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Equine and Canine Influenza H3N8 Viruses Show Minimal Biological
Differences Despite Phylogenetic Divergence

Kurtis H. Feng,? Gaelle Gonzalez,® Lingquan Deng,® Hai Yu,? Victor L. Tse,® Lu Huang,? Kai Huang,? Brian R. Wasik,? Bin Zhou,f
David E. Wentworth,’ Edward C. Holmes,? Xi Chen,® Ajit Varki,® Pablo R. Murcia,® Colin R. Parrish?

Department of Microbiology and Immunology, Baker Institute for Animal Health, College of Veterinary Medicine, Cornell University, Ithaca, New York, USA?, Medical
Research Council-University of Glasgow Centre for Virus Research, Glasgow, Scotland, United Kingdom®; Cellular and Molecular Medicine, Glycobiology Research and
Training Center, University of California, San Diego, La Jolla, California, USAS; Department of Chemistry, University of California, Davis, Davis, California, USAY; Department
of Microbiology and Immunology, College of Veterinary Medicine, Cornell University, Ithaca, New York, USA®; Infectious Disease Group, J. Craig Venter Institute, Rockville,
Maryland, USA; Marie Bashir Institute for Infectious Diseases and Biosecurity, Charles Perkins Centre, School of Biological Sciences and Sydney Medical School, The
University of Sydney, Sydney, New South Wales, Australia®

ABSTRACT

The A/H3NS8 canine influenza virus (CIV) emerged from A/H3N8 equine influenza virus (EIV) around the year 2000 through the
transfer of a single virus from horses to dogs. We defined and compared the biological properties of EIV and CIV by examining
their genetic variation, infection, and growth in different cell cultures, receptor specificity, hemagglutinin (HA) cleavage, and
infection and growth in horse and dog tracheal explant cultures. Comparison of sequences of viruses from horses and dogs re-
vealed mutations that may be linked to host adaptation and tropism. We prepared infectious clones of representative EIV and
CIV strains that were similar to the consensus sequences of viruses from each host. The rescued viruses, including HA and neur-
aminidase (NA) double reassortants, exhibited similar degrees of long-term growth in MDCK cells. Different host cells showed
various levels of susceptibility to infection, but no differences in infectivity were seen when comparing viruses. All viruses pre-
ferred a2-3- over a2-6-linked sialic acids for infections, and glycan microarray analysis showed that EIV and CIV HA-Fc fusion
proteins bound only to a2-3-linked sialic acids. Cleavage assays showed that EIV and CIV HA proteins required trypsin for effi-
cient cleavage, and no differences in cleavage efficiency were seen. Inoculation of the viruses into tracheal explants revealed simi-
lar levels of infection and replication by each virus in dog trachea, although EIV was more infectious in horse trachea than CIV.

IMPORTANCE

Influenza A viruses can cross species barriers and cause severe disease in their new hosts. Infections with highly pathogenic avian
H5N1 virus and, more recently, avian H7N9 virus have resulted in high rates of lethality in humans. Unfortunately, our current
understanding of how influenza viruses jump species barriers is limited. Our aim was to provide an overview and biological
characterization of H3N8 equine and canine influenza viruses using various experimental approaches, since the canine virus
emerged from horses approximately 15 years ago. We showed that although there were numerous genetic differences between
the equine and canine viruses, this variation did not result in dramatic biological differences between the viruses from the two
hosts, and the viruses appeared phenotypically equivalent in most assays we conducted. These findings suggest that the cross-
species transmission and adaptation of influenza viruses may be mediated by subtle changes in virus biology.

Inﬂuenza A viruses are maintained in aquatic birds as intestinal
infections, occasionally transfer to and become established as
respiratory infections in mammals, including humans, and some-
times spread from one mammal to another (1, 2). Mammalian
hosts that have been commonly seen to maintain avian-derived
viruses include swine, horses, humans, mink, seals, and, recently,
dogs (2-5). Host transfers between different birds, from birds to
mammals, or between different mammalian hosts are relatively
common but mostly result in single infections or limited out-
breaks. On rare occasions, the host-transferred viruses go on to
cause sustained epidemics or pandemics in their new hosts. Influ-
enza viruses causing epidemics in new hosts often have mutations
that appear to be specific to the new hosts in several gene seg-
ments, and in some cases these have been shown to control host
adaptation (6-8). In many cases, the transferred virus was ob-
served to be a reassortant with segments from a number of differ-
ent ancestors, or it soon reassorted with another influenza virus
infecting that host (9, 10).

A number of different viral functions have been associated with
host adaptation of influenza viruses. Specific sialic acid binding
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and/or cleavage is often a key factor in host adaptation because
sialic acids are primary influenza virus receptors, and mutations in
the receptor-interacting proteins, the hemagglutinin (HA) and
neuraminidase (NA), often appear upon host transfer. Key traits
include HA recognition of a2-3- or a2-6-linked sialic acids; avian
viruses are generally specific for a2-3-linked receptors, and hu-
man viruses are generally specific for a2-6-linked receptors (11—
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FIG 1 Maximum likelihood phylogenetic tree of 400 EIV and CIV HA sequences, with the latter shown in red. All tip labels were removed for clarity of
representation. SH-like branch supports are shown for key nodes, as are time ranges of sampling for the main clusters of viral sequences. The CIV sequences
clearly form a single monophyletic group, indicative of a single viral emergence event in dogs.

13). There is often a coordination of the NA activity and specificity
that correlates with HA binding and the sialic acid linkages that are
present in the host (14). Importantly, mutations in other gene
segments, including PB2, PA, NP, M, and NS, are often seen (15—
18). In particular, polymerase subunits PB2 and PA control repli-
cation in different host cells and at different temperatures (19).
Some mutations in the M gene segment have been associated with
transmission (20), while NP mutations control the interactions
with MxA, a host-derived antiviral molecule (21). Mutations in
the NS1 gene control a variety of host-specific functions and in-
nate immune responses (22, 23). Despite the identification of
these mutations, we lack a complete understanding of the factors
that control specific virus host range, particularly in nature, or of
the host barriers that regulate the transfer of viruses to new hosts.

In this study, we examined the host tropism associated with the
transfer to and continuing replication of the A/H3N8 equine in-
fluenza virus (EIV) in dogs to create the phylogenetically distinct
lineage of A/H3NS8 canine influenza viruses (CIVs) (Fig. 1) (3,
24-26). CIV was first identified in Florida in 2004, when it caused
an outbreak in greyhounds in a training facility, and it was soon
recognized to be closely related to EIV (3). Infected greyhounds
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carried the virus to different regions of the United States, and
many other breeds of dogs have since been infected (24, 27, 28).
CIV has continued to circulate in some regions of the United
States, and for the past several years it appears to have been pri-
marily maintained in several hot spots where there are high-den-
sity and high-turnover dog populations, including animal shelters
in New York, NY, Philadelphia, PA, Colorado Springs, CO, and
Denver, CO (26, 28, 29). Dogs appear to be a naturally receptive
host of influenza virus, because in addition to the equine-origin
A/H3N8 virus, an avian-origin A/H3N2 subtype has spread
among dogs in Korea and China since 2006 (30, 31).
Examination of A/H3N8 isolates collected from dogs has
shown that all segments contained CIV-specific mutations not
seen in equine viruses, or seen only at very low frequencies (26,
28). However, it is not known how these CIV-specific mutations
alter host range and tropism or whether there has been ongoing
selection of canine-adaptive mutations during the extended pas-
sage in dogs. To determine whether any of the CIV-specific mu-
tations play a role in virus host switching and adaptation, we
examined protein sequences of all available CIV sequences depos-
ited in GenBank (NCBI). We also prepared reverse-genetics plas-
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mid sets of EIV and CIV and used these to derive viruses that
we tested for host tropism and infectivity in cells. Additionally, we
examined receptor specificity and HA cleavage, and lastly, we
looked at growth and infectivity of these viruses in horse and dog
tracheal explants.

MATERIALS AND METHODS

Cells and cell culture. All mammalian cells were grown at 37°C under 5%
CO, and included Marbin-Darby canine kidney (MDCK) cells, canine
tumor (A72) fibroblasts, Norden laboratory feline kidney (NLFK) cells,
human lung cancer (A549) cells, human kidney embryonic kidney
(HEK293T) cells, ferret (Mpf) fibroblasts, Chinese hamster ovary (CHO)
cells, and equine kidney (EQKD) cells. Cells were grown in Dulbecco’s
modified Eagle medium (DMEM) supplemented with 10% fetal bovine
serum (FBS). Insect cells (Sf9 and High Five) were grown in Grace’s insect
medium supplemented with 10% FBS at 23°C. CHO cells express only
a2-3-linked sialic acids (32). To generate CHO cells with various levels
of a2-6-linked sialic acids, cells were transfected with a plasmid expressing
a2-6 sialyltransferase (33) using Lipofectamine 2000 (Life Technologies,
Carlsbad, CA) and selected with hygromycin B (Life Technologies) at 250
pg/ml. Stably transfected cells were double stained to detect the levels of
expression of a2-3- or a2-6-linked sialic acids. Biotinylated Maackia
amurensis agglutinin type 1 (MAA1) (Vector Laboratories, Burlingame,
CA) was used to detect a2-3-linked sialic acids, and fluorescein isothio-
cyanate (FITC)-conjugated Sambucus nigra agglutinin (SNA) (Vector
Laboratories) was used to detect a2-6-linked sialic acids. Cells were incu-
bated with biotinylated MAAL for 1 h on ice and then with FITC-conju-
gated SNA and phycoerythrin (PE)-conjugated streptavidin (Life Tech-
nologies). Cells were assayed by flow cytometry by following the
commercial protocol using the Millipore Guava EasyCyte Plus flow cy-
tometer (EMD Millipore, Billerica, MA), and expression levels were ana-
lyzed by FlowJo software (TreeStar, Ashland, OR).

Viruses, plasmids, and virus rescue. A/equine/NY/61191/2003 and
A/canine/NY/dog23/2009 were plaque purified and then passaged in
MDCK cells. The eight gene segments of each virus were cloned into
modified pDZ plasmids (34). Cocultures of HEK293T and MDCK cells
(2:1 ratio) in 6-well plates were transfected with 300 ng of each of the eight
influenza virus plasmids using TransIT-LT1 (Mirus Bio, Madison, WI).
At 24 h posttransfection, medium was changed to DMEM with 0.3%
bovine serum albumin (BSA) containing 1 pg/ml of tosylsulfonyl pheny-
lalanyl chloromethyl ketone (TPCK) trypsin from bovine pancreas (Sig-
ma-Aldrich, St. Louis, MO). After 48 h, the supernatant was harvested and
used to inoculate MDCK cells supplemented with 1 ug/ml of trypsin in
6-well plates to grow P2 virus. The supernatant was harvested 72 h later
and clarified by low-speed centrifugation. Standard hemagglutination as-
says using 0.5% chicken erythrocytes (Lampire Biological Laboratories,
Pipersville, PA) confirmed the presence of P2 virus (35). The virus was
used to infect MDCK cells supplemented with 1 pg/ml of trypsin in 75-
cm? flasks to grow up working stocks of P3 virus. At 72 h postinfection,
supernatant was harvested and clarified, and virus was frozen down at
—80°C in 500-pl aliquots.

Virus titration. Virus stocks were quantified by 50% tissue culture
infectious dose (TCIDs,), HA assays, and genome copies (by real-time
quantitative reverse transcription-PCR [real time qRT-PCR]). TCID,
was determined using 96-well plates seeded with MDCK cells. Briefly,
virus stocks were 10-fold serially diluted in DMEM and 50-pl volumes
were inoculated into each well across 8 rows. After 48 h of incubation, cells
were fixed with 4% paraformaldehyde (PFA) for 10 min. Cells were then
washed with phosphate-buffered saline (PBS), and mouse IgG anti-nu-
cleoprotein (anti-NP) antibody (Creative Diagnostics, Shirley, NY) was
added to each well in permeabilization buffer (PBS with 0.5% saponin).
After 1 h of incubation, cells were washed with PBS and then incubated for
1 h with goat IgG anti-mouse Alexa Fluor 488-conjugated antibody (Life
Technologies) in permeabilization buffer. Cells were washed with PBS
and viewed by a Nikon TE300 fluorescence microscope. Each well was
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scored as positive for infection as long as there was a single infected cell,
and TCID,, was calculated using the Reed and Muench method. Standard
hemagglutination assays were performed using 0.5% chicken erythrocytes
as mentioned above. Virus genome copies were calculated by real-time
qRT-PCR targeting the influenza virus M gene segment (36). First, viral
RNA was extracted using a QIAmp viral RNA minikit (Qiagen, Venlo,
Netherlands). Next, the viral RNA, two outside primers specific for influ-
enza virus M, and a TagMan probe were used to set up standard reaction
cocktails using the QuantiTect Probe PCR kit (Qiagen) supplemented
with ImProm-II reverse transcriptase (Promega, Madison, WI). Samples
were exposed to a reverse transcription step and subsequent 40-cycle am-
plification step in an AB StepOnePlus real-time qRT-PCR machine (Ap-
plied Biosciences, Foster City, CA), and genome copies per microliter
were calculated based on the threshold cycle (C;) values of a standard
curve generated using the influenza virus M gene plasmid.

Phylogenetic analysis. A total of 400 representative HA sequences of
EIV and CIV sequences were downloaded from GenBank. A minimum
sequence length comprising at least the HA1 domain was set, and identical
sequences were excluded. The sequences were easily aligned using the
MAFFT method available in Geneious (37), resulting in a total alignment
length of 1,710 bp. The phylogenetic relationships among these sequences
were then determined using the maximum likelihood (ML) approach
available in the PhyML program (38). This analysis utilized the general-
ized time-reversible plus (GTR+) model of nucleotide substitution and a
combination of subtree pruning and regrafting (SPR) and nearest neigh-
bor interchange (NNI) branch swapping. The robustness of individual
nodes on the phylogeny was assessed using Shimodaira-Hasegawa-like
(SH-like) branch supports.

Virus sequencing. Virus RNA was extracted usinga QIAmp viral RNA
minikit. The cDNA was synthesized using avian myeloblastosis virus
(AMV) reverse transcriptase (Promega) and universal primer Unil2 (5'-
AGCAAAAGCAGG-3'). Influenza HA and NA gene segments were am-
plified by PCR with EIV and CIV gene-specific primers. The PCR prod-
ucts were purified using the E.Z.N.A. Cycle-Pure kit (Omega Bio-Tek,
Norcross, GA). Purified DNA was sequenced using an Applied Biosystems
3730x] DNA analyzer (Life Technologies) at the Cornell University Insti-
tute of Biotechnology, and full-length genes were assembled using Laser-
gene software (DNASTAR, Madison, WI).

Virus sequence analysis. Consensus protein sequences of EIV and
CIV representing differences in host and time of sampling were generated
and compared. In this context, a consensus sequence is used to define the
most common amino acid in all available EIVs and CIVs (i.e., epidemio-
logical scale) and not simply those from a single host. All available EIV and
CIV sequences in GenBank were used. Sequence alignments were per-
formed using MEGA (Arizona State University, Phoenix, AZ), and Clustal
Omega (EMBL-EBI, Cambridge, United Kingdom) was used to find the
most common amino acid at each position. Three groups of consensus
EIV and CIV protein sequences (HA, NA, M1, NP, NS1, PA, PBI1, and
PB2) were generated. The first group represented EIV isolates sampled
close to the ancestor of the CIVs, starting from 1990 to 2011, the second
group represented CIV isolates sampled soon after the emergence in dogs
(between 2003 and 2007), and the third group represented CIV isolates
sampled after the virus had been circulating in dogs for at least 8 years
(since 2000), from 2008 to 2013. Both EIV and CIV plasmid sets were
compared with their respective consensus sequences to ensure that they
were good representatives of EIV and CIV.

Virus growth curves. MDCK cells were seeded in 12-well plates. Upon
reaching confluence, cells were washed with DMEM and incubated with
virus diluted in DMEM containing 0.3% BSA and 1 pg/ml of trypsin at a
multiplicity of infection (MOI) of 0.0006 based on TCID,, for 1 hat 37°C.
Cells were then washed with and replenished with fresh DMEM contain-
ing 0.3% BSA and 1 pg/ml of trypsin. Supernatants were harvested from
each well every 24 h for 5 days and stored at —80°C. TCID, and genome
copies for all time points were determined as described above.
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FIG 2 Comparison of EIV and CIV epidemiological-scale consensus protein sequences. The consensus sequences of eight major influenza virus proteins were
generated for EIV (1990 to 2011), for early CIV (2003 to 2007), and for more recent CIV (2008 to 2013). The three consensus sequences were aligned, and
differences are indicated by vertical bars along each protein. Each vertical bar indicates the amino acid position (H3 and N2 numbering) and specific amino acids
differences for EIV (red), early CIV (blue), and more recent CIV (green) sequences. A full vertical bar indicates a change comparing EIV to early CIV and no
change between early CIV and more recent CIV. Half of a vertical bar indicates no change between EIV and early CIV but a change between early CIV and more
recent CIV. Additionally, EIV NS1 can be truncated by 11 amino acids at the C terminus, while CIV NS1 is never truncated except for the first reported CIV

sequence in 2003 (A/canine/Florida/242/2003 [H3N8]).

Virus infection of cell lines derived from different hosts. Different
host cells were seeded in 48-well plates. Upon reaching confluence, cells
were washed and incubated with virus diluted in DMEM containing 0.3%
BSA and 0.5 pg/ml of trypsin at an MOI of 0.05 based on TCID,, for 1 h
at 37°C. Cells were then washed and replenished with fresh DMEM con-
taining 0.3% BSA and 0.5 pg/ml of trypsin. Cells were fixed with 4% PFA
for 10 min at 24 h postinfection and stained for NP expression as de-
scribed above and with 4’,6-diamidino-2-phenylindole (DAPI; Life Tech-
nologies) for 5 min following the commercial protocol. Stained cells were
visualized by fluorescence microscopy. Infections of different host cells
were also quantified by flow cytometry. Briefly, cells were grown in 48-
well plates and, upon reaching confluence, inoculated with virus as de-
scribed above atan MOI of 0.1 based on TCID,. Cells were harvested and
fixed with 4% PFA for 10 min at 24 and 48 h postinfection. Cells were
stained for NP and quantified by flow cytometry as described above, and
results were analyzed by FlowJo.

Lectin staining. Cells were grown in 48-well plates, and upon reaching
confluence, they were collected and fixed using 4% PFA. Cells were incu-
bated with either FITC-conjugated MAAI or FITC-conjugated SNA to
detect a2-3- or a2-6-linked sialic acids, respectively. After 1 h of incuba-
tion, cells were washed with PBS with 1% BSA. Cells were assayed by flow
cytometry as described above, and results were analyzed using FlowJo. In

July 2015 Volume 89 Number 13

Journal of Virology

addition to flow cytometry, fluorescence microscopy was also used to look
at lectin-stained cells.

Construction and purification of HA-Fc fusion proteins. The EIV
and CIV HA ectodomains (the same sequences as in the reverse-genetics
plasmids) were fused to human IgG1 Fc at the C terminus, followed by a
hexahistidine tag (39, 40). The baculovirus gp64 secretion peptide was
fused to the constructs at the N terminus. The genes were synthesized by
GeneScript (Piscataway, NJ) and cloned into pFastBac-1 (Life Technolo-
gies) to generate recombinant bacmids by following the commercial pro-
tocol. Recombinant baculoviruses were recovered by bacmid transfection
into Sf9 insect cells using Cellfectin II (Life Technologies). Viruses were
then used to infect suspension High Five cells, and 2 days postinfection,
the proteins were purified by binding to a HiTrap ProteinG HP 5-ml
column (GE Healthcare Life Sciences, Piscataway, NJ) and eluted with 0.1
M citrate, pH 3.0 (pH neutralization to 7.8 with 1 M Tris, pH 9.0) using an
AKTA fast protein liquid chromatography (FPLC) system (GE Healthcare
Life Sciences). The HA-Fc containing fractions were dialyzed in PBS and
concentrated using 30-kDa Amicon Ultra-15 centrifugal filter tubes
(EMD Millipore). The proteins were stored at —80°C in aliquots. Con-
centration was measured using Beer-Lambert law calculation based on the
A, reading.
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TABLE 1 Reverse-genetics rescue of EIV, CIV, and reassortant viruses”

No. of log No. of log genome No. of
Virus TCID;,/ml copies/pl HA units
EIV 6.82 7.99 64
CIv 6.63 7.28 32
EIV/CIV HA+NA 6.40 7.11 32
CIV/EIV HA+NA 6.47 7.26 32

“ A representative EIV (A/equine/NY61191/2003) and CIV (A/canine/NY/dog23/2009)
were recovered from 8 reverse-genetics plasmids along with HA and NA double
reassortant viruses. Virus rescue was confirmed by TCIDy, virus genome copies, and
hemagglutination assays using chicken erythrocytes.

Testing virus receptor specificity. CHO cells and CHO cells express-
ing a2-6-linked sialic acids (6H4 cells) were grown in 48-well plates.
When confluent, cells were inoculated with viruses as described above at
an MOI of 1 based on TCIDs,. After 24 h postinfection, cells were col-
lected and fixed by 4% PFA. Cells were stained for NP and quantified by
flow cytometry as described above, and results were analyzed using
FlowJo. Purified EIV and CIV HA-Fc proteins were used in glycan
binding microarrays. The microarrays were fabricated using epoxide-
derivatized glass slides, and the high-throughput protein binding
screening was carried out as previously described (41, 42). Briefly,
freshly printed glycan microarray slides were blocked by ethanol-
amine, washed and dried, and then fitted in a multiwell microarray
hybridization cassette (Arraylt, CA) to divide them into subarrays.
The subarrays were blocked with ovalbumin (1%, wt/vol) in PBS (pH
7.4) for 1 h at room temperature in a humid chamber with gentle
shaking. Subsequently, the diluted HA-Fc samples were added to the
subarrays and incubated for 2 h at room temperature with gentle shak-
ing, and lastly, the slides were extensively washed. Fluorescently la-
beled antibody (Cy3-labeled goat anti-human IgG; Jackson Immu-
noResearch Laboratories) was then applied and incubated for 1 h.
Following final washes and drying, the developed glycan microarray
slides were scanned with a Genepix 4000B microarray scanner (Mo-
lecular Devices Corp., Union City, CA). Data analysis was done using
Genepix Pro 7.0 analysis software (Molecular Devices Corp., Union
City, CA).

HA cleavage assays. HEK293T cells were seeded in 24-well plates
coated with poly-p-lysine. Upon reaching 70% confluence, 500 ng of each
respective HA plasmid was transfected using Lipofectamine 2000 (Life
Technologies) by following the manufacturer’s protocol. After 18 h post-
transfection, cells were washed with PBS and incubated with trypsin at 3
pg/ml for 15 min. Cells were kept at 4°C and surface biotinylated using
sulfo-NHS-SS-biotin (Thermo Scientific) at 250 pg/ml for 30 min by
following the manufacturer’s protocol. Excess biotin was quenched using
50 mM glycine for 10 min. Cells were lysed using radioimmunoprecipi-
tation assay (RIPA) buffer (EMD Millipore) with complete protease in-
hibitor cocktail tablets (Roche, Nutley, NJ) for 10 min. Lysed cells were
high-speed centrifuged for 20 min at 4°C. Supernatant was collected and
incubated with a 50% suspension of streptavidin agarose beads (Thermo
Scientific) for 18 h with rotation at 4°C. Beads were then washed with
RIPA buffer and resuspended in 2X Laemmli sample buffer containing
10% beta-mercaptoethanol for Western blotting (43). HA bands were
detected using goat IgG polyclonal anti-H3 HA antibody (BEI Resources,
Manassas, VA) followed by rabbit IgG anti-goat antibody conjugated to
horseradish peroxidase (Thermo Scientific). Western blot images were
taken using a FujiFilm LAS-3000 imaging system. The pixel density of HA
bands was measured by Image] (National Institutes of Health, Bethesda,
MD), and relative cleavage efficiencies were calculated based on the fol-
lowing formula: (HA,/HA, + HA,) X 100 (43).

Infection of horse and dog tracheal explants. Tracheal explant cul-
tures were acquired, prepared, maintained, and tested for viability as de-
scribed previously (44—46). Viruses were used to infect explants by inoc-
ulating 400 TCID;,, units of each virus directly on the epithelium layer.
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Virus growth was assayed by plaque assays in MDCK cells every 24 h as
described previously (44). Explant sections were used for hematoxylin
and eosin staining and also for virus antigen NP staining on days 1, 3, and
5 postinfection (44). Due to the difficulty of obtaining fresh horse trachea
from healthy animals, only one experimental replicate was done using the
horse tracheal explants.

Statistics. Statistical significance was measured by the Student ¢ test
using GraphPad Prism when appropriate.

RESULTS

EIV and CIV genetic analysis. Three sets of epidemiological-scale
consensus protein sequences were generated: EIV (1990 to 2011),
early CIV (2003 to 2007), and more recent CIV (2008 to 2013)
(Fig. 2). Sequence alignments revealed consensus amino acid mu-
tations in the eight major proteins. Some mutations were seen
only between EIV and early CIV sequences, while others appeared
only between the early CIV and more recent CIV sequences. HA
exhibited the greatest number of mutations, while M1 showed the
least. In addition, a phylogenetic analysis of 400 EIV and CIV HA
sequences clearly showed that the CIV sequences formed a single
monophyletic group distinct from EIV (Fig. 1).

Our analysis revealed substitutions at putative HA antigenic
sites (residues 54, 75, 83, 92, 159, and 216), the receptor binding
pocket (residues 222 and 223), and sites that may influence HA
cleavage (residues 328 and 483) (47-50). Although there were no
NA mutations in the active site, changes at position 149 may affect
sialidase activity because the 150 loop can incorporate sialic acid

A
(A) 4
7-
E 6' //// \\\\ h
Qs 57 i~~~~*\\
O 41 — ENV
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FIG 3 EIV, CIV, and reassortant virus growth curves in MDCK cells. Viruses
were used to inoculate MDCK cells at an MOI of 0.0006 in the presence of 1
pg/ml of trypsin. Infectious titer (A) and genome copies per microliter (B)
were determined every 24 h postinfection. Error bars represent standard devi-
ations from three independent experiments.
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derivatives to inhibit NA enzymatic activity (51). Mutations at the
N terminus of NP (residues 27 and 52) were located in RNA and
PB2 binding domains, and mutations at the C terminus (residues
359, 375, and 498) may influence NP polymerization and binding
to host actin (52). The M1 138 mutation was in a domain that is
responsible for polymerization and binding to NP (53). Muta-
tions in NSI could potentially change a number of interactions
with host proteins, including poly(A)-binding proteins I and II,
importin-a, nucleolin, and translation initiation factors (54).

July 2015 Volume 89 Number 13

Journal of Virology

Structural insights into the polymerase proteins have revealed
functional domains, and our analysis revealed mutations in those
regions. For example, mutations in PB2 (residues 374 and 389)
were located in the host RNA cap binding domain, C-terminal
mutations in PB1 (residues 687 and 754) may affect binding to
PB2, and mutations in PA (residues 327, 348, 388, 400, 444, and
675) may alter interactions with PB1 (55). The mutation at posi-
tion 27 in PA was located in the endonuclease domain, and with
the recent discovery of PA-X, the mutation may affect PA-X-
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FIG 5 Quantification of EIV, CIV, and reassortant virus infections in different host cells, and PR8 infections of cells least permissive to EIV and CIV. Viruses were
used to inoculate different host cells at an MOI of 0.1 in the presence of 0.5 pg/ml of trypsin and quantified by flow cytometry at 24 h and 48 h postinfection (A).
Similarly, PR8, EIV, CIV, and reassortant viruses were used to inoculate A549 and EQKD cells atan MOI of 0.05 in the in the presence of 0.5 pg/ml of trypsin and
visualized by fluorescence microscopy (anti-NP staining) 24 h postinfection (B). Error bars represent standard deviations from three independent experiments.

specific host gene suppression (56-59). Additionally, positions
400 in PA and 292 in PB2 may be host determinants and play
roles in virus adaptation (60, 61).

Rescued viruses and virus growth. An EIV sampled close to
the ancestral sequence of CIV (A/equine/NY/61191/2003) and a
CIV sampled from 9 years after the virus transferred into dogs
(A/canine/NY/dog23/2009) were chosen as representatives of
these viruses based on comparing their sequences to the consen-
sus, and they were rescued by reverse genetics. Additionally, two
reassortant viruses were recovered: EIV with CIV HA and NA and
the reciprocal virus, CIV with EIV HA and NA. All viruses reached
high infectious titers after minimal passages in MDCK cells and
were able to hemagglutinate chicken erythrocytes (Table 1). The
HA and NA genes of the virus stocks were sequenced, and there
were no mutations determined by comparing the sequences to the
reverse-genetics plasmids. Five-day growth curves for the viruses
were determined in MDCK cells, and there was no significant
difference (P > 0.05) in yields of infectious particles (Fig. 3A) or
RNA copies (Fig. 3B). Infectious titers peaked for all viruses be-
tween 48 and 72 h and then steadily declined. RNA copies reached
their peaks at similar time points and then plateaued.

EIV and CIV infections in different host cells. Viruses were
used to inoculate cells (MOI = 0.05) from several hosts: MDCK
(dog), A72 (dog), NLFK (cat), Mpf (ferret), A549 (human), and
EQKD (horse). Cells were stained for virus NP at 24 h postinfec-
tion, and visually, the infectivities of the viruses looked similar;
however, different host cells exhibited various levels of suscepti-
bility to infection (Fig. 4). MDCK, A72, and NLFK cells were all
heavily infected. Mpf cells were moderately infected, and A549
and EQKD cells were poorly infected. To further analyze infectiv-
ity in different host cells, viruses were used to inoculate four types
of host cells (two that were permissive to infection, MDCK and
A72 cells, and the two that were least permissive to infection, A549
and EQKD cells) (MOI = 0.1), and the percentage of infected cells
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was quantified by flow cytometry at 24 and 48 h postinfection
(Fig. 5A). There was no significant difference (P > 0.05) in infec-
tivity between the viruses. At 24 h postinfection, around 40% of
MDCK and A72 cells were infected by all viruses. In contrast,
about 15% of A549 and EQKD cells stained positive for infection.
At 48 h postinfection, the percentage of MDCK and A72 infected
cells rose to around 70 to 80%, while the percent increase of in-
fected A549 and EQKD cells was much more modest, around 20%
(Fig. 5A). To ensure that A549 and EQKD cells can be infected by
influenza virus, the laboratory-adapted human virus A/Puerto Ri-
c0/8/1934 HIN1 (PR8) was used to infect A549 and EQKD cells
(MOI = 0.05), and its infectivity was compared to those of EIV
and CIV at 24 h postinfection (Fig. 5B). PR8 infected high pro-
portions of A549 and EQKD cells, in contrast to EIV and CIV.
EIV and CIV receptor specificity. To determine if the differ-
ence in infectivity of various host cells was due to virus receptor
availability and/or differences, cells were lectin stained and visu-
alized by microscopy and fluorescence was measured by flow cy-
tometry (Fig. 6). MDCK, A72, A549, and EQKD cells all stained
positive for both a2-3- and a2-6-linked sialic acids, while NLFK
and Mpf cells were stained predominately for a2-3-linked sialic
acids (Fig. 6A and B). Overall, there was a higher relative concen-
tration of a2-3-linked sialic acids compared to a2-6-linked sialic
acids in all cell lines (Fig. 6C). CHO cells expressed only a2-3-
linked sialic acids, while CHO cells stably transfected with a2-6
sialyltransferase (6H4) expressed both a2-3- and a2-6-linked
sialic acids (Fig. 7A). Viruses were used to inoculate these cells
(MOI = 1), and infectivity was assayed by flow cytometry 24 h
postinfection. There was no significant difference (P > 0.05) in
infectivity among the viruses, but all viruses showed around a 50%
reduction in their ability to infect 6H4 cells compared to CHO
cells (Fig. 7B). To further analyze EIV and CIV receptor specific-
ity, HA-Fc fusion proteins were generated and used to bind dif-
ferent glycans on microarrays. The binding specificities for the
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FIG 6 Lectin staining of different host cells. Different host cells were lectin stained using FITC-conjugated MAAL1 to detect a2-3-linked sialic acids and
FITC-conjugated SNA to detect a2-6-linked sialic acids and visualized by fluorescence microscopy (A) or assayed by flow cytometry (B). Relative abundance of
the sialic acids was measured by flow cytometry as well (C). Error bars represent standard deviations from three independent experiments.

EIV and CIV HA-Fc proteins were similar; both bound to a2-3-
linked sialic acids, and neither bound to any a2-6-linked sialic
acids in the array (Fig. 7C).

EIV and CIV HA cleavage efficiency. HA cleavage assays
showed that both wild-type proteins and CIV HA mutants (T328I
and T483N) were efficiently cleaved by trypsin under the condi-
tions of this trial (Fig. 8A). There was an extra band detected of
around 38 kDa, and this was most likely degraded HA product
detected by the polyclonal antibody. CIV HA T483N had a lower
percentage of cleavage than did EIV and CIV HA T328I (Fig. 8B).
However, the difference was minor (<20%), and overall, there
was no significant difference (P > 0.05) in cleavage efficiency
among the four proteins when tested for trypsin cleavage. All four
HA proteins had minimal cleavage (<10%) without trypsin.

EIV and CIV infections of dog and horse tracheal explants.
Inoculation of dog tracheal explants with EIV, CIV, and the reas-
sortants showed that all of the viruses infected explants to similar
levels. Histology showed that canine tracheal explants that were
infected with wild-type and reassortant viruses progressively had
their epithelium layer thinned out (Fig. 9A), and this was most
noticeable on day 5 compared to the control. Additionally, the
number of ciliated cells gradually decreased in infected explants
and ciliated cells completely disappeared on day 5 for all viruses,
and these changes in the tracheal architecture were due to the
presence of virus as confirmed by antigen detection (Fig. 9B).
Virus was detected in the epithelium and did not infect the basal
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cells to a large degree. Levels of growth for all viruses were similar,
reaching maximum titers between 48 and 72 h postinfection (Fig.
9C). Interestingly, at 24 h postinfection, the wild-type viruses’
titers were around 2 logs lower (P < 0.05) than the reassortant
viruses’ titers.

Inoculation of horse tracheal explants with the same viruses
showed that EIV reached titers several logs higher than those of
CIV on each day postinfection. CIV with EIV HA and NA grew
better than CIV without EIV HA and NA, although its growth was
still poor compared to that of the two EIVs. Conversely, EIV with
CIV HA and NA reached lower titers (1- to 2-log difference) than
EIV without CIV HA and NA, but it still grew to higher titers than
the two CIVs (Fig. 10C). Histology showed that the epithelium
layer of the equine tracheal cultures did not have an obvious de-
crease in thickness compared to the control, and the number of
ciliated cells also was not greatly reduced on day 5 (Fig. 10A).
Indeed, the ciliated cells decreased in number only when virus was
detected in the epithelium (Fig. 10B), and overall virus detection
was not as consistent compared to that with the infected dog tra-
cheal explants. CIV was not detected in the horse trachea on days
1, 3, and 5 postinfection, and CIV with EIV HA and NA was not
detected on day 1 postinfection (Fig. 10B and C). Interestingly,
EIV with CIV HA and NA was detected only after screening several
sections by NP staining on day 5, but growth was observed on each
day postinfection.
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FIG 7 EIV and CIV receptor specificity. Lectin staining showed that CHO cells expressed only a2-3-linked sialic acids, while 6H4 cells expressed both a2-3- and
a2-6-linked sialic acids (A). EIV, CIV, and reassortant viruses were used to inoculate MDCK (control), CHO, and 6H4 cells at an MOI of 1 in the presence of 0.5
wg/ml of trypsin. After 24 h postinfection, cells were stained for anti-NP and quantified by flow cytometry (B). EIV and CIV HA-Fc fusion proteins were used to
bind a2-3- and a2-6-linked sialic acids on glycan microarrays (C). Error bars represent standard deviations from three independent experiments.

DISCUSSION

Genetic differences in the EIV and CIV HA showed subtle dif-
ferences in receptor specificity and cleavage efficiency. There are
five “signature” mutations that distinguish CIV HA from EIV HA:
N54K, N83S, W222L, 1328T, and N483T (Fig. 2) (25, 62). The
W222L mutation is located in the sialic acid receptor binding
pocket, and studies have shown that HA mutations in the 220 loop
can alter binding to a2-3- and «2-6-linked sialic acids (35, 49, 63).
There is also evidence that the W222L mutation in CIV H3N2
allowed the virus to infect dogs more efficiently (64), and so the
species jump and subsequent adaptation of EIV H3N8 in dogs
may have been mediated by changes in receptor recognition as
well. However, no infectivity differences were seen between the
viruses (or the reassortants) when those were inoculated into
CHO or into 6H4 cells. However, all viruses exhibited a 50% re-
duction in their ability to infect 6H4 cells relative to CHO cells
(Fig. 7B). This suggests that the viruses did not differ in their
recognition of a2-3- and a2-6-linked sialic acids and in fact may
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prefer a2-3-linked sialic acids for infections. Furthermore, there
were no significant differences in infectivity among viruses based
on the infection of various host cells, which further suggests min-
imal differences in receptor specificity (Fig. 4 and 5A). Further-
more, a recent study showed EIV and CIV bound strongly to
a2-3- and not a2-6-linked sialic acids using sialic acid glycopoly-
mers (62), consistent with our conclusion.

Binding of EIV and CIV HA-Fc proteins to glycan microarrays
showed support for the CHO and 6H4 cell infection results. In-
deed, the two HA-Fc proteins bound strongly to a2-3-linked sialic
acids in similar patterns, and neither protein bound to any a2-6-
linked sialic acids (Fig. 7C). This preference toward binding to
a2-3-linked (classical avian receptors) over a2-6-linked (classical
human receptors) sialic acids suggests a potential human host
restriction barrier for both viruses. Interestingly, there were dif-
ferences in the relative preferences for binding to the various a2-
3-linked glycans. For example, EIV HA-Fc showed higher binding
toNeu5Aca3GalB3GIcNAcB3GalB4GlcBR1andNeu5Aca3GalB4
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T3281, and CIV HA T483N were surface expressed and biotinylated. Western
blotting was used to look at HA, cleavage into HA, and HA, (A). Cleavage
efficiency was determined by band density of the Western blots and the fol-
lowing formula: (HA,/HA, + HA,) X 100 (B). Error bars represent standard
deviations from three independent experiments.

(Fuca3)GIcNAcBR1, while CIV HA-Fc showed higher binding to
Neu5Aca3GalB4GIcNAc6SBR1 and Neu5Aca3GalBR1. These
findings suggest that there are subtle differences between the abil-
ities of EIV and CIV HAs to recognize specific sialic acids. Indeed,
a recent study revealed the atomic structures of EIV and CIV HA
to be nearly identical, and both proteins preferred binding to
a2-3- over a2-6-linked sialic acids, but there were subtle differ-
ences: CIV HA bound better to sulfated sialic acids than did EIV
HA (65). Small differences such as these may be important for
understanding virus host adaptation and tropism.

Previous research has suggested that the signature HA I328T
mutation, which is at the P2 position of the cleavage site, may
influence influenza virus HA cleavage (25, 62). However, we mu-
tated the CIV HA to the EIV background, and it did not influence
protein cleavage efficiency with and without trypsin compared to
that of the wild type under the conditions of our assay (Fig. 8B).
We also tested whether the signature HA N483T mutation, a gly-
cosylation site that is close to the cleavage site in the HA structure,
might influence cleavage by sterically hindering protease activity
due to the presence of glycans. Changing the site in CIV to the EIV
codon did not dramatically influence HA cleavage efficiency with
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FIG 9 EIV, CIV, and reassortant virus infections of dog tracheal explants.
Viruses (400 TCIDs, units) were used to inoculate dog tracheal explants,
and tissues were collected for hematoxylin and eosin staining (A) and for
anti-NP staining (B) at days 1, 3, and 5 postinfection. Virus growth was
assayed every 24 h for 5 days by plaque assays in MDCK cells (C). Error bars
represent standard deviations from three independent experiments. Black
scale bars represent 50 pm.

and without trypsin (Fig. 8B). Overall, both EIV and CIV HA
required trypsin activation, and there were no major differences in
efficiency of cleavage between the wild type and the mutant pro-
teins. Different hosts have been shown to express different pro-
teases that can cleave HA (66), and it is therefore possible that
there are dog-specific proteases that have selected the 1328T and
N483T mutations in CIV HA which allow for better replication.
Testing dog-specific proteases might provide further insight into
any differences in cleavage efficiency.

Other genetic differences between EIV and CIV may play
roles in host adaptation and tropism. Although many mutations
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explants, and tissues were collected for hematoxylin and eosin staining (A)
and for anti-NP staining (B) at days 1, 3, and 5 postinfection. Virus growth
was assayed every 24 h for 5 days by plaque assays in MDCK cells (C). Black
scale bars represent 50 pm.

documented here reside in known functional domains (Fig. 2), it
is still unclear whether the specific mutations actually affect influ-
enza virus host adaptation and replication or contribute to any
host-specific functions. Interestingly, most (8 of 9) of the muta-
tions in PB1 occurred between early and more recent CIV se-
quences (Fig. 2), whereas in the other proteins most mutations
occurred between EIV and the earliest (2003 or 2004) CIV isolates
(PB2, PA, and HA), or there was no difference between EIV and
the two CIV groups (NP, NA, M1, and NS1) (Fig. 2). Whether
mutations that occurred between early and more recent CIV iso-
lates indicate adaptive changes to its canine host remains to be
elucidated. Of the PB2 mutations, one (1292T) has been suggested
to facilitate human HIN1 and H3N2 adaptation (60). Conse-
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quently, its possible role in dog adaptation needs to be considered.
One mutation in PA (T400A) has also been reported to distin-
guish between human and avian influenza viruses. Human viruses
almost always have a leucine at this site, while avian viruses show
either serine or proline (61), such that it may represent another
host range determinant in CIV. In addition, we found that EIV
NS1 can be naturally truncated by 11 amino acids at the C termi-
nus, while CIV NSI is never truncated, except for the first CIV
isolate. A previous study showed the 2009 human pandemic
HINT1 virus also had an 11-amino-acid truncation which resulted
in inefficient suppression of host genes, and extension of NSI to
full length restored its binding to host poly(A)-binding protein II,
which increased NS1 host gene suppression activity (67). As men-
tioned above, the mutation at the N terminus of PA could affect
PA-Xhost gene suppression. Furthermore, both CIVs (H3N8 and
H3N2) have a 20-amino-acid truncation at the C terminus of
PA-X, implying that the truncation may be a host determinant in
dogs (57). In fact, a comparison of human full-length and trun-
cated PA-X revealed a difference in gene suppression activity (58).
Taken together, these genetic differences between EIV and CIV
may be a consequence of dog-specific host pressures, including
those generated by the innate and adaptive immune responses.
EIV and CIV did not show infectivity differences in various
host cells. Despite the relatively high number of mutations ob-
served in the virus genomes, wild-type and reassortant viruses
grew similarly in dog (MDCK) cells, which are generally consid-
ered the most susceptible cells for influenza viruses (Fig. 3). Other
mammalian cells tested showed differences in susceptibility to in-
fection (Fig. 4). The reassortant viruses appeared similar to the
wild types, which was not surprising since the wild-type viruses
did not show any infectivity differences. Interestingly, the viruses
infected human (A549) and horse (EQKD) cells poorly (Fig. 4 and
5A). Previous results have indicated there is a host barrier for
respiratory infection of CIV in horses (36, 62, 68, 69), so a low
infectivity for CIV in EQKD cells may reflect a host difference that
is also seen in kidney cells. However, EIV also infected EQKD cells
poorly, so the block in infection may be due to biological differ-
ences between horse kidney and airway respiratory cells. The poor
infection of CIV in A549 cells was interesting because there have
been no reported cases of CIV (or EIV) naturally transmitting to
humans, including people who were regularly exposed to CIV-
infected dogs (70); whether there is a correlation between the poor
infectivity in A549 cells and virus transmission to humans is un-
known. Interestingly, the highly laboratory-adapted strain PR8
was able to infect both A549 and EQKD cells to high levels com-
pared to those of the horse and dog viruses (Fig. 5B). This suggests
that both cell types were permissive to influenza virus infection
and that the limited infection from EIV and CIV was attributable
to those specific viruses’ biology. The poor infectivity in these cells
could not be explained by sialic acid linkages, because both A549
and EQKD cells expressed high levels of both a2-3- and a2-6-
linked sialic acids (Fig. 6), similar to cells that were permissive to
infection. Indeed, the infectivity differences between host cells
were likely not due to differences in sialic acid binding, because
EIV and CIV HAs bound to sialic acid similarly, as described
above. The viruses were able to infect cat (NLFK) and ferret (Mpf)
cells, although the infection in ferret cells was poorer (Fig. 4). Both
cells stained positive predominately for a2-3-linked sialic acids
(Fig. 6), so this suggests that the infectivity difference between
NLFK and Mpf cells was likely not due to receptor differences.
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These results were interesting because ferrets are susceptible to
influenza and are used as a model for human virus infection and
transmission (71), and there is already evidence that CIV H3N2
can infect cats (72, 73). Additionally, a previous study showed that
EIV replicated in the upper respiratory tract in live ferrets but was
restricted in the lungs (74). There are no extended analysis or
reports of CIV H3N8 infections in ferrets, but seroconversion has
been observed after inoculating ferrets (25). Interestingly, there is
evidence of limited CIV H3N2 infection and transmission be-
tween ferrets in laboratory settings, but the virus could not trans-
mit from dogs to ferrets (75, 76). Taken together, these findings
show that there is potential for EIV and CIV to infect other mam-
malian hosts and subsequently adapt.

EIV and CIV infection of tracheal explants revealed a host-
specific barrier. To simulate the natural environment in which
EIV and CIV cause infections, dog and horse tracheal explant
cultures were prepared and used for virus infections. Overall, the
results showed that the viruses could infect dog trachea, and there
were no major differences among the viruses with respect to dam-
aging the epithelium layer or the location of virus antigens in the
tracheal explants (Fig. 9). The reassortant viruses reached a greater
titer (around 2 logs) than did the wild types at 24 h postinfection,
and this suggests that the protein mismatching altered viral biol-
ogy (Fig. 9C). However, the change was not dramatic overall, be-
cause growth levels were very similar after 24 h postinfection,
reaching peak titer between 48 and 72 h postinfection, similar to
growth in MDCK cells (Fig. 3). In horse trachea all viruses caused
some level of infection, but the physical damage of the epithelium
was less pronounced than with the infections of the dog trachea,
which may be due to the horse trachea being more structurally
robust (Fig. 10). Interestingly, EIV grew much better than CIV,
which provides further evidence of a host-specific barrier (Fig.
10C). Replacing the CIV HA and NA with EIV HA and NA al-
lowed the virus to grow slightly better and stabilized (detected
virus on days 3 and 5 postinfection) the virus compared to the
wild-type CIV. Furthermore, replacing the EIV HA and NA with
CIV HA and NA attenuated virus growth by around 1 to 2 logs
across 5 days compared to that of the wild-type EIV. These find-
ings suggest that the difference in growth between EIV and CIV in
horse trachea may be attributed to the mutations in the glycopro-
teins. Overall, the reassortant viruses grew similarly with respect
to their wild-type counterparts, and the experiment was carried
out in one experimental replicate; thus, further experimentation
using horse trachea and reassortant viruses is needed for valida-
tion. Also, the apparent attenuation of growth of CIV and EIV
with CIV glycoproteins in horse trachea compared to dog trachea
may not have been caused by differences in «2-3- and a2-6-linked
sialic acids, as past studies have shown the existence of both in dog
and horse tracheal tissues (77, 78). However, the distributions
were shown to be different. While horse trachea epithelial cells
stained positive for both sialic acids, dog trachea epithelial cells
showed stronger staining for a2-3-linked sialic acids. Interest-
ingly, the lamina propria of dog trachea stained positive for both.
However, it is important to note that sialic acid distribution, va-
riety, and presence can vary depending on individual animals and
their age (79).

Opverall, these results showed that despite 6 years of continuous
evolution in dogs that separated the two viruses tested in this
study, and the accumulation of mutations in all of the genomic
segments such that EIV and CIV are clearly phylogenetically dis-
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tinct (Fig. 1), there appeared to be minimal biological differences
between them. We showed that the viruses infected various host
cells with no infectivity differences among the viruses, although
different host cells exhibited various degrees of permissiveness.
We also showed that the viruses preferred a2-3- over a2-6-linked
sialic acid receptors, and there may be subtle differences in recep-
tor recognition. Virus inoculation in tracheal explants revealed
limited CIV infectivity in horse trachea, and the restriction factors
may reside in the receptor binding proteins. Notably, although
EIV has circulated in many parts of the world since it emerged in
1963, CIV has not spread in a sustained fashion beyond North
America, where it has been maintained mainly in large, high-turn-
over animal shelters. Given the scarce phenotypic differences be-
tween EIV and CIV, the relatively limited spread of CIV among
the domestic dog population may reflect a lack of epidemiological
contacts rather than constraints on viral fitness. This suggests that
interspecies transmission and adaptation of influenza virus in this
case are mediated by subtle factors.
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