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ABSTRACT

Avian influenza A H7 viruses have caused multiple outbreaks in domestic poultry throughout North America, resulting in occa-
sional infections of humans in close contact with affected birds. In early 2016, the presence of H7N8 highly pathogenic avian in-
fluenza (HPAI) viruses and closely related H7N8 low-pathogenic avian influenza (LPAI) viruses was confirmed in commercial
turkey farms in Indiana. These H7N8 viruses represent the first isolation of this subtype in domestic poultry in North America,
and their virulence in mammalian hosts and the potential risk for human infection are largely unknown. In this study, we as-
sessed the ability of H7N8 HPAI and LPAI viruses to replicate in vitro in human airway cells and in vivo in mouse and ferret
models. Both H7N8 viruses replicated efficiently in vitro and in vivo, but they exhibited substantial differences in disease sever-
ity in mammals. In mice, while the H7N8 LPAI virus largely remained avirulent, the H7N8 HPAI virus exhibited greater infectiv-
ity, virulence, and lethality. Both H7N8 viruses replicated similarly in ferrets, but only the H7N8 HPAI virus caused moderate
weight loss, lethargy, and mortality. The H7N8 LPAI virus displayed limited transmissibility in ferrets placed in direct contact
with an inoculated animal, while no transmission of H7N8 HPAI virus was detected. Our results indicate that the H7N8 avian
influenza viruses from Indiana are able to replicate in mammals and cause severe disease but with limited transmission. The re-
cent appearance of H7N8 viruses in domestic poultry highlights the need for continued influenza surveillance in wild birds and
close monitoring of the potential risk to human health.

IMPORTANCE

H7 influenza viruses circulate in wild birds in the United States, but when the virus emerges in domestic poultry populations, the
frequency of human exposure and the potential for human infections increases. An H7N8 highly pathogenic avian influenza
(HPAI) virus and an H7N8 low-pathogenic avian influenza (LPAI) virus were recently isolated from commercial turkey farms in
Indiana. To determine the risk that these influenza viruses pose to humans, we assessed their pathogenesis and transmission in
vitro and in mammalian models. We found that the H7N8 HPAI virus exhibited enhanced virulence, and although transmission
was only observed with the H7N8 LPAI virus, the ability of this H7 virus to transmit in a mammalian host and quickly evolve to a
more virulent strain is cause for concern. Our findings offer important insight into the potential for emerging H7 avian influ-
enza viruses to acquire the ability to cause disease and transmit among mammals.

Avian influenza A viruses, particularly of the H5 and H7 sub-
types, continue to pose a global threat to poultry industries

and to public health. On 15 January 2016, the U.S. Department of
Agriculture (USDA) Animal and Plant Health Inspection Service
(APHIS) confirmed the presence of H7N8 highly pathogenic
avian influenza (HPAI) virus following high mortality in a com-
mercial turkey farm in Dubois County, Indiana, necessitating the
culling of approximately 60,000 birds. Subsequently, H7N8 low-
pathogenic avian influenza (LPAI) viruses sharing high sequence
similarity with the H7N8 HPAI virus were isolated from nine
nearby turkey farms (1). Through combined containment efforts,
including culling, decontamination, and quarantine, avian H7N8
viruses were eventually eradicated from Indiana poultry farms by
May 2016, and no new cases of H7N8 virus poultry infection have
been reported (2). While H7 influenza viruses with all 9 (N1 to
N9) NA subtypes have been detected previously during wild bird
influenza surveillance in the United States (3), these H7N8 viruses
represent the first detection of this subtype from domestic poultry
farms and the first H7 HPAI virus other than H7N3 isolated in

North America in recent years. While no human infection with
H7N8 viruses has been reported to date, H7 influenza viruses
from the North American lineage have caused several laboratory-
confirmed human infections during the past decade, including
H7N3 HPAI in British Columbia, Canada, in 2004 and Jalisco,
Mexico, in 2012 and H7N2 LPAI infection in one person in New
York in 2003 (4, 5). Therefore, it is of great importance to assess
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the potential risk of recently isolated H7 influenza viruses to pub-
lic health and to better inform the necessary guidelines for disease
control and prevention.

H5 or H7 subtype HPAI viruses possess characteristic polyba-
sic residues at the HA cleavage site, the presence of which contrib-
utes to systemic spread of virus and high mortality in domestic
poultry (6). However, the molecular determinants of avian influ-
enza viruses associated with virulence in mammalian hosts are not
fully understood, and there remains a need to employ animal
models to predict the risk of avian influenza infection in humans.
Both HPAI and LPAI H7 viruses have caused large poultry out-
breaks and even fatalities in humans. For example, H7N7 HPAI
virus resulted in 89 human cases, including one fatality (7) in The
Netherlands in 2003, and the ongoing H7N9 LPAI virus outbreak
in China, which first emerged in early 2013, has caused more than
700 confirmed cases of human infection with more than 300 fa-
talities (8). So far, sustained human-to-human transmission has
not been reported for avian influenza viruses. In addition to respi-
ratory symptoms, which are often detected following human in-
fection with H5 influenza virus, conjunctivitis has been observed
in a large proportion of humans infected with H7 viruses (9, 10).
Mammalian animal models have been developed to reflect the
viral pathogenesis, cellular tropism, and potential transmissibility
of avian influenza viruses in humans, including H7 subtype vi-
ruses (11). In mice, most avian H7 influenza viruses can replicate
in the respiratory tract without prior adaption, but only a very few
viruses, such as the H7N7 HPAI virus from The Netherlands in
2003, are highly lethal and capable of systemic spread in this
model (12, 13). Like H5N1 viruses, most avian H7 viruses repli-
cate throughout the respiratory tract of ferrets, including the lung,
though only selected H7N7 and H7N9 viruses have been associ-
ated with mortality in ferrets following intranasal inoculation (12,
14). However, unlike wild-type H5 influenza viruses, which typi-
cally do not transmit well among ferrets (15), several avian H7
influenza viruses have exhibited a capacity to transmit among co-
housed ferrets and, occasionally, by the airborne route as well (14,
16, 17), indicating that certain H7 influenza viruses may be better
adapted than H5 influenza viruses to transmit between mamma-
lian hosts.

To better understand the relative risks posed by H7N8 influ-
enza viruses to humans, we examined the pathogenicity and trans-
missibility of two newly emerged H7N8 viruses (HPAI and LPAI)
from Indiana turkey farms in both in vitro and in vivo models. We
found that the H7N8 HPAI virus exhibited enhanced virulence in
both mouse and ferret models compared to the virulence of both
its precursor H7N8 LPAI virus and other previously isolated H7
viruses from North America, including the most recent H7N3
HPAI virus, isolated from Mexico in 2012. We also found that the
H7N8 LPAI virus was able to transmit between cohoused ferrets,
albeit rarely, while the H7N8 HPAI virus did not transmit between
any ferret pairs. The ability of the precursor H7N8 LPAI virus,
which rapidly evolved to become more virulent in both poultry
and mammals, to initiate limited transmission between ferrets in
direct contact underscores the need for continued surveillance
and risk assessment of this virus subtype.

MATERIALS AND METHODS
Viruses. The HPAI A/Turkey/Indiana/1403/2016 (A/Tky/1403 [H7N8])
and LPAI A/Turkey/Indiana/1573-2/2016 (A/Tky/1573 [H7N8]) viruses
were first isolated by the National Veterinary Services Laboratory (NVSL),

USDA, Ames, IA, and were propagated in the allantoic cavity of 10-day-
old embryonated hens’ eggs at 37°C for 24 h for HPAI virus or 48 h for
LPAI virus. Allantoic fluid pooled from multiple eggs was clarified by
centrifugation and stored in aliquots at �80°C. The HA and NA genes
were both sequenced to confirm identity with the original virus isolates
received from NVSL, and both stocks passed sterility and exclusivity test-
ing to rule out contamination with other influenza virus subtypes. The
control viruses HPAI A/Canada/504/04 (Can/504 [H7N3]), HPAI
A/Netherlands/219/03 (NL/219 [H7N7]), LPAI A/Goose/Nebraska/
17097-4/11 (Gs/NE/11 [H7N9]), A/Anhui/1/2013 (Anhui/1 [H7N9]),
and human seasonal A/Panama/2007/99 (Pan/99 [H3N2]) virus were all
propagated in 10-day-old embryonated hens’ eggs for 24 to 48 h at 33.5 to
37°C as described previously (12, 18). The 50% egg infectious dose
(EID50) for each virus stock was calculated by the method of Reed and
Muench (19) following serial titration in eggs. All experiments with H7N8
HPAI and LPAI viruses were conducted under biosafety level 3 contain-
ment, including enhancements required by the U.S. Department of Agri-
culture and the Select Agent Program (20).

H7N8 virus replication kinetics in Calu-3 cells. A human bronchial
epithelial cell line (Calu-3) was maintained and cultured in 12-well plates
with semipermeable inserts (Costar, Corning, NY) according to previ-
ously established methods (18) to allow cells to become polarized. Viral
infection of Calu-3 cells was performed as described previously (18). In
brief, virus inoculum was added apically to Calu-3 cells at a multiplicity of
infection (MOI) of 0.01 EID50 for 1 h at 37°C, after which cell monolayers
were washed and viral infection medium containing 0.3% bovine serum
albumin (BSA) in minimal essential medium (MEM) was added. Cells
were maintained for 72 h postinoculation (p.i.), and supernatants sam-
pled at 2, 24, 48, and 72 h p.i. for viral titration in embryonated hens’ eggs.

H7N8 virus infectivity and replication in mice. All animal experi-
ments were performed under the guidance of the Centers for Disease
Control and Prevention’s Institutional Animal Care and Use Committee
in an Association for Assessment and Accreditation of Laboratory Animal
Care International-accredited facility. Morbidity (measured by weight
loss) and mortality in mice were assessed following intranasal (i.n.) inoc-
ulation as described previously (21). In brief, groups of eight female
BALB/c mice (Charles River Laboratories, Wilmington, MA), 6 to 8 weeks
of age, were anesthetized intraperitoneally with 0.2 ml of 2,2,2-tribromo-
ethanol in tert-amyl alcohol (Avertin; Sigma-Aldrich Chemical Co., St.
Louis, MO) and inoculated i.n. with 50 �l of serial 10-fold dilutions of
virus ranging from 100.0 to 106.0 EID50 prepared in phosphate-buffered
saline (PBS). Five mice from each group were monitored daily for clinical
signs of disease and weight loss until 14 days p.i.; any mouse with loss
of �25% of its preinoculation weight was euthanized. The remaining
three mice from each group were euthanized on day 3 p.i., and viral rep-
lication in the lung was evaluated by titrating tissue homogenates in 10-
day-old embryonated hens’ eggs. The 50% mouse infectious dose
(MID50), based on the presence of virus in lung tissues, and 50% lethal
dose (LD50), based on mouse survival, were calculated using the method
of Reed and Muench (19). Additionally, to evaluate viral persistence and
systemic spread, groups of 3 mice inoculated i.n. with 103.0 or 106.0 EID50

of virus were euthanized on day 6 p.i. to detect infectious virus in lung and
brain tissues. The ocular tropism of H7N8 viruses was evaluated by intra-
ocular (i.o.) inoculation with 5 �l of 106.0 EID50 of virus as described
previously (22). Briefly, the right eye of each mouse was lightly scarified by
three twists of a 2-mm corneal trephine (Katena Products), and then the
virus inoculum was dropped onto the corneal surface, followed by gentle
massaging with the eyelid. The lung, nose, and eyes were collected from
five mice each on days 3 and 6 p.i. for viral titration.

H7N8 virus pathogenesis and transmission in ferrets. Virus patho-
genesis and transmission experiments in ferrets were performed as previ-
ously described (21). Briefly, six male Fitch ferrets (Triple F Farms, Sayre,
PA), 10 months of age and serologically negative for currently circulating
influenza viruses by hemagglutination inhibition (HI), were housed in a
Duo-Flo Bioclean unit (Lab Products Incorporated, Seaford, DE) and
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inoculated i.n. with 106.0 EID50 of LPAI or HPAI H7N8 virus diluted in 1
ml of PBS. Among the six inoculated ferrets, three were housed in indi-
vidual cages and were observed daily for clinical signs of disease, weight
loss, and lethargy, as described previously (23). Nasal wash, ocular wash,
and rectal swab samples were collected on days 1, 3, 5, 7, and 9 p.i. for viral
titration in eggs. The remaining three ferrets were euthanized on day 3 p.i.
to evaluate viral replication, systemic spread, and pathology. Lung tissues
were fixed in 10% neutral buffered formalin and embedded in paraffin.
Four-micrometer sections of these tissues were stained with hematoxylin
and eosin for histopathologic analysis. To evaluate the capacity for viral
transmission between ferrets in direct contact, a serologically naive ferret
was placed in the same cage as an inoculated ferret 24 h p.i. and nasal wash
samples were collected from contact ferrets on days 1, 3, 5, 7, 9, 11, and 13
postcontact (p.c.). Ferrets were euthanized on day 21 p.i./p.c., and conva-
lescent-phase sera were collected and tested for HI titer against homolo-
gous H7N8 virus as described previously (24). Hematologic analyses with
peripheral blood samples collected on days 3 and 7 p.i. were performed as
described previously (25).

RESULTS
H7N8 influenza virus replicates efficiently in Calu-3 cells. The
human lung epithelial cell line Calu-3 has been extensively used to
model avian influenza A virus replication in the human respira-
tory tract. Calu-3 cells express serine proteases, such as TMPRSS2,
to cleave HA0 and, therefore, are able to support the replication of
most influenza viruses without the addition of exogenous trypsin
(26). The ability of H7N8 LPAI and HPAI viruses to replicate in
Calu-3 cells was compared with that of several human isolates
from the Eurasian lineage (H7N7 HPAI NL/219 virus and H7N9
LPAI Anhui/1 virus), human and avian isolates from the North
American lineage (H7N3 HPAI Can/504 virus and H7N9 LPAI
Gs/NE/11 virus), and one human seasonal strain (H3N2 Pan/99
virus). Polarized Calu-3 cells grown on Transwell inserts were
inoculated with each virus, and apical supernatants were collected
at 2, 24, 48, and 72 h p.i. for virus titration. As shown by the results
in Fig. 1, at 24 h p.i., all of the viruses except the Gs/NE/11 virus
exhibited at least a 3-log increase in viral titer compared to base-
line levels, indicating the capacity of most avian H7 viruses to
replicate in Calu-3 cells independent of their lineage or virulence.
Among all the viruses tested, Anhui/1 virus replicated to the high-

est titer (109.5 EID50/ml) at 24 h p.i., in accordance with a previous
study showing the highly efficient replication of H7N9 viruses in
this cell type (14). The HPAI H7N8 and H7N7 (NL/219) viruses
reached comparable titers of approximately 108.0 EID50/ml at 24 h
p.i., significantly higher than the titers reached by the H7N8 LPAI,
H7N9 Gs/NE/11, H7N3 Can/504, and seasonal Pan/99 viruses
(P � 0.001). Most of the viral titers peaked at 48 h p.i., with the
exception of H7N8 HPAI virus, which reached its peak titer at 24
h p.i. The avian H7N8 viruses replicated to significantly higher
titers in Calu-3 cells than did an H7N9 LPAI virus isolated in 2011
(P � 0.001), indicating an enhanced capacity for replication in
this cell type not shared by all North American lineage H7 viruses.
Taken together, our results show that both LPAI and HPAI H7N8
viruses were able to replicate efficiently in human epithelial cells,
with the H7N8 HPAI virus exhibiting high-titer replication kinet-
ics comparable to those seen for H7N7 and H7N9 influenza vi-
ruses associated with severe human disease.

H7N8 HPAI virus exhibits enhanced virulence in mice com-
pared to the virulence of H7N8 LPAI virus. Despite the capacity
of most avian influenza viruses to replicate in the murine lung
without prior adaption, avian influenza viruses of the H7 subtype
have exhibited great heterogeneity in their degrees of replication
and pathogenesis in mice following i.n. inoculation (27). In our
study, we first assessed the virulence of both HPAI and LPAI
H7N8 viruses recently isolated from Indiana turkey farms in
groups of BALB/c mice by monitoring morbidity (as measured by
weight loss) and mortality after i.n. inoculation with serial 10-fold
dilutions of virus. A mean maximum weight loss of approximately
15% at day 2 p.i. was displayed in mice inoculated with 106.0 EID50

of H7N8 LPAI virus, with only minimal weight loss (�5%) ob-
served among mice receiving smaller-viral-inoculum doses; all
mice survived the viral challenge (Fig. 2A and C). In contrast, mice
inoculated with �103.0 EID50 of H7N8 HPAI virus exhibited sub-
stantial weight loss and lethality (Fig. 2B and D). The LD50 values
for H7N8 HPAI and LPAI viruses were 103.4 and �106.0 EID50,
respectively (Table 1), indicating that the HPAI virus possessed
enhanced virulence in mice compared to that of the LPAI virus.

We next examined the efficiency of viral replication in the
mouse respiratory tract for both H7N8 viruses. As shown by the
results in Fig. 2E, with inoculation doses of 104.0 EID50 or higher,
both viruses could replicate efficiently in the mouse lung on day 3
p.i., reaching titers of at least 103.0 EID50/ml, though the viral loads
in the lungs of H7N8 HPAI virus-infected mice at this time point
were significantly (P � 0.001) higher (�1 to 3 log) than those in
the H7N8 LPAI-infected mice that received the same inoculation
dose. Strikingly, the H7N8 LPAI virus was over 100-fold less in-
fectious than the HPAI virus in mice (Table 1). Additionally, while
mice inoculated with a high dose (106.0 EID50) of either the HPAI
or LPAI virus exhibited mean lung titers of �105.0 EID50/ml on
day 6 p.i., at a low dose (103.0 EID50), only mice inoculated with
the HPAI virus had detectable virus in the lung on day 6 p.i. (Fig.
2F). Despite being highly infectious and virulent, the H7N8 HPAI
virus failed to spread systemically, as virus was not detected in the
brain on day 6 p.i., and no mice displayed neurological symptoms,
similar to what was observed for H7N8 LPAI virus (data not
shown). Unlike intranasal administration, the H7N8 HPAI and
LPAI viruses were not consistently detected in eye, nose, or lung
tissues following ocular inoculation. Taken together, these data
indicate that the H7N8 HPAI influenza virus exhibits enhanced
morbidity, mortality, and replicative ability in mice compared

FIG 1 Viral replication kinetics in Calu-3 cells. Polarized Calu-3 cells grown
on 12-well Transwell inserts (�5 � 105 per well) were infected with an MOI of
0.01 EID50 of HPAI Tky/1403 (H7N8), Can/504 (H7N3), NL/219 (H7N7),
LPAI Tky/1573 (H7N8), Gs/NE/11, Anhui/1 (H7N9), or human seasonal
A/Pan/99 (H3N2) virus. The cell culture supernatants were collected apically
at 2, 24, 48, and 72 h p.i., and the viral titers were determined in eggs. Mean
viral titers � SD from triplicate cultures are shown. Statistical analysis was
performed using two-way analysis of variance (ANOVA) with GraphPad
Prism. Asterisks indicate statistically significant differences between the results
for Anhui/1, HPAI H7N8, and NL/219 viruses and the results for the other H7
viruses tested at 24 h and between the results for HPAI and LPAI H7N8 viruses
and Gs/NE/11 virus at 48 h. ***, P � 0.001.
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with those of the H7N8 LPAI virus, as demonstrated by greater
weight loss, lethality, and viral persistence in the respiratory tract.

H7N8 influenza viruses exhibit limited transmission, despite
efficient replication in ferrets. We further evaluated the ability of

both H7N8 HPAI and LPAI viruses to cause disease and transmit
among ferrets, the gold standard animal model for influenza virus
infection in mammals (11). Six ferrets were i.n. inoculated with
106.0 EID50 of H7N8 LPAI or HPAI virus for assessment of clinical

FIG 2 H7N8 virus pathogenesis in mice. Groups of five BALB/c mice were i.n. inoculated with serial 10-fold dilutions (102.0 to 106.0 EID50) of LPAI (A, C) or
HPAI (B, D) H7N8 viruses. The infected mice were observed and weighed daily until day 14 p.i., and any mouse with �25% weight loss or with severe signs of
illness, including neurological symptoms, was euthanized. The mean percentages of preinoculation weight and survival for LPAI or HPAI H7N8 virus-infected
mice are shown. (E) Groups of three mice were inoculated with 100.0 to 106.0 EID50 doses of HPAI or LPAI H7N8 virus and were euthanized on day 3 p.i. to
determine viral titers in lung tissues. (F) Additional groups of three mice were inoculated i.n. with 103.0 or 106.0 EID50 of either H7N8 virus and were euthanized
on day 6 p.i. for viral titration in lung tissues. The mean viral titers 	 SD in lung tissues on day 3 or day 6 p.i. are expressed as log10 EID50/ml of the clarified tissue
homogenate supernatant. The dashed horizontal line indicates the detection limit of 1.5 log10 EID50/ml. If virus was not detected in 100% of mice in any particular
group, the number of positive samples out of the total number of mice inoculated is shown. Statistical analysis was performed using two-way ANOVA with
GraphPad Prism if all three samples from each group were virus positive. ***, P � 0.001.

TABLE 1 Infectivity, morbidity, and mortality observed in mice infected by HPAI or LPAI H7N8 virus

Virus Subtype Pathogenicitya

HA cleavage site
sequence

Mean wt
loss (%)b

Mean lung titer (log10 EID50/ml)
� SD at dayc:

MID50
d LD50

d3 6

A/Turkey/Indiana/1403/2016 H7N8 HPAI PENPKKRKTR/G 24.9 6.41 � 0.29 5.83 � 0.38 1.0 3.4
A/Turkey/Indiana/1573-02/2016 H7N8 LPAI PENP. . . ..KTR/G 14.1 3.50 5.38 � 0.18 (2/3) 3.3 �6.0
a The pathogenicity phenotype in chickens was determined using the intravenous pathogenicity index (IVPI) (37).
b Mean maximum weight loss (%) following i.n. inoculation with 106.0 EID50 of virus (five mice per group).
c Mean viral titers in lungs following i.n. inoculation with 106.0 EID50 of virus on day 3 or 6 p.i. among mice with positive virus detection. Titers are reflective of 3 mice per group
unless otherwise specified in parentheses.
d MID50 and LD50 are expressed as the log10 EID50 required to give a value of 1 for MID50 or LD50.
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signs, lymphopenia, virus dynamics in nasal wash, ocular wash,
and rectal swab samples, and viral replication in systemic tissues
on day 3 p.i. Similar to the results for other LPAI North American
influenza viruses (16), ferrets infected with H7N8 LPAI virus dis-
played limited weight loss (�2%) and showed no other clinical
signs, with the exception of transient fever (1.1°C above baseline)
(Fig. 3A; Table 2). In contrast, the H7N8 HPAI virus-infected
ferrets exhibited greater weight loss (mean maximum of 15.6%)

(Fig. 3A). None of the ferrets infected with H7N8 HPAI virus
exhibited overt signs of respiratory or ocular illness, including
sneezing or nasal or ocular discharge. Both groups of ferrets ex-
hibited lymphopenia on days 3 and 7 p.i. but with no significant
difference between them (data not shown). However, one fer-
ret infected by the HPAI virus exhibited transient diarrhea on
day 5 p.i. and was euthanized on day 10 p.i. due to severe weight
loss; the postmortem necropsy confirmed the presence of virus

FIG 3 H7N8 virus pathogenesis and transmission in ferrets. (A) Three ferrets inoculated i.n. with 106.0 EID50 of either HPAI or LPAI H7N8 virus were monitored
for weight loss until 21 days p.i. The mean percentages of preinoculation weight of ferrets are shown. (B) Three infected ferrets were euthanized on day 3 p.i., and
nasal wash samples (NW) and tissue samples, including nasal turbinates (NT), trachea, lung, intestine, olfactory bulb (OB), blood, liver, spleen, kidney, posterior
brain, anterior brain, eye (pooled left and right), and conjunctiva (pooled left and right), were collected for viral titration in eggs. Mean viral titers 	 SD are
expressed as log10 EID50/ml (for NW and NT samples) or log10 EID50/g. If virus was not detected in 100% of any particular tissue samples, the number of positive
samples out of the total number is shown on top of the bar graph. (C, D) Three naive contact ferrets were cohoused with LPAI (C) or HPAI (D) H7N8
virus-infected ferrets, and nasal wash samples were collected for viral titration on the indicated days p.i. or p.c. Viral titers in nasal wash samples from each of three
individual inoculated ferrets (solid bars, left) and contact ferrets (dotted/checkered bars, right) are expressed as log10 EID50/ml. The dashed horizontal lines
indicate the detection limit of 1.5 log10 EID50/ml or log10 EID50/g for NW or most tissue samples, except for eye and conjunctiva samples, which have a detection
limit of 0.8 log10 EID50/ml. Statistical analysis was performed using two-way ANOVA with GraphPad Prism if all three samples from same groups were virus
positive. *, P � 0.05.
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in nasal turbinates (102.3 EID50/ml) and in trachea tissues (102.7

EID50/g).
Despite the substantial differences in the amount of weight loss

they caused, both H7 viruses replicated efficiently throughout the
respiratory tract in ferrets, as demonstrated by high viral titers in
nasal wash samples, nasal turbinates, trachea, and lungs. In nasal
wash samples, viral titers peaked on day 1 p.i. for H7N8 HPAI
virus-infected ferrets, with a mean titer of 105.7 EID50/ml (Fig.
3D), and on day 3 or 5 p.i. for H7N8 LPAI virus-infected ferrets,
with a mean titer of 105.0 EID50/ml (Fig. 3C). Virus was cleared in
nasal wash samples from all surviving H7N8 virus-infected ferrets
by day 9 p.i. On day 3 p.i., the titers of both viruses were �104.0

EID50/g in the trachea, with the H7N8 HPAI virus titers being signif-
icantly higher than those of the LPAI virus (P � 0.05) (Fig. 3B). The
virus titers in lung tissues of HPAI and LPAI virus-infected ferrets

were similar, and both were �106.0 EID50/g. However, histo-
pathologic evaluation of lung tissues indicated a significant differ-
ence in the degrees of inflammation. Ferrets infected by H7N8
HPAI virus exhibited prominent intra-alveolar edema, hemor-
rhage, and moderate to extensive inflammatory infiltrates (Fig.
4A). The H7N8 HPAI virus-infected ferret that was euthanized on
day 10 also showed signs of organizing fibrosis (Fig. 4B). In con-
trast, the majority of the lungs of ferrets infected by LPAI virus
were normal, with only focal areas of mild to moderate inflamma-
tory infiltrates (Fig. 4C).

Both HPAI and LPAI viruses were detected sporadically at low
titers (�104.0 EID50/g) in extrapulmonary tissues, including the
intestine, olfactory bulb, posterior and anterior brain, eyes, and
conjunctiva, on day 3 p.i. Similarly, low titers (�103.5 EID50/ml)
of viruses were also detected sporadically in rectal swab samples

TABLE 2 Clinical signs, viral replication, and transmission of HPAI and LPAI H7N8 virus among ferrets

Virus

Result (mean maximum for indicated value or no. of animals with result/no. inoculated or exposed) for indicated parameter in ferrets
exposed by:

Inoculation Direct contact

Wt loss
(%)a

Temp
increase
(°C)b

Lethargy
score
(RII)c Lethalityd

Respiratory
signs

Gastrointestinal
signs

Viral titer � SD
(log10 EID50/ml) in
nasal wash samples

Virus
detected Seroconversion

A/Turkey/Indiana/1403/2016 (HPAI) 15.6 1.7 1.6 1/3 (10) 0/3 1/3 5.17 � 0.95 0/3 0/3
A/Turkey/Indiana/1573-02/2016 (LPAI) 1.2 1.1 1.0 0/3 0/3 0/3 5.33 � 0.88 1/3 1/3

a Mean maximum weight loss (%) during first 10 days p.i.
b Mean maximum temperature increase over baseline during first 10 days p.i.
c RII, relative inactivity index (38) during 12 days p.i.
d Number of animals that succumbed to infection/total number of animals. The day p.i. that one animal was euthanized due to excessive weight loss is shown in parentheses.

FIG 4 Histopathological examination of lung tissues from ferrets infected with HPAI or LPAI H7N8 influenza virus. Representative images of hematoxylin and
eosin-stained lung tissues from ferrets inoculated with 106.0 EID50 of HPAI H7N8 influenza virus on day 3 p.i. (A) and day 10 p.i. (B), from ferrets inoculated with
LPAI H7N8 influenza virus on day 3 p.i. (C), and from naive ferrets (D) are shown under �100 magnification.
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on days 1 and 5 p.i. or in eye wash samples on day 3 and 5 p.i. for
H7N8 LPAI virus-infected ferrets and in rectal swab samples on
days 1 and 7 p.i. for H7N8 HPAI virus-infected ferrets, including
the animal euthanized on day 10 p.i. (data not shown). The spo-
radic presence of H7N8 influenza viruses at low titers in selected
extrapulmonary tissues, including the olfactory bulb, brain, and
intestine, has also been observed in LPAI A/Anhui/1/2013 (H7N9)
and HPAI A/Mexico/InDRE7218/12 (H7N3) virus-infected fer-
rets (14, 21), but this is in contrast to the increased level of virus
replication and systemic spread of HPAI NL/219 (H7N7) virus
(12). Our results indicate that the H7N8 influenza viruses isolated
from turkeys in Indiana do not yet possess the enhanced virulence
that is characteristic of some Eurasian H7N7 HPAI viruses.

H7N8 virus transmissibility was evaluated by cohousing naive
ferrets with inoculated ferrets on day 1 p.i.; transmission was as-
sessed by both the presence of virus in nasal wash samples and
seroconversion of convalescent-phase sera collected from contact
ferrets on day 21 p.c. By these criteria, transmission was not ob-
served in any of the three contact ferrets cohoused with H7N8
HPAI virus-infected ferrets (Fig. 3D). Among the three naive fer-
rets cohoused with the ferrets infected by H7N8 LPAI virus, one
had positive viral titers in nasal wash samples commencing on day
3 p.c., with a peak titer of 105.3 EID50/ml on day 7 p.c. (Fig. 3C).
Detectable virus persisted in nasal wash samples from this ferret
until at least day 11 p.c. This ferret seroconverted to homologous
virus with an HI titer of 40, whereas the two other contact ferrets
remained seronegative and all inoculated ferrets possessed HI ti-
ters of �160 (data not shown). These findings indicate that nei-
ther the LPAI nor the HPAI H7N8 virus is capable of efficient
transmission among ferrets that are in direct contact. Collectively,
we found that despite the finding that both H7N8 influenza vi-
ruses replicated efficiently throughout the respiratory tract of fer-
rets, only the HPAI virus caused moderate morbidity and mortal-
ity and only the LPAI virus was capable of limited transmission
among cohoused ferrets.

DISCUSSION

As natural hosts for avian influenza A viruses, wild birds typically
display no symptoms upon influenza infection but can nonethe-
less disseminate and spread virus to domestic poultry (28). The
avian influenza H7N8 viruses that recently emerged in Indiana
share high genetic similarity to avian influenza viruses from wild
birds in North America, indicative of their wild bird origin (29).
The H7N8 HPAI Tky/1403 virus, which was highly virulent in
turkeys, most likely evolved from the H7N8 LPAI Tky/1573 virus
or similar viruses during their circulation in domestic poultry
(29). In this study, we assessed the pathogenicity of two H7N8
viruses (HPAI and LPAI) from Indiana in both mice and ferrets
and found that the HPAI (Tky/1403) virus exhibited enhanced
virulence compared to its precursor LPAI (Tky/1573) virus. In
mice, H7N8 LPAI virus was largely avirulent, only causing tran-
sient weight loss at a high inoculation dose, while H7N8 HPAI
virus was more infectious and caused severe weight loss even at
low inoculation doses. Moreover, H7N8 HPAI virus exhibited
more robust replication in the murine lung than did H7N8 LPAI
virus. Similarly, H7N8 HPAI virus caused greater lethargy and
more substantial weight loss in ferrets, including one lethal out-
come, which is in contrast to the minimal weight loss observed in
ferrets inoculated with H7N8 LPAI virus. The Indiana H7N8 in-
fluenza viruses differ from each other by only 8 amino acids (in-

cluding a change from asparagine in HPAI virus to aspartic acid in
LPAI virus at position 740 in polymerase protein PB2 [PB2-
N740D], PA-S218G, PA-G347D, HA-L468M, HA-N511K [H7
numbering starting at the first Met], NA-L357V, M1-I203M, and
NP-N377S), in addition to an insertion of three basic residues
(-KRK-) at the HA cleavage site in the H7N8 HPAI virus. The
presence of polybasic residues at the HA cleavage site of H5 or H7
subtype HPAI viruses directly correlates with the enhanced viral
replication and systemic spread during viral infection in chickens
due to the intracellular HA cleavage by ubiquitous furinlike pro-
teases (6). In contrast, the cleavage of LPAI with a single basic
residue at the HA cleavage site is mediated by extracellular
trypsinlike proteases that are present in the respiratory and intes-
tinal tracts of chickens; therefore, viral infection by LPAI has a
limited tissue tropism in this species (6). Although multibasic
cleavage sites in the HAs of H5 and H7 influenza viruses act as an
important molecular marker for high lethality in chickens, their
contribution in viral pathogenesis in mammals is less straightfor-
ward. For example, the H7 HPAI virus A/Netherlands/230/2003
virus did not cause lethal infection in mice, whereas H7 LPAI
viruses lacking a multibasic cleavage site, such as A/Anhui/1/2013
(H7N9) or A/Rhea/North Carolina/93 (H7N1) virus, were lethal
in mice (14, 27), demonstrating that avian influenza virus patho-
genicity in mammals is a multifactorial trait. However, since none
of the 8 amino acid substitutions associated with these two Indi-
ana H7N8 viruses are located at positions previously linked to
influenza virulence in mammals, we postulate that the three-ba-
sic-residue insertion (-KRK-) at the HA cleavage site plays a major
role in the enhanced virulence of the H7N8 HPAI virus. Similar
effects of basic residue insertions on viral pathogenicity in mam-
mals have been reported for other H7 viruses, such as a laboratory
variant of influenza A/Seal/Massachusetts/1/80 (H7N7) virus, in
which a three-arginine-residue insertion in HA conferred a lethal
phenotype to the original avirulent wild-type virus in mice (30).
Furthermore, despite comparable replication dynamics in the
lower respiratory tract of ferrets, more severe histopathologic
changes were observed in the lungs of those infected by HPAI
virus. Therefore, further identification of the molecular determi-
nants of virulence associated with H7 viruses and how these viru-
lence markers may interact in a synergistic manner in mammals is
needed.

Several mammalian adaption markers in avian influenza vi-
ruses have been associated with enhanced viral attachment and
replication in mammals; among the best characterized are muta-
tions within the HA receptor-binding domain, mainly at positions
226 and 228 (H3 numbering) for H7 viruses, and the E627K and
D701N mutations in PB2 (31). Selected H7 viruses, like the H7N9
LPAI virus, with such mammalian adaption markers have
emerged and exhibited increased virulence in animal models
(14). Moreover, the PB2 627K mutation present in the H7N7
HPAI NL/219 virus was also found to be responsible for its lethal
phenotypes in mammals (32). Sequence analysis of two recently
emerged H7N8 viruses reveals no such substitutions, indicating
that H7N8 viruses have not become well adapted to infect mam-
mals. However, avian influenza viruses can evolve rapidly in do-
mestic poultry and mammalian adaption markers can emerge
during virus circulation in poultry (33). Although the H7N8 in-
fluenza viruses that emerged in Indiana in 2016 have been eradi-
cated from those poultry farms, it is impossible to predict when
avian influenza viruses will remerge and cause outbreaks in poul-
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try populations in the future. Therefore, it is necessary to contin-
uously monitor the genetic features of emerging avian influenza
viruses and assess their abilities to infect and cause disease in
mammals.

The assessment of avian influenza transmission in mammals is
essential for evaluating the potential risk to public health and for
pandemic preparedness. Our current understanding of the molec-
ular mechanisms associated with avian influenza virus transmis-
sion in mammals is largely derived from studies using the ferret
model. These studies have revealed roles for both strong binding
to humanlike 
2,6-linked sialic acid receptors and potent replica-
tion in the respiratory tract as necessary for efficient transmission
in mammals (31). In our study, we identified that the H7N8 LPAI
virus has the capacity for limited transmission by direct contact, as
one of three contact ferrets displayed virus shedding on day 3 p.c.
and also seroconverted by day 21 p.c. Unlike avian influenza H5
wild-type viruses, which generally fail to transmit in either direct
contact or respiratory droplet model systems, low to high levels of
transmission in the presence of direct contact have been identified
among selected H7 viruses from the North American lineage, with
partial transmissibility by aerosol also detected among several
H7N9 LPAI viruses isolated from China since 2013 (10). Increased
receptor binding for 
2,6-linked sialic acid, conferred either by
mutations in the receptor-binding domain, as seen in H7N9 LPAI
virus, or by a deletion in the HA loop, as observed in A/New
York/107 (H7N2) virus, has been associated with enhanced trans-
missibility for some H7 viruses, as has heightened viral replication
conferred by the PB2-E627K mutation (14, 16, 34, 35). However,
other viruses, such as A/Mallard/Alberta/24/01 (H7N3) virus,
which possess typical 
2,3-linked sialic acid binding and have no
known mammalian adaption mutations, still exhibit partial to full
transmission among ferrets in direct contact (21, 36), suggesting
that other molecular determinants associated with H7 virus trans-
mission remain unidentified.

Like most H7 viruses that have been characterized so far, both
HPAI and LPAI H7N8 viruses can replicate in the respiratory tract
of multiple mammalian species without prior adaption. H7N8
HPAI virus exhibited a higher magnitude and greater persistence
of viral replication in murine lungs, which may partially contrib-
ute to its enhanced virulence compared to that of H7N8 LPAI
virus. However, there was no significant difference in viral repli-
cation in upper (nasal turbinates) or lower (lung) respiratory tract
tissues of ferrets infected with the H7N8 HPAI and LPAI viruses,
despite greater morbidity following infection with the H7N8
HPAI virus. These results suggest that efficient viral replication
does not always coincide with the disease severity of avian influ-
enza virus infection, at least in ferrets. The enhanced histopathol-
ogy observed in the lungs of ferrets infected by HPAI virus
indicates that extensive bronchopneumonia with characteristic
inflammatory cell infiltration may contribute to disease severity.
Future studies on how HPAI virus causes severe viral pneumonia
and induces strong inflammatory cell infiltration in mammals are
necessary.

Wild birds in North America maintain a large pool of geneti-
cally diverse avian influenza viruses. It is difficult to predict which
avian influenza virus will emerge in poultry and when it will do so.
Meanwhile, influenza viruses will continue to evolve, reassort
when they cross the species barrier, and establish infection in a
new host. The recent H7N8 virus outbreaks in Indiana further
emphasize the importance of continued surveillance in wild birds

and poultry populations and the important role of risk assessment
in animal models.
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