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ABSTRACT In December 2016, a low-pathogenic avian influenza (LPAI) A(H7N2) vi-
rus was identified to be the causative source of an outbreak in a cat shelter in New
York City, which subsequently spread to multiple shelters in the states of New York
and Pennsylvania. One person with occupational exposure to infected cats became
infected with the virus, representing the first LPAl H7N2 virus infection in a human
in North America since 2003. Considering the close contact that frequently occurs
between companion animals and humans, it was critical to assess the relative risk of
this novel virus to public health. The virus isolated from the human case, A/New
York/108/2016 (NY/108), caused mild and transient illness in ferrets and mice but
did not transmit to naive cohoused ferrets following traditional or aerosol-based in-
oculation methods. The environmental persistence of NY/108 virus was generally
comparable to that of other LPAI H7N2 viruses. However, NY/108 virus replicated in
human bronchial epithelial cells with an increased efficiency compared with that of
previously isolated H7N2 viruses. Furthermore, the novel H7N2 virus was found to
utilize a relatively lower pH for hemagglutinin activation, similar to human influenza
viruses. Our data suggest that the LPAI H7N2 virus requires further adaptation be-
fore representing a substantial threat to public health. However, the reemergence of
an LPAI H7N2 virus in the northeastern United States underscores the need for con-
tinuous surveillance of emerging zoonotic influenza viruses inclusive of mammalian
species, such as domestic felines, that are not commonly considered intermediate
hosts for avian influenza viruses.

IMPORTANCE Avian influenza viruses are capable of crossing the species barrier to
infect mammals, an event of public health concern due to the potential acquisition
of a pandemic phenotype. In December 2016, an H7N2 virus caused an outbreak in
cats in multiple animal shelters in New York State. This was the first detection of this
virus in the northeastern United States in over a decade and the first documented
infection of a felid with an H7N2 virus. A veterinarian became infected following oc-
cupational exposure to H7N2 virus-infected cats, necessitating the evaluation of this
virus for its capacity to cause disease in mammals. While the H7N2 virus was associ-
ated with mild illness in mice and ferrets and did not spread well between ferrets, it
nonetheless possessed several markers of virulence for mammals. These data high-
light the promiscuity of influenza viruses and the need for diligent surveillance
across multiple species to quickly identify an emerging strain with pandemic poten-
tial.
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ow-pathogenic avian influenza (LPAI) A(H7N2) viruses circulated for several years in

the northeastern United States, until their elimination from live bird markets in this
region in 2006 (1, 2). This virus subtype was associated with several outbreaks, notably
an outbreak in turkeys in Virginia in 2002 that resulted in one case of human serocon-
version (3). H7N2 virus was also isolated from a person in New York State in 2003 (4).
These represent the only previously documented human cases of LPAI H7N2 virus
infection in North America; additional cases have been reported in Europe (5). Since
2006, H7N3, H7N8, and H7N9 viruses have been associated with avian outbreaks in
North America, and two cases of human conjunctivitis associated with a highly patho-
genic avian influenza (HPAI) H7N3 virus were reported in Jalisco, Mexico, in 2012 (6, 7).

In December 2016, an outbreak of respiratory illness in shelter cats in New York City
was identified to be caused by an LPAI H7N2 virus (8). This was the first detection of this
subtype in North America in over a decade. One person with occupational exposure
to infected cats contracted the virus, displaying a mild respiratory illness prior to
recovery (9). The genome of the causative virus was found to share close sequence
similarity with the genomes of LPAI H7N2 viruses detected in poultry a decade
earlier (A. Marinova-Petkova, Y. Jang, B. Lynch, N. Zanders, M. Rodriguez, J. Jones, S.
Thor, E. Hodges, J. de la Cruz, J. Belser, H. Yang, P. Carney, B. Shu, L. Berman, J. Barnes,
F. Havers, S. C. Trock, A. Fry, L. Gubareva, J. S. Bresee, J. Stevens, M. K. Torchetti, K.
Toohey-Kurth, K. St. George, D. E. Wentworth, S. Lindstrom, and C. T. Davis, submitted
for publication); it is currently unknown how the virus reemerged in the shelter cat
population.

Infection of domestic cats with influenza virus in North America has been reported
previously (10-12), and it has been shown that cats infected with influenza virus can
transmit virus to naive cats either in a direct-contact (DC) setting or via respiratory
droplets (RDs) (13). As such, cats are one of several mammalian species which can serve
as intermediate hosts for influenza viruses, underscoring the need to better understand
influenza virus infection in this species and the potential role that cats may play in the
emergence of reassortant or mutant viruses with pandemic potential. While many
human and avian influenza viruses have been detected previously in domestic cats (14),
the 2016 LPAI H7N2 outbreak in shelter cats represents the first known outbreak of an
H7 subtype virus in this species. Considering the high risk of interspecies exposure and
possible transmission between companion animals and humans, there is a need to
examine the capacity of this novel H7N2 virus to cause infection and disease in
mammals. Here, we examined the pathogenicity and transmissibility of the first human
isolate from this outbreak, A/New York/108/2016 (NY/108). We found that this virus
exhibited mild virulence in mouse and ferret models but displayed an increased
replicative ability in human respiratory cells compared with that of previously studied
LPAI H7N2 viruses.

RESULTS

Pathogenicity and transmissibility of NY/108 H7N2 influenza virus following
intranasal inoculation of ferrets and mice. On 14 December 2016, an outbreak of
avian lineage H7N2 virus was reported among cats housed in an animal shelter in New
York City, resulting in one human infection (8, 9). The genomes of both NY/108 virus
and a closely related feline isolate (A/feline/New York/16-040082-1/2016 [feline/NY])
share nearly 100% amino acid identity (Marinova-Petkova et al., submitted) and possess
several genetic features common among North American LPAI viruses, including the
presence of 271Thr, 590Gly/591GIn, 627Glu, and 701Asp amino acids in PB2, the absence
of multiple polybasic amino acids at the hemagglutinin (HA) cleavage site, and the
presence of stalk deletions in the neuraminidase (NA) (Marinova-Petkova et al., sub-
mitted). Prior studies have identified that these related North American LPAlI H7N2
viruses can replicate efficiently throughout the respiratory tract of ferrets and are
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TABLE 1 NY/108 virus virulence in ferrets

Journal of Virology

No. of ferrets/

Rise in No. of ferrets that
Dose? No. of infected % wt tempe Peak titer M seroconverted/
Route? (EID5,) ferrets/total no.c loss? (°C) in NWf cw RS total no.”
i.n. 106 6/6 49 0.6 7.0 £0.8 (1-3) 1/6 0/6 6/6 (160-640)
AR 10>7 3/3 7.3 1.2 6.2 + 0.6 (3-5) 0/3 2/3 3/3 (320-640)
AR 1033 1/3 7.0 0.8 5.8(5) 0/3 0/3 1/3 (320)
OA 1029-103¢ 2/3 8.0 0.9 6.0 =04 (7) 1/3 1/3 2/3 (160-320)

ai.n., 1 ml liquid intranasal administration; AR, aerosol inhalation; OA, ocular aerosol exposure.
bThe specific aerosol dosing information is presented in the table in Fig. 2.

“Number of ferrets with positive virus detection in nasal wash and seroconversion against homologous virus by the end of experiment/total number of ferrets tested.

9Mean maximum weight loss observed among all infected ferrets through day 10 p.i.
eMean maximum rise in body temperature among all infected ferrets through day 10 p.i.

Mean maximum viral titer detected in nasal wash (NW) samples = standard deviation. The day(s) of peak virus detection is specified in parentheses.
9dNumber of ferrets with positive virus detection in conjunctival wash (CW) or rectal swab (RS) samples through day 5 p.i./total number of ferrets tested. The limits of

virus detection were 1098 EID5, and 105 EIDs, for CW and RS samples, respectively.

hNumber of ferrets that seroconverted to homologous virus/total number of ferrets tested. The range of the hemagglutination inhibition titers is specified in

parentheses.

capable of high-titer replication in the murine lung and nose without prior adaptation
(15, 16). However, it was unknown if the recently isolated H7N2 virus shared these
properties.

To assess the virulence of this novel virus for mammals, six ferrets were inoculated
intranasally (i.n.) with 10® 50% egg infectious doses (EIDs,) of NY/108 virus and
observed daily for clinical signs and symptoms of infection. All inoculated ferrets
became productively infected, with NY/108 virus replicating to high titers in ferret nasal
wash (NW) samples and reaching peak mean maximum titers of 107 EID5,/ml (Table 1;
Fig. 1A and B, left sets of bars). The ferrets exhibited mild and transient weight loss
during the acute phase of infection (<5% mean maximum weight loss) with a mild and
unsustained increase in body temperature (<1°C) (Table 1). No respiratory signs, such
as nasal discharge and sneezing, were observed. In agreement with the high nasal wash
titers, robust virus replication in the nasal turbinates was observed on day 3 postinoc-
ulation (p.i.) (mean titer > 108 EID5,/ml) in three additional ferrets that had also been
i.n. inoculated with 109 EID,, of NY/108 virus (Fig. 1C). Virus was further detected in the
lung and trachea of 2/3 ferrets, though the titers were >100-fold higher in the lung
than the trachea among ferrets with detectable virus in these tissues. Typical of other
LPAI viruses (15, 17), low titers of NY/108 virus were detected in the olfactory bulb of
2/3 ferrets (mean titer < 103 EID5,/g) but not in anterior or posterior brain tissues.
Infectious virus was not detected in other systemic tissues (liver, spleen, kidneys) or
blood, with the exception of intestinal tissue in one ferret, further supporting the
low-virulence phenotype of this virus.

To assess the pathogenicity of the LPAI H7N2 virus in a second mammalian species,
mice were inoculated i.n. with 10° EID5, NY/108 virus either for collection of systemic
tissues p.i. or observation of morbidity and mortality. Mice inoculated with NY/108 virus
exhibited mild, transient weight loss (5.8% mean maximum weight loss at day 2 p.i.
[data not shown]) with efficient virus replication in nose and lung tissues day 3 p.i.
(mean titers, >10* and >107-> EID5,/ml, respectively) (Fig. 1D), but the virus was not
detected in the brain (data not shown). The 50% mouse infectious dose (MID,,) for this
virus (102> EID5,) was comparable to that for other LPAI H7N2 viruses in this species
(15).

Select North American LPAI H7 influenza viruses have demonstrated the capacity to
transmit between ferrets (7, 18). To determine if NY/108 virus shared this property, we
placed a naive ferret either in the same cage as an inoculated ferret (direct contact [DC]
ferrets) or in a cage with modified sidewalls adjacent to the cage with an inoculated
ferret (respiratory droplet [RD] ferrets) 1 day after inoculation. Contact ferrets (either DC
or RD ferrets) did not shed high titers of virus in nasal wash specimens and did not
seroconvert to homologous virus at the end of the experiment (Fig. 1A and B).
However, the detection of low-titer virus in nasal wash samples of 3/3 DC ferrets (<103
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FIG 1 Pathogenicity and transmissibility of NY/108 virus following intranasal inoculation in ferrets and mice. (A and
B) Six ferrets were inoculated i.n. with 108 EID, of virus, and nasal wash specimens were collected from each ferret
on alternate days postinoculation (p.i.) to assess viral replication (left sets of bars). A naive ferret was placed in the
same cage at 24 h p.i. to assess transmission via DC (A) or in an adjacent cage with perforated sidewalls to assess
transmission via RD (B), and nasal washes were collected on alternate days postcontact (p.c.) to assess virus
transmission in the presence of direct contact or via respiratory droplets (right sets of bars). (C) Tissues were
collected at day 3 p.i. from three ferrets that had been inoculated i.n. with 106 EID,, of virus for viral titration. Bars
represent individual ferrets. NT, nasal turbinates; Tr, tracheal tissue; Lg, lung tissue; OB, olfactory bulb tissue; Bn,
brain tissue (pooled anterior and posterior); Int, intestinal tissue (pooled duodenum, jejunoileal loop, and
descending colon); Eye, pooled left and right eye tissue; Conj, conjunctival tissue (pooled left and right). The titers
in all tissues are expressed as the mean titer per gram of tissue, with the exception of nasal turbinates and eye and
conjunctival tissues, for which the titers are expressed as the mean titer per milliliter of tissue homogenate. (D)
Groups of 3 mice each were inoculated i.n. with virus (serial dilution range, 10 to 102 EID,, of virus) and euthanized
at day 3 or 6 p.i. for collection of nose or lung tissue for virus titration. Titers are presented as the mean titer per
milliliter of tissue plus the standard deviation and are inclusive for 3 mice unless otherwise specified. The limit of
virus detection was 10" EID,,.

EID;o/ml) suggests the low-level spread of virus between cohoused ferrets in the
absence of productive infection of the contact animal; this phenomenon has been
reported previously for an North American H7 virus (18). Taken together, we found that
NY/108 virus replicates robustly in two mammalian species following high-titer inocu-
lation but does not transmit efficiently between ferrets.

Infectivity and transmissibility of NY/108 H7N2 influenza virus following aero-
sol inoculation of ferrets. Intranasal inoculation of ferrets with a liquid inoculum does
not reflect the capacity for natural virus infection by contact or the airborne route; the
increasing use of aerobiology in recent years has enabled the modeling of more
complex modes of virus transmission which are relevant to our understanding of the
true capacity of an influenza virus to cause disease in mammals. Prior studies from our
laboratory and others have found that ferrets are susceptible to infection with low
doses of aerosolized influenza virus, often displaying symptoms more comparable to
those occurring during natural human infection (19, 20). To determine if aerosol
administration of NY/108 virus would alter its virulence in ferrets compared to that after
i.n. administration, ferrets were exposed to a high dose (10°7 EID,) or a low dose (103
EID,,) of virus by the aerosol inhalation (AR) route (Fig. 2A and B). All three ferrets that
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FIG 2 Infectivity and transmissibility of NY/108 virus following aerosol inoculation in ferrets. Ferrets were inocu-
lated by the aerosol inhalation (AR) route with a high (A) or low (B) dose of virus, and nasal washes were collected
from each ferret on alternate days p.i. to assess viral replication (left sets of bars). At 24 h p.i, a naive ferret was
placed in the same cage as each inoculated ferret, and nasal washes were collected on alternate days p.c. to assess
virus transmission (right sets of bars). (C) Ferrets were inoculated by the ocular aerosol (OA) route, and nasal washes
were collected from each ferret on alternate days p.i. to assess viral replication. Bars represent individual ferrets. The
limit of virus detection was 10" EID,,. Inoculum doses are listed in the table. ND, the ferret ocular surface was
exposed to aerosolized virus during inhalation exposure, but ocular doses were not specifically determined.

received a challenge with a high dose by the AR route became infected, but only 1/3
of the ferrets that were exposed to the lower dose shed high-titer infectious virus in
nasal wash specimens (Table 1). Among infected AR-inoculated ferrets, transient weight
loss and increases in body temperature were detected at levels modestly higher than
those following i.n. administration. Peak viral titers in nasal wash specimens from
AR-inoculated ferrets were delayed 1 to 3 days compared with the time of peak titers
after i.n. inoculation and were approximately 10-fold lower than those after i.n. inoc-
ulation. Similar to the findings after i.n. inoculation, naive ferrets placed in the same
cage with ferrets inoculated via the AR route did not become productively infected with
virus, even though low levels (<103 EID;,/ml) of infectious virus were sporadically
detected in nasal washes collected from them (Fig. 2A and B, right sets of bars). A lack
of seroconversion against homologous virus confirmed the absence of productive
infection among all contact ferrets.

In addition to the inhalation of virus-containing aerosols, our laboratory has shown
previously that ferrets may become productively infected with influenza virus following
an ocular-only aerosol exposure or concurrent ocular-aerosol inhalation exposure (21,
22). This work has revealed that very low levels of exposure of the ocular surface to
aerosols can result in a productive respiratory infection in mammals, with heightened
replication occurring when mammals are infected with aerosolized virus via both the
ocular and respiratory routes. To further assess the infectivity of NY/108 virus, the ocular
surface of ferrets was exposed to aerosolized virus and the ferrets concurrently inhaled
increasing doses of aerosolized virus during the period of exposure (Fig. 2C). Similar to
the findings for the AR-inoculated ferrets, ferrets receiving a combined dose of aero-
solized virus of 1034 or 103 EID,, became productively infected with NY/108 virus,
achieving peak mean titers in nasal wash specimens comparable to those in AR-
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TABLE 2 Persistence of infectious LPAI H7N2 virus under cat shelter environmental
conditions

Virus detection at the following times postincubation¢ (h):

Titert
Virus? (EID5o/ml) 0 0.5 1 1.5 2 25 3 3.5 4
NY/108 1.34 X 104 + + + + — — — _ _
3.11 X 104 + + + + + + + - _
3.11 X 10% + + + + + + + + 4
NY/107 2.24 X 103 + + — — — — — — _
2.65 X 103 + + + + + + + — _
1.37 X 10* + + + + — — — _ _
Tky/VA 2,65 X 10% + + + + + - _ _ _
6.22 X 105 + + + + + + + + +
1.37 X 10% + + + + + + + + +

aFor each virus, each row represents an independent experiment.

bBaseline titer at time zero postincubation at 20°C and 50% relative humidity.

Virus (5 ul) was deposited in individual wells of a 96-well plate and allowed to dry. At the indicated times,
200 ul of PBS was added to each well and the contents of the wells were pipetted for ~10 s to rehydrate
and resuspend any viral material present and frozen at —80°C until titration in eggs. +, infectious virus was
detected in >50% of the wells (limit of detection, 6.3 EIDso/ml); —, no infections virus was detected in
>50% of the wells.

inoculated ferrets, whereas a ferret receiving the lowest combined dose (102° EIDy)
did not shed infectious virus in nasal wash specimens and did not seroconvert (Table
1). Collectively, this finding shows that NY/108 virus requires a higher AR infectious
dose in ferrets (>103 EID5,) compared with the dose of some previously examined
highly transmissible seasonal influenza viruses, which can possess 50% ferret infectious
doses (FIDs,) of =10 EIDs, or =10 PFU following i.n. or AR inoculation, respectively
(19, 23).

Environmental persistence of NY/108 virus. Infectious influenza virus has been
shown to persist in the environment for multiple days postdeposition (24), illustrating
the contribution that environmental contamination may play in the spread of the virus.
As in humans, sneezing and coughing by cats represent opportunities for the expulsion
of respiratory secretions, which may contain virus (25, 26). To measure if NY/108 virus
could maintain infectivity in ex vivo secretions, representing a potential source for the
spread of the LPAI H7N2 virus in cat shelters, we assessed the ability of infectious
NY/108 virus to survive in droplets over time in an environmental setting recom-
mended for the housing of cats (20°C, 50% relative humidity) and compared it with the
ability of related H7N2 viruses to survive under such conditions (27). Both NY/108 virus
and a 2003 LPAI H7N2 human isolate, A/New York/107/2003 (NY/107), maintained
infectivity under these conditions in this simulated environment for an average of 3 and
1.6 h, respectively (Table 2). A closely related LPAI H7N2 avian virus, A/Turkey/Virginia/
4529/2002 (Tky/VA), was similarly detected for =2 h under these conditions. These data
suggest that infectious NY/108 virus could be recovered from evaporated droplets
several hours postdeposition on a hard surface, identifying one potential route of virus
spread in a shelter housing environment.

Tropism of NY/108 H7N2 influenza virus in human and ferret respiratory tract
cells. High-titer virus replication in epithelial cells of the respiratory tract is a common
feature among pandemic influenza viruses and avian influenza viruses with pandemic
potential (28, 29). Previous work from our laboratory identified that an LPAI H7N2
virus from 2003 associated with human infection (NY/107) exhibited a reduced repli-
cation capacity in human bronchial epithelial cells compared with that of other North
American-lineage H7 viruses (30). To determine the relative replication efficiency of
NY/108 virus, we infected cells of the bronchial epithelial cell line Calu-3 with the H7N2
viruses described above, in addition to the 2009 HIN1 pandemic virus A/Mexico/4482/
2009 (Mex/4482). Interestingly, NY/108 virus replicated to significantly higher titers than
NY/107 virus in Calu-3 cells at 48 and 72 h p.i. (P < 0.05) (Fig. 3A). Comparable results
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FIG 3 Kinetics of H7N2 and pandemic 2009 H1N1 virus replication in human and ferret respiratory tract cells.
Human bronchial epithelial (Calu-3) cells (A to C) and ferret differentiated primary tracheal epithelial cells (FTECs)
(D) were grown on transwell inserts and infected apically in triplicate at a multiplicity of infection (MOI) of
approximately 0.01 (1037 EID5y/well) or 0.001, as specified, with A/New York/108/16, A/New York/107/03, A/Tky/
VA/4529/02 (LPAI H7N2), or A/Mexico/4482/09 (pandemic H1N1) virus. (D) NY/108 virus replicated in only 1/3
cultures, so only the results for this replicate are shown. Cells were incubated at 37°C or 33°C, as specified. Culture
supernatants were collected at the indicated times p.i. for titration in eggs. The limit of virus detection was 1075
EID4,. Samples with no virus detection were assigned a value of 10'5. *, P < 0.05 between Mex/4482 virus and each
of the H7N2 viruses; **, P < 0.05 between NY/108 and NY/107 viruses.

were observed when Calu-3 cells were infected with a lower dose (multiplicity of
infection [MOI] = 0.001), though the differences between NY/108 and NY/107 viruses
were not statistically significant (Fig. 3B). When cultured at a temperature that more
closely resembles that in the upper airway in humans (33°C), NY/108 virus replicated to
a significantly higher titer than NY/107 virus at 24 through 72 h p.i. (P < 0.05) (Fig. 3C).
Strikingly, at an MOI of 0.01, NY/108 virus replicated to a significantly higher titer in
Calu-3 cells than all other viruses tested at 72 h p.i. at either 37°C or 33°C (P < 0.05).
These data indicate that NY/108 virus has an enhanced ability to replicate in a human
respiratory cell line compared with that of other LPAI H7N2 viruses associated with
human infection.

The concurrent use of human and ferret cell culture systems here provided a unique
opportunity to bridge and contextualize our results from both species. Results from the
ferret model showed that NY/108 virus replicated efficiently in nasal tissue, as demon-
strated by the high viral titers detected in nasal washes and nasal turbinate tissue early
after infection (Table 1 and Fig. 1C), with its replicative capacity in ferret lung tissue
being comparable to that of other LPAI H7N2 viruses (15). However, the mean titers of
NY/108 virus in tracheal tissue from infected ferrets at day 3 p.i. were >100,000-fold
lower than the mean titers in the nasal turbinates. To better assess the replicative ability
of NY/108 virus in the trachea, we infected cultures of ferret differentiated primary
tracheal epithelial cells (FTECs) isolated from individual ferrets (31) with the panel of
viruses described above. We found that NY/108 virus demonstrated productive repli-
cation in cultures of FTECs from only 1/3 ferrets, supporting in vivo data suggesting that
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FIG 4 Influenza virus fusion threshold measured by syncytium formation assay. Vero cells were infected
with H7 influenza viruses for 16 h before treatment with 5 pg/ml of TPCK-trypsin for 15 min, and then
the cells were incubated with fusion buffer with pH values ranging from 4.8 to 7.4 at 37°C for 5 min,
followed by incubation with cell culture medium containing 10% FBS for three additional hours.
NP-positive cells were identified by immunofluorescence microscopy with anti-NP antibody after fixation.
The syncytia among NP-positive cells at the highest pH are shown on the left, and the syncytia among
NP-positive cells upon fusion induction at a pH 0.1 unit higher are shown on the right.

this virus does not preferentially replicate in this tissue (Fig. 3D). While a peak viral titer
of >107 EID;o/ml was detected in the one infected culture by 72 h, indicating that
NY/108 virus is capable of replicating to a high titer in tracheal tissue, the lack of
infection in cultures of cells derived from 2/3 individual ferrets suggests that this
property is not uniformly achieved, as was observed for the other H7N2 and H1N1
viruses tested in these cultures. In summary, we found that NY/108 virus replicates
efficiently in human respiratory tract epithelial cells but does not demonstrate a
tropism for ferret tracheal cells.

NY/108 H7N2 virus exhibited a lower pH threshold for fusion than most avian
influenza H7 viruses. It has recently been shown that adaptation of avian influenza
viruses to mammals is often associated with a decrease in the HA activation threshold
and that an acid-stable HA is necessary for the generation of an airborne transmissible
H5 influenza virus (32-35). Like most avian influenza viruses, avian-origin H7 viruses
fuse at relatively high pH values compared to those for human seasonal influenza
viruses (36). We used a syncytium formation assay to measure the HA activation pH of
NY/108 virus and related viruses in order to investigate whether the newly emerged
NY/108 virus had acquired the trait in the HA protein to better adapt to mammals. As
shown in Fig. 4, NY/108 virus was able to induce syncytia at pH values of =54,
comparable to recent 2009 pandemic A(HTN1) viruses (35). In contrast, other H7 viruses,
including the avian LPAI H7N2 virus Tky/VA and the human LPAI H7N9 virus A/Anhui/
1/2013 (Anhui/1), had a higher pH threshold (pH = 5.8) for fusion. Our results indicate
that NY/108 virus possesses a relatively lower pH for HA activation than most avian
influenza H7 viruses, which may be advantageous for viral replication in mammalian
hosts.
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DISCUSSION

Influenza virus infection of felids is rare but documented. Isolation of H5N1 and
H5N6 viruses from cats, leopards, lions, and tigers and subsequent experimental
inoculation of these and related species illustrate the capacity for avian influenza
viruses to cause severe disease and death in domesticated, wild, or captive felids
(37-41). However, while serological studies suggest that avian influenza viruses do not
appear to be widely prevalent in cats (42, 43), they have detected a relatively elevated
seroprevalence of seasonal HIN1, H3N2, and, especially, 2009 pandemic H1N1 viruses
in domestic felids (44-46). Confirmed influenza virus infection of domestic cats has
occasionally resulted in fatal infection in these animals, most frequently documented
with 2009 H1N1 viruses, and it is believed that human-to-cat virus transmission is
responsible in at least some of these cases (10-12, 47).

Similar to H5 subtype viruses, H7 viruses are of special public health concern
because of the ability of the H7 virus HA to acquire polybasic amino acids at the HA
cleavage site, which can result in a highly pathogenic phenotype (48). As such, when
H7 viruses cross the species barrier to mammals, it is critical to assess their genetic
features, pathogenicity, transmissibility, and tropism, to best assess the relative risk
posed to human health. This study found that the LPAI NY/108 H7N2 virus from 2016
exhibits low virulence in two mammalian models and does not readily transmit
between cohoused ferrets. However, NY/108 virus possesses several features (including
a high replication efficiency in human respiratory cells and a relatively low threshold of
pH fusion) that suggest a potential for mammalian host adaptation not found in most
avian LPAI H7N2 viruses. Further study is needed to identify the source of the LPAI
H7N2 virus causing this 2016 outbreak in shelter cats, especially considering the
decade-long absence of this virus subtype from surveillance activities in this geo-
graphic region.

The respiratory tract of domestic cats expresses both a2-3- and a2-6-linked sialic
acids (SA) (49, 50), suggesting that felines are capable of serving as an intermediate
host for avian influenza viruses prior to human exposure. Similar to previously studied
North American LPAI H7N2 viruses, NY/108 virus possesses a deletion of the 220 loop
in HA (in which the 226GIn and 228Gly receptor binding amino acids, known to interact
with avian a2-3-linked sialosides, were lost) and binds to both a2-3- and «2-6-linked SA
(18, 51-53; Marinova-Petkova et al., submitted). Additionally, our finding of a reduced
replicative ability of NY/108 virus in ferret tracheal cells but not human bronchial
epithelial cells (Fig. 3) is in agreement with the findings of a prior study showing
enhanced H5N1 virus attachment to feline type Il pneumocytes in the lower respiratory
tract but not to tracheal tissue (54). Thus, the reduced infectivity of NY/108 virus but not
NY/107 virus in cultures of FTECs (which possess a greater density of a2-6-linked than
a2-3-linked SA [31]) and the reduced transmissibility of NY/108 virus compared with
that of NY/107 virus among ferrets (18) suggest that differences between the HAs of
these two LPAI H7N2 viruses may be present. One potential change may be an
Ala135Ser substitution in NY/108 virus HA that predicts a 4th N-glycosylation site at
position 133, which is not present in NY/107 virus, Tky/VA virus, or the great majority
of sequenced North American avian viruses. Although the acquisition of N-linked
glycosylation may not interfere with the binding affinity of NY/107 virus to glycan
receptors (52), further investigation is warranted to better understand differences in SA
binding which may be present between NY/108 and NY/107 viruses.

Interestingly, we found that NY/108 virus was able to fuse at a pH of =<5.4, 0.4 pH
unit lower than that required for the fusion of the phylogenetically related NY/107 and
Tky/VA viruses. Both a switch in receptor binding specificity to a2-6-linked SA and a
lowered HA activation pH have been found to be essential for the heightened repli-
cative ability in upper respiratory tract tissues and the aerosol transmissibility of H5N1
mutant viruses in ferrets (34, 55, 56). A few substitutions at the HA trimer interface and
stem region have been identified to be responsible for the changes in the HA fusion
threshold (34, 55, 56), though further study is required to identify the precise substi-
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tution(s) in the 2016 H7N2 virus compared with the sequence of other LPAI H7N2
viruses that may be present and might contribute to the reduced HA fusion threshold
for NY/108 virus observed here. In addition to differences in activation pH, the presence
of 702Arg in PB2 in both human and feline H7N2 isolates, in contrast to the 702Lys
present in NY/107 virus, represents an additional marker for mammalian host adapta-
tion (57) and was found in only a subset of H7N2 avian viruses isolated from 1999 to
2002. Collectively, the combination of genetic and phenotypic changes from previous
H7N2 viruses observed in NY/108 virus warrants further investigation regarding the role
that these new changes may play in the receptor binding and transmission of NY/108
virus to mammals.

An outbreak of H7 subtype influenza virus infection has not been previously
reported in cats. Experimental inoculation of cats with HPAI H7N7 and H5N1 viruses has
shown that felids can support infection with avian influenza viruses (58, 59). Further-
more, ferrets have been shown to support the replication of influenza viruses isolated
from felids (60). Ferrets represent a well-suited but not exact mammalian match to
humans for the study of avian influenza viruses and the potential risk that avian
influenza viruses pose to human health (37). The low virulence of NY/108 virus
observed in both ferrets and mice is in accord with the mild respiratory illness reported
in the infected human case and the mild respiratory illness reported among influenza
virus-positive shelter cats (9). The general lack of the extrapulmonary spread of NY/108
virus in both mice and ferrets is in agreement with the clinical findings for other LPAI
H7N2 viruses in these species and in cats (15, 58). Sanger sequencing of nasal wash,
nasal turbinate, and tracheal and lung tissue specimens from NY/108 virus-infected
ferrets did not show evidence of genetic variability in the HA, suggesting that muta-
tions did not arise in vivo during the acute phase of infection (data not shown).

We did not detect efficient transmission of NY/108 virus between ferrets, regard-
less of the inoculation route employed, the inoculation dose administered, or the
transmission model used (Fig. 1 and 2). Despite levels of environmental persistence
comparable to those of LPAI H7N2 NY/107 virus, which has shown the capacity for
transmission in a ferret direct-contact model (Fig. 4) (18), the sporadic and low-level
detection of virus in NW samples from ferrets placed in direct contact with ferrets
shedding virus to the environment suggests that ferrets in contact with infected ferrets
were exposed to infectious virus but that the dose of NY/108 virus required for infection
may be higher than what is typical for highly transmissible viruses in ferrets. The FIDy,
of human and avian influenza viruses can be <10 infectious particles by intranasal or
aerosol inoculation (19, 23); ocular-only aerosol exposure of ferrets to <10 infectious
particles of human and avian influenza viruses can result in robust infection (21). As
such, our finding that ferrets exposed by the AR and concurrent ocular-aerosol inha-
lation routes to doses of 102° to 103 EID5, of NY/108 virus did not become uniformly
infected supports the suggestion that this virus has a higher threshold of infectivity and
offers a possible explanation for why transmissibility in the ferret model was not
observed, even though LPAI H7N2 viruses display a high capacity for transmission
between shelter cats. Previous studies with reassortant viruses in the ferret model have
shown that ferret infectivity is a multifactorial trait, with the HA, NA, M, and NS genes
contributing to this property (23). Further investigation regarding the FID, differences
between H7 subtype viruses, especially H7N2 subtype viruses that exhibit differential
transmissibility in the ferret model, is warranted. Interestingly, the lack of detection of
nasal discharge or sneezing among NY/108 virus-infected ferrets suggests that the
elicitation of host responses in upper respiratory tract cells may also differ between this
virus and other closely related strains (61). It is also possible that LPAI H7N2 virus spread
in the shelter cat population was facilitated by nonrespiratory transmission routes, as
one study found that experimentally H5N1 virus-infected cats shed virus via the
digestive tract (62). While rectal swab and intestinal tissue specimens from H7N2
virus-infected ferrets were only sporadically positive for virus detection, this nonethe-
less indicates a potential role that contaminated bedding or litter may play in virus
transmission among felines. Furthermore, while cats and ferrets have been identified to
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be suitable models for H5N1 viral pneumonia because of the viral attachment patterns
(54), the attachment patterns of viruses transmissible between mammals in upper
respiratory tract tissues, particularly the trachea and submucosal glands, differ between
these two species (63). Species-specific differences between mammalian species re-
garding LPAI H7N2 virus attachment, the composition and production of mucus from
upper respiratory tract tissues, and the SA distribution in mucus may thus contribute to
the reduced infectivity of NY/108 virus observed in the ferret model.

H7 subtype influenza viruses typically display an ocular tropism in humans, yet H7N9
viruses isolated from 2013 to the present have been associated with respiratory but not
ocular disease (64, 65). While a paucity of available specimens has limited the study of
ocular infection with H7N2 viruses in the laboratory, there is evidence to suggest that,
like H7N9 viruses, H7N2 viruses are more frequently associated with respiratory disease
in humans and do not possess the ocular tropism evident among H7N3 and H7N7
viruses (66). The infrequent detection of NY/108 virus in ferret conjunctival wash, eye
tissue, and conjunctival tissue specimens during the acute phase of infection is likely
reflective of high viral titers in the nasopharyngeal space, and the virus detected may
represent virus transferred via the lacrimal duct and not virus that productively repli-
cated in ocular tissue. Nonetheless, the ocular surface represents a vulnerable second-
ary mucosal site for respiratory virus exposure (67), and personal protective equipment,
including eye protection, should be employed in the event of laboratory or occupa-
tional exposure to H7N2 virus (68, 69).

It is clear that the interspecies transmission of influenza viruses represents an
ongoing public health threat. With regard to companion animals, dogs have received
increased attention due to the establishment and circulation of multiple canine influ-
enza virus subtypes on several continents (70). The isolation of H3N2 canine influenza
viruses from cats (71, 72) and identification of the capacity for cat-to-cat transmission
of this virus subtype (73, 74) underscore that cats are a poorly studied yet relevant
mammalian species when considering the role that companion animals may play in
zoonotic human infection with influenza viruses. There remains a need for risk assess-
ments of novel influenza viruses associated with human infection, regardless of the
zoonotic source. Employment of multiple inoculation modes and various inoculation
doses when performing these risk assessments permits a greater understanding and
contextualization of the data collected, which will ultimately contribute to an enhanced
applicability of the results generated in mammalian models to human health.

MATERIALS AND METHODS

Viruses. Influenza A viruses (A/New York/108/2016 [GISAID accession numbers EPI944622 to
EPI1944629], A/New York/107/2003 [GenBank accession numbers EU587368 to EU587374 and EU783920],
A/Turkey/Virginia/4529/2002 [GISAID accession numbers EP1993028 to EPI993035], and A/Mexico/4482/
2009 [GISAID accession number EPI335032 and GenBank accession numbers GQ149675 to GQ149678,
GQ379820, GQ162192, and GQ379818]) were propagated in the allantoic cavity of 10- to 11-day-old
embryonated chicken eggs (Hyline) at 33.5 to 35°C for 40 to 48 h (H7 viruses) or were propagated in
Madin-Darby canine kidney cells (H1 viruses) as described previously (64, 75). Pooled allantoic fluid or cell
culture supernatant was clarified by centrifugation, and aliquots were stored at —80°C until use. The
titers in the stocks, given as the 50% egg infectious doses (EID,,), were determined using standard
methods (76). All experiments were conducted under biosafety level 2 or 3 containment conditions
including enhancements required by the U.S. Department of Agriculture.

Ethics statement. All animal procedures were approved by the Institutional Animal Care and Use
Committee (IACUC) of the Centers for Disease Control and Prevention and were conducted in an
Association for Assessment and Accreditation of Laboratory Animal Care International-accredited facility.

Mouse experiments. Female BALB/c mice (Jackson Laboratories), 6 weeks of age, were anesthetized
by the intraperitoneal (i.p.) route with 2,2,2-tribromoethanol in tert-amyl alcohol (Avertin; Sigma-Aldrich)
and inoculated with serial dilutions (10° to 102 EID,,) of H7N2 virus by the intranasal (i.n.) route in a 50-ul
volume. Five mice inoculated with 106 EID,, of virus were monitored for morbidity and mortality for 14
days postinoculation (p.i.). Replication and systemic spread of virus were determined by harvesting
tissues of the nose, lung, and brain of mice (n = 3) on days 3 and 6 p.i, followed by tissue homogenization
and sample titration in eggs (limit of detection, 10" EID,,/ml); the 50% mouse infectious dose (MID5,) was
calculated by the method of Reed and Muench (76) as previously described (15).

Ferret experiments. Male Fitch ferrets (Triple F Farms), 9 months of age and serologically negative
by a standard hemagglutination assay for currently circulating influenza viruses, were used in this study.
Ferrets were housed in a Duo-Flo Bioclean mobile environmental enclosure (Lab Products) for the
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duration of each experiment. For traditional i.n. inoculation experiments, ferrets were inoculated with 106
EID,, of H7N2 virus diluted in phosphate-buffered saline (PBS) to a 1-ml total volume (15). For aerosol
inhalation inoculation experiments, ferrets were exposed to a high dose (1057 EID,,) or a low dose (103
EID,,) of H7N2 virus as described previously (19). For concurrent ocular-aerosol inhalation inoculation,
ferrets were exposed to a range of doses (102° to 103 EID,,) of H7N2 virus as described previously (21,
22). All virus-inoculated ferrets were observed daily for clinical signs and symptoms of infection, with
nasal wash (NW), conjunctival wash (CW), and rectal swab (RS) specimens being collected on alternate
days p.i. to measure virus shedding as previously described (77). Three additional ferrets inoculated by
the i.n. route were euthanized on day 3 p.i. for assessment of virus replication and systemic spread, as
previously described (75).

Virus transmissibility was assessed by placing a naive ferret in the same cage as an inoculated ferret
(to assess transmission in the presence of direct contact [DC]) or in an adjacent cage with modified
sidewalls to allow air exchange in the absence of direct or indirect contact between animals (to assess
transmission by respiratory droplets [RD]) as previously described (19). Serum was collected on days 14
to 18 p.i/postcontact (p.c) to measure seroconversion against homologous virus by hemagglutinin
inhibition assay (19).

Sequence analysis. Ferret specimens collected during transmission and necropsy experiments were
selected for sequencing analysis. Viral RNA was extracted using a QIAamp viral RNA minikit (Qiagen
Corporation, USA), and reverse transcription-PCR was performed using an AccessQuick system (Promega,
USA) along with influenza virus-specific oligonucleotides to amplify HA1 and PB2 (nucleotides 882 to
2285). Amplified PCR products were gel purified (MinElute gel extraction kit; Qiagen, USA) and se-
quenced using a BigDye Terminator (v3.1) cycle sequencing kit and an ABI 3130 XL analyzer (Applied
Biosystems, USA). Sequences were assembled in SeqMan Pro software (DNAStar, Madison, WI), using the
original sequences for comparison.

Influenza virus genome sequences were downloaded from the Influenza Research Database
(http://www .fludb.org/), GenBank-NCBI (https://www.ncbi.nlm.nih.gov/GenBank/), or the Influenza Di-
vision Sequence Database for the viruses indicated above or for A/feline/New York/16-040082-1/2016
(GenBank accession numbers KY888121 to KY888128). Alignment of full-length coding sequences was
performed using BioEdit (v7.1.3.0) (78) and MUSCLE (79) software. Analyses of the identities and
similarities of influenza virus protein sequences were performed using the LALIGN (http://www.ch
.embnet.org/software/LALIGN_form.html) and BLAST (http://blast.ncbi.nlm.nih.gov/Blast.cgi) programs.
N-glycosylation site prediction was conducted on the NetGlyc (v1.0) server (http://www.cbs.dtu.dk/
services/NetNGlyc/).

Cell culture and viral replication. Cells of the human bronchial epithelial cell line Calu-3 (ATCC)
were grown on 12-well membrane inserts and cultured as previously described (28). Ferret differentiated
primary tracheal epithelial cells (FTECs) were isolated and cultured as previously described (31). Calu-3
cells were cultured under submerged conditions, and ferret primary cells were cultured under air-liquid
interface (ALI) conditions. To measure replication kinetics, 1037 EIDgy/well of each virus was added
apically in serum-free medium (multiplicity of infection [MOI], approximately 0.01) and the mixture was
incubated for 1 h before washing and culturing under submerged (Calu-3 cells) or ALI (ferret primary
cells) conditions for the duration of the experiment at 37°C (all cell types) and 33°C (Calu-3 cells only).
Additionally, 1027 EID,,/well was added to Calu-3 cells at 37°C for an MOI of approximately 0.001.
Aliquots of culture supernatants collected at the times p.i. indicated above were immediately frozen at
—80°C until titration in eggs. The statistical significance of viral replication kinetics was assessed using
two-way analysis of variance with a Tukey posttest.

Environmental persistence assay. Diluted influenza viruses (103 to 1057 EID5,) were added to
96-well plates (5 ul/well) without a cover, immediately placed in a MicroClimate MCBHS-1.2 environ-
mental chamber in which the conditions were set at 20°C and 50% relative humidity (Cincinnati
Sub-Zero), and allowed to dry. At the times postaddition indicated above and in Table 2, 200 ul of PBS
was added to each well and the contents of the wells were pipetted for ~10 s for rehydration and
resuspension of any viral material present and immediately frozen at —80°C until titration in eggs. Assays
were performed three times in triplicate for each virus per assay.

H7 virus HA fusion pH measured by virus-induced syncytium formation assay. Following
previously established methods (80), Vero cells (ATCC) were infected with various strains of influenza
viruses at an MOI of 1 to 20 to achieve at least 50% infectivity (on the basis of nucleoprotein staining).
At 16 h p.i, infected cells were treated with 5 pg/ml of N-p-tosyl-L-phenylalanine chloromethyl ketone
(TPCK)-trypsin for 15 min at 37°C and, to induce fusion, were then incubated for 5 min at 37°C with warm
fusion buffer (20 mM HEPES, 2 mM CaCl,, 150 mM NaCl, 20 mM citric acid monohydrate/sodium citrate
tribasic dehydrate) at pH values ranging from 4.8 to 7.4, with the pH being increased in increments of
0.1 or 0.2 pH unit. The cells were then incubated with Dulbecco modified Eagle medium supplemented
with 10% fetal bovine serum (FBS) for 3 h before fixation with 4% paraformaldehyde and stained for
anti-NP antibody (clone A1, A3 blend; EMD Millipore) for immunofluorescence microscopy. The fusion pH
was defined as the highest pH value at which syncytia were observed.
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