available in PhyML (37),
employing a general time-reversible substitution model,
gamma-distributed rate variation among sites, and boot-
strap resampling (1,000x). We rooted all trees with the
earliest and most basal H3N2 CIV isolate available (A/
canine/Guangdong/1/2006 [H3N2]).

Evolutionary Analysis
As observed previously (/0), our phylogenetic analysis
suggests that H3N2 CIV originated in dogs by the direct
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transfer of an avian virus in late 2005 or early 2006, with
the first virus isolated being in southern China; this virus
spread rapidly between different regions of China, to or
from South Korea, and to Thailand (no complete full ge-
nomes from Thailand are available in the database). Al-
though a single ancestral virus is thought to have given
rise to all H3N2 CIVs (10), a directly comparable avian
virus sequence is not available in the database. How-
ever, individual genome segment phylogenies of H3N2
CIV point toward multiple ancestors of the original IAV

Table 2. Results of the rRT-PCR analysis of a necropsied dog in
a Chicago-area animal shelter that died after being infected with
canine influenza A(H3N2) virus, United States, February 2015*
Type of specimen Ci value
Nasal swab
Oral swab
Tracheal swab
Bronchial swab

Cranial lung

Tracheobronchial lymph node

Liver Neg
Pancreas Neg
lleum Neg
Kidney Neg

*Data from Watson et al. (32), used with permission. Data shown as rRT-
PCR Ct values. Values <36 are considered positive results (black cells),
and values >37 but <40 are considered weak positive results (dark gray
cells). Light gray cells indicate negative rRT-PCR assay results for
influenza A virus shedding. C, cycle threshold; Neg, negative; rRT-PCR,
real-time reverse transcription PCR.
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SYNOPSIS

that gave rise to the canine virus, with lineage sequences
from the Americas being observed in the PA segment
and lineages from Eurasia being observed in all other
segments. Once established in dogs, a handful of hetero-
and homo-subtypic reassortment events occurred among
the H3N2 CIVs in Asia (/0). In contrast, our analysis
shows that all US H3N2 CIV genome segments exhibit

Table 3. Results of rRT-PCR tests for canine influenza A(H3N2)
virus RNA in specimens collected from dogs, by state, United
States, February 2015—March 2016*

Test result
State/district Positive Negative
Alabama 16 355
Alaska 0 22
Arizona 0 223
Arkansas 0 21
California 1 1,601
Colorado 4 137
Connecticut 0 136
Delaware 0 17
District of Columbia 0 5
Florida 1 432
Georgia 559 1,143
Hawaii 0 27
Idaho 1 80
Illinois 820 1,055
Indiana 14 108
lowa 1 75
Kansas 0 60
Kentucky 5 51
Louisiana 0 132
Maine 1 132
Maryland 3 133
Massachusetts 2 191
Michigan 6 333
Minnesota 5 302
Mississippi 0 39
Missouri 1 115
Montana 2 20
Nebraska 0 27
Nevada 0 39
New Hampshire 0 49
New Jersey 28 175
New Mexico 0 26
New York 3 667
North Carolina 33 475
North Dakota 0 6
Ohio 87 425
Oklahoma 0 18
Oregon 0 84
Pennsylvania 28 1,050
Rhode Island 0 37
South Carolina 2 137
South Dakota 7 14
Tennessee 1 115
Texas 13 833
Utah 0 121
Vermont 0 45
Virginia 0 232
Washington 2 181
West Virginia 1 16
Wisconsin 15 498
Wyoming 0 13
International or unknown 21 609
Total 1,693 12,837

*rRT-PCR, real-time reverse transcription PCR.
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approximately the same tree topology (Figure 4, panel
A), suggesting that no large-scale viral reassortment has
occurred since its introduction, a conclusion also sup-
ported by analysis using the Recombination Detection
Program (38) (data not shown). Phylogenetic analysis of
the concatenated full-genome sequences of viruses from
the US epidemic show that a single virus from South Ko-
rea was introduced into the Chicago area and that the de-
scendants of that virus continue to circulate in that area
and have been dispersed widely across the United States
(Figures 1 and 2). The PA, HA, and NA segment phy-
logenies did not distinguish US viruses from those most
recently isolated from South Korea (Figure 4, panel A),
confirming the close relationship to the viruses from
South Korea and also suggesting that the viral transfer
occurred shortly before the virus was recognized in the
United States. Despite the short timescale of H3N2 CIV
evolution in the United States, some geographic structur-
ing might be present in the data, as indicated by distinct
and statistically supported clades (bootstrap proportion
>98). For example, a 2015 clade consisting of viruses
from Florida, North Carolina, and Georgia probably rep-
resents a single introduction of virus to the southeastern
United States and a subsequent regional outbreak (Fig-
ure 4, panel B).

The US H3N2 CIV and closely related viruses in
South Korea show some changes in the sequence adjacent
to the receptor binding and antigenic sites of the HA seg-
ment. Most notably, a single Gly146Ser amino acid substi-
tution in the HA globular head antigenic site is present in
all the US H3N2 CIVs and the most recent CIV in Korea.
Because the United States contains a large and naive new
host population, with low levels of H3N8 and H3N2 CIV
infection or vaccination in most places, it is probably not
under selection from antibody immunity during this initial
disease emergence, except perhaps among kennel and shel-
ter dogs in the Chicago area.

The exact route of introduction of H3N2 CIV into
the United States is unknown. However, whereas an in-
fected dog might shed virus for up to 3 weeks, virus prob-
ably remains infectious on fomites for only 12—48 hours.
Thus, similar to other IAVs, close host—host contact or
direct aerosol exchange is probably the most effective
and common route of H3N2 CIV transmission. This hy-
pothesis would suggest that the virus was brought to the
United States by infected dogs. Such dogs might have
arrived in the United States after being rescued from
live animal markets or meat dog farms in South Korea,
where the reported overall seroprevalence of H3N2 CIV
is =19%, with individual dog farms having seropreva-
lences of up to 100% (/7). Hundreds of dogs rescued
from meat markets in South Korea have been rehomed
in the United States since the beginning of 2015 (39),
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Figure 3. Distribution of clinical samples testing positive (red dots) and negative (blue dots) for canine influenza A(H3N2) virus RNA,

United States, March—December 2015.

although no direct link between any of these dogs and
the appearance of H3N2 CIV in the United States has
been established.

Likewise, the spread of H3N2 CIV within the United
States presumably resulted from movement of infected
dogs, rather than from transported fomites, probably
through the networks involved in rescuing and rehousing
dogs, which would connect the host populations in US
dog kennels and shelters. These epidemiologic charac-
teristics resemble those of H3N§ CIV and suggest that
control, prevention, and even eradication of the virus in
dogs is feasible by controlling the transfer of dogs from
infected areas. In addition, with effective inactivated vac-
cines currently available (40) and the possibility of a
live-attenuated vaccine (417), targeted vaccination of dog
populations at high risk will aid in the control of the US
H3N2 CIV epidemic. Further monitoring, epidemiologic
analysis, and evolutionary studies of H3N2 CIV in the
United States will help determine whether these viruses
pose a threat to human health and will answer basic ques-
tions regarding how [AVs invade and infect new hosts.

Acknowledgments

We thank Wendy Weichert for providing expert technical
support and Jayeeta Duttah and Divya Kriti for performing
deep-sequencing and sequence read assembly.

This study was supported by National Institutes of Health grant
no. RO1 GM080533 to C.R.P. and E.C.H.; the National Science

Emerging Infectious Diseases * www.cdc.gov/eid ¢ Vol. 23, No. 12, December 2017

Foundation (grant no. DGE-1650441 to .LE.H.V.); and the
Center of Research in Influenza Pathogenesis, a National
Institute of Allergies and Infectious Diseases—funded Center

of Excellence in Influenza Research and Surveillance (contract
no. HHSN272201400008C to C.R.P.). E.C.H. is supported by a
National Health and Medical Research Council Australia
Fellowship (grant no. GNT1037231).

Mr. Voorhees is a National Science Foundation Graduate
Research Fellowship Program Fellow and graduate student in
the Department of Microbiology and Immunology at Cornell
University. His primary research interest is the evolution of
emerging viruses.

References

1. Yoon S-W, Webby RJ, Webster RG. Evolution and ecology of
influenza A viruses. In: Compans RW, Oldstone MBA, editors.
Influenza pathogenesis and control, volume I [cited 2017 Jan 25].
http://link.springer.com/chapter/10.1007/82_2014 396

2. Parrish CR, Murcia PR, Holmes EC. Influenza virus reservoirs
and intermediate hosts: dogs, horses, and new possibilities for
influenza virus exposure of humans. J Virol. 2015;89:2990-4.
http://dx.doi.org/10.1128/JV1.03146-14

3. Crawford PC, Dubovi EJ, Castleman WL, Stephenson I,
Gibbs EPJ, Chen L, et al. Transmission of equine influenza virus
to dogs. Science. 2005;310:482-5. http://dx.doi.org/10.1126/
science.1117950

4. Anderson TC, Bromfield CR, Crawford PC, Dodds W1J, Gibbs EPJ,
Hernandez JA. Serological evidence of H3NS8 canine influenza-like
virus circulation in USA dogs prior to 2004. Vet J. 2012;191:312-6.
http://dx.doi.org/10.1016/j.tvjL.2011.11.010

5. Rivailler P, Perry 1A, Jang Y, Davis CT, Chen L-M, Dubovi EJ,
et al. Evolution of canine and equine influenza (H3N8) viruses

1955



SYNOPSIS

A

PB2
0.0030

PB1
00030

98.2

PA HA

0.0030

pr— Guangdong/1/2006

&:Guangdongh 2007
Guangdong/2/2006

99.6 E Korea/GCVP01/2007
Korea/01/2007
Jiangsu/04/2010
100
Jiangsu/01/2009
Jiangsu/02/2010
Jiangsu/03/2010

pr— Zhejiang/1/2010

100 100

77.1

100

NP
0.0030

NA
0.0030

M1 NS1
00030

'— Heilongiang/L1/2013

89.1 Liaoning/27/2012
100 I_I_ e
Liaoning/H6/2012

= Cuangdong/23/2012

Figure 4. Phylogenetic trees

of canine influenza A(H3N2)
virus (H3N2 CIV) sequences
showing the initial emergence

of the virus in southern China
(green branches), its appearance
in northern and eastern China
(magenta branches) and South
Korea (blue branches), and its
introduction into the United States
(red branches). A) Individual
genome segment sequences.
Red branch numbers indicate
bootstrap proportion of US H3N2
CIV clade. Asterisks indicate
polyphyletic clades containing
US strains and most recent
strains from South Korea.

B) Concatenated segment
phylogenies of all available
complete nonreassortant H3N2
CIV genomes. Branch number
indicates bootstrap proportions
>75. All branch lengths are
proportional to the number of
nucleotide substitutions per

Korea/KRIBB01/2011
Korea/CY009/2010

[r— K Orea/S1/2012

R Guangdong/12/2012

site. All trees rooted by using
sequences from the earliest
isolated H3N2 CIV. Scale bars
indicate nucleotide substitutions

100

100

Korea/DG1/2014
99.2pe Koreal0589318/2015 per site. HA, hemagglutinin: M1,
Koreal0173915/2015 irix 1: NA. neuraminidase:
llinois2191/2015 matrix 1; NA, neuramini ;

0.0030

lllinois/1619144/2015
Florida/269770/2015
NorthCarolina/109904/2015
Georgia/104940/2015
Georgia/95391/2015
lllinois/283066/2015
Texas/343907/2015
lllinois/328292/2015
Indiana/003018/2016
lllinois/077753/2016

NP, nucleocapsid protein; NS1,
nonstructural 1; PA, polymerase
acidic; PB1, polymerase basic 1;
PB2, polymerase basic 2.

co-circulating between 2005 and 2008. Virology. 2010;408:71-9.
http://dx.doi.org/10.1016/j.virol.2010.08.022

dogs in Korea. Vet Microbiol. 2009;137:359-62. http://dx.doi.org/
10.1016/j.vetmic.2009.01.019

6. Dalziel BD, Huang K, Geoghegan JL, Arinaminpathy N, 12. Su S, Li H-T, Zhao F-R, Chen J-D, Xie JX, Chen Z-M, et al.
Dubovi EJ, Grenfell BT, et al. Contact heterogeneity, rather than Avian-origin H3N2 canine influenza virus circulating in farmed
transmission efficiency, limits the emergence and spread of canine dogs in Guangdong, China. Infect Genet Evol. 2013;14:444-9.
influenza virus. PLoS Pathog. 2014;10:¢1004455. http://dx.doi.org/ http://dx.doi.org/10.1016/j.meegid.2012.11.018
10.1371/journal.ppat.1004455 13. Wan X-F, Dong L, Lan Y, Long L-P, Xu C, Zou S, et al.
7. Pecoraro HL, Bennett S, Huyvaert KP, Spindel ME, Landolt GA. Indications that live poultry markets are a major source of human
Epidemiology and ecology of H3NS§ canine influenza viruses H5NI influenza virus infection in China. J Virol. 2011;85:13432-8.
in US shelter dogs. J Vet Intern Med. 2014;28:311-38. http://dx.doi.org/10.1128/JVI1.05266-11
http://dx.doi.org/10.1111/jvim.12301 14.  Dubovi EJ, Njaa BL. Canine influenza. Vet Clin North Am Small
8. LiS, Shi Z, Jiao P, Zhang G, Zhong Z, Tian W, et al. Anim Pract. 2008;38:827-35, viii. http://dx.doi.org/10.1016/
Avian-origin H3N2 canine influenza A viruses in Southern China. j.cvsm.2008.03.004
Infect Genet Evol. 2010;10:1286-8. http://dx.doi.org/10.1016/ 15. Lee Y-N, Lee D-H, Park J-K, Yuk S-S, Kwon J-H, Nahm S-S, et al.
j-meegid.2010.08.010 Experimental infection and natural contact exposure of ferrets with
9. Lee Y-N, Lee D-H, Lee H-JJ, Park J-K, Yuk S-S, Sung H-J, et al. canine influenza virus (H3N2). J Gen Virol. 2013;94:293-7.
Evidence of H3N2 canine influenza virus infection before 2007. http://dx.doi.org/10.1099/vir.0.042473-0
Vet Rec. 2012;171:477. http://dx.doi.org/10.1136/vr.100718 16. Lyoo K-S, Kim J-K, Kang B, Moon H, Kim J, Song M, et al.
10.  Zhu H, Hughes J, Murcia PR. Origins and evolutionary dynamics Comparative analysis of virulence of a novel, avian-origin

of H3N2 canine influenza virus. J Virol. 2015;89:5406—18. H3N2 canine influenza virus in various host species. Virus Res.

http://dx.doi.org/10.1128/JVI1.03395-14 2015;195:135-40. http://dx.doi.org/10.1016/j.virusres.2014.08.020
11.  Lee C, Song D, Kang B, Kang D, Yoo J, Jung K, et al. 17.  Abente EJ, Anderson TK, Rajao DS, Swenson S, Gauger PC,

A serological survey of avian origin canine H3N2 influenza virus in Vincent AL. The avian-origin H3N2 canine influenza virus that
1956 Emerging Infectious Diseases « www.cdc.gov/eid ¢ Vol. 23, No. 12, December 2017



20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

recently emerged in the United States has limited replication in
swine. Influenza Other Respi Viruses. 2016;10:429-32.
http://dx.doi.org/10.1111/irv.12395

Jeoung H-Y, Lim S-I, Shin B-H, Lim J-A, Song J-Y, Song D-S,

et al. A novel canine influenza H3N2 virus isolated from

cats in an animal shelter. Vet Microbiol. 2013;165:281-6.
http://dx.doi.org/10.1016/j.vetmic.2013.03.021

Song DS, An DJ, Moon HJ, Yeom MJ, Jeong HY, Jeong WS,

et al. Interspecies transmission of the canine influenza H3N2 virus
to domestic cats in South Korea, 2010. J Gen Virol. 2011;92:
2350-5. http://dx.doi.org/10.1099/vir.0.033522-0

LinD, Sun S, DuL, Ma J, Fan L, Pu J, et al. Natural and
experimental infection of dogs with pandemic HIN1/2009
influenza virus. J Gen Virol. 2012;93:119-23. http://dx.doi.org/
10.1099/vir.0.037358-0

Chang CP, New AE, Taylor JF, Chiang HS. Influenza virus
isolations from dogs during a human epidemic in Taiwan.

Int J Zoonoses. 1976;3:61-4.

Song D, Moon H-J, An D-J, Jeoung H-Y, Kim H, Yeom M-J, et al.
A novel reassortant canine H3N1 influenza virus between pandemic
HINTI and canine H3N2 influenza viruses in Korea. J Gen Virol.
2012;93:551-4. http://dx.doi.org/10.1099/vir.0.037739-0

Hong M, Na W, Yeom M, Park N, Moon H, Kang B-K, et al.
Complete genome sequences of H3N2 canine influenza virus

with the matrix gene from the pandemic A/HINI virus.

Genome Announc. 2014;2:¢01010-4. http://dx.doi.org/10.1128/
genomeA.01010-14

Moon H, Hong M, Kim JK, Seon B, Na W, Park SJ, et al. H3N2
canine influenza virus with the matrix gene from the pandemic A/
HINT1 virus: infection dynamics in dogs and ferrets. Epidemiol Infect.
2015;143:772-80. http://dx.doi.org/10.1017/S0950268814001617
Lee IH, Le TB, Kim HS, Seo SH. Isolation of a novel H3N2
influenza virus containing a gene of HIN2 avian influenza in

a dog in South Korea in 2015. Virus Genes. 2016;52:142-5.
http://dx.doi.org/10.1007/s11262-015-1272-z

Suzuki Y, Ito T, Suzuki T, Holland RE Jr, Chambers TM, Kiso M,
et al. Sialic acid species as a determinant of the host range of
influenza A viruses. J Virol. 2000;74:11825-31. http://dx.doi.org/
10.1128/JV1.74.24.11825-11831.2000

Ning Z-Y, Wu X-T, Cheng Y-F, Qi W-B, An Y-F, Wang H, et al.
Tissue distribution of sialic acid-linked influenza virus receptors in
beagle dogs. J Vet Sci. 2012;13:219-22. http://dx.doi.org/10.4142/
jvs.2012.13.3.219

Lofling J, Lyi SM, Parrish CR, Varki A. Canine and feline
parvoviruses preferentially recognize the non-human cell surface
sialic acid N-glycolylneuraminic acid. Virology. 2013;440:89-96.
http://dx.doi.org/10.1016/j.virol.2013.02.009

Senne DA, Panigrahy B, Kawaoka Y, Pearson JE, Siiss J,

Lipkind M, et al. Survey of the hemagglutinin (HA)

cleavage site sequence of HS and H7 avian influenza viruses:
amino acid sequence at the HA cleavage site as a marker of patho-
genicity potential. Avian Dis. 1996;40:425-37.
http://dx.doi.org/10.2307/1592241

Emerging Infectious Diseases * www.cdc.gov/eid ¢ Vol. 23, No. 12, December 2017

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Canine Influenza A(H3N2) Virus, USA

NCBI Resource Coordinators. Database resources of the National
Center for Biotechnology Information. Nucleic Acids Res.
2016;44(D1):D7-19. http://dx.doi.org/10.1093/nar/gkv1290
Schwartz J. Midwest canine influenza outbreak caused by new
strain of virus [cited 2016 Jul 27]. http://mediarelations.cornell.
edu/2015/04/12/midwest-canine-influenza-outbreak-caused-by-
new-strain-of-virus
Watson CE, Bell C, Toohey-Kurth K. H3N2 canine influenza
virus infection in a dog. Vet Pathol. 2017;54:527-30.
http://dx.doi.org/10.1177/0300985816681411
Newbury S, Godhardt-Cooper J, Poulsen KP, Cigel F, Balanoff L,
Toohey-Kurth K. Prolonged intermittent virus shedding during an
outbreak of canine influenza A H3N2 virus infection in dogs in
three Chicago area shelters: 16 cases (March to May 2015).
J Am Vet Med Assoc. 2016;248:1022—6. http://dx.doi.org/10.2460/
javma.248.9.1022
Mena I, Nelson MI, Quezada-Monroy F, Dutta J, Cortes-Fernandez R,
Lara-Puente JH, et al. Origins of the 2009 HIN1 influenza
pandemic in swine in Mexico. eLife. 2016;5:e16777.
http://dx.doi.org/10.7554/eLife. 16777
Kearse M, Moir R, Wilson A, Stones-Havas S, Cheung M,
Sturrock S, et al. Geneious Basic: an integrated and extendable
desktop software platform for the organization and analysis of
sequence data. Bioinformatics. 2012;28:1647-9. http://dx.doi.org/
10.1093/bioinformatics/bts199
Katoh K, Misawa K, Kuma K, Miyata T. MAFFT: a novel method
for rapid multiple sequence alignment based on fast Fourier
transform. Nucleic Acids Res. 2002;30:3059—66. http://dx.doi.org/
10.1093/nar/gkt436
Guindon S, Gascuel O, Rannala B. A simple, fast, and accurate
algorithm to estimate large phylogenies by maximum likelihood.
Syst Biol. 2003;52:696—704. http://dx.doi.org/10.1080/
10635150390235520
Martin DP, Murrell B, Golden M, Khoosal A, Muhire B. RDP4:
detection and analysis of recombination patterns in virus genomes.
Virus Evol. 2015;1:vev003. PMID: 27774277
A Humane Nation. 200 more dogs saved from the butcher in
South Korea [cited 2017 Jan 26]. http://blog.humanesociety.org/
wayne/2017/01/200-dogs-saved-butcher-south-korea.html
Cureton DK, Scott-Garrard M, Parker DS, House A, Veal E,
Aitcheson T, et al. An inactivated H3N2 canine influenza virus
(CIV) vaccine aids in the prevention of clinical disease and virus
shedding in dogs challenged with virulent H3N2 CIV. Int J Appl
Res Vet Med. 2016;14:128-34.
Rodriguez L, Nogales A, Reilly EC, Topham DJ, Murcia PR,
Parrish CR, et al. A live-attenuated influenza vaccine for
H3N2 canine influenza virus. Virology. 2017;504:96—106.
http://dx.doi.org/10.1016/j.virol.2017.01.020

Address for correspondence: Colin R. Parrish, Baker Institute for Animal

Health, College of Veterinary Medicine, Cornell University, Ithaca, NY
14853, USA; email: crp3@cornell.edu

1957



