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ABSTRACT

Avian H7 influenza viruses are recognized as potential pandemic viruses, as personnel often become infected during poultry out-
breaks. H7 infections in humans typically cause mild conjunctivitis; however, the H7N9 outbreak in the spring of 2013 has re-
sulted in severe respiratory disease. To date, no H7 viruses have acquired the ability for sustained transmission among humans.
Airborne transmission is considered a requirement for the emergence of pandemic influenza, and advanced knowledge of the
molecular changes or signature required for transmission would allow early identification of pandemic vaccine seed stocks,
screening and stockpiling of antiviral compounds, and eradication efforts focused on flocks harboring threatening viruses. Thus,
we sought to determine if a highly pathogenic influenza A H7N1 (A/H7N1) virus with no history of human infection could be-
come capable of airborne transmission among ferrets. We show that after 10 serial passages, A/H7N1 developed the ability to be
transmitted to cohoused and airborne contact ferrets. Four amino acid mutations (PB2 T81I, NP V284M, and M1 R95K and
Q211K) in the internal genes and a minimal amino acid mutation (K/R313R) in the stalk region of the hemagglutinin protein
were associated with airborne transmission. Furthermore, transmission was not associated with loss of virulence. These findings
highlight the importance of the internal genes in host adaptation and suggest that natural isolates carrying these mutations be
further evaluated. Our results demonstrate that a highly pathogenic avian H7 virus can become capable of airborne transmission
in a mammalian host, and they support ongoing surveillance and pandemic H7 vaccine development.

IMPORTANCE

The major findings of this report are that a highly pathogenic strain of H7N1 avian influenza virus can be adapted to become
capable of airborne transmission in mammals without mutations altering receptor specificity. Changes in receptor specificity
have been shown to play a role in the ability of avian influenza viruses to cross the species barrier, and these changes are assumed
to be essential. The work reported here challenges this paradigm, at least for the influenza viruses of the H7 subtype, which have
recently become the focus of major attention, as they have crossed to humans.

Because of their extensive circulation around the globe, avian
influenza A viruses of the H7 subtype are occasionally intro-
duced from wild waterfowl into domestic poultry (i.e., chickens).
Upon infection of chickens, H7 (and H5) viruses can develop
mutations in the cleavage site of the hemagglutinin (HA) protein
that render the virus highly pathogenic (HPAI) and lead to high
mortality rates, significant economic loss, and further culling of
birds to prevent the spread of disease (1).

During outbreaks of H7 influenza, poultry workers can be-
come infected. Infection usually results in a self-limiting, mild
conjunctivitis; however, H7 viruses have also caused respiratory
infections. HPAI viruses of the H7N7 and H7N3 subtypes have
infected humans (2-5), and in March 2013, a low-pathogenicity
H7N9 virus emerged in China and was transmitted from poultry
in live bird markets to humans. One hundred thirty-three human
respiratory infections were reported in 2013, with 43 fatal cases
(6-8), and in the fall and winter of 2014, a second wave of the
outbreak occurred and is ongoing (9). Experimental studies have
shown enhanced recognition of human-like receptors by some of
the H7NO strains, as well as partial airborne transmission in ferrets
(10-12). The evolution and emergence of H7N9 highlights the
need for continued surveillance and research on H7 viruses.

Influenza pandemics occur when a virus carrying an HA sub-
type, such as H5, H7, or H9, to which the human population has
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no preexisting immunity crosses the species barrier and is capable
of sustained transmission in humans. Because of a lack of immu-
nity, pandemics can result in severe disease in individuals of all
ages. This is illustrated by the “Spanish flu” pandemic of 1918,
which resulted in an estimated 50 million deaths worldwide (13);
the H2N2 pandemic of 1957 that caused ~1 million deaths (14);
and the more recent 2009 HIN1 pandemic that resulted in in-
creased mortality and hospitalization rates in children and adults
relative to seasonal influenza (15). Given the relatively high pro-
portion of individuals who become infected during H7 outbreaks
(2-4, 7, 8), there is significant concern that an influenza virus of

Received 23 September 2013 Accepted 4 March 2014
Published ahead of print 2 April 2014
Editor: T. S. Dermody

Address correspondence to Daniel R. Perez, dperez1@umd.edu, or Troy C. Sutton,
suttontroy27@gmail.com.

* Present address: Hongxia Shao, Key Lab of Jiangsu Preventive Veterinary
Medicine, College of Veterinary Medicine, Yangzhou University, Yangzhou,
People’s Republic of China.

T.CS. and CF. contributed equally to this work.
Copyright © 2014, American Society for Microbiology. All Rights Reserved.
doi:10.1128/JV1.02765-13

jviasm.org 6623


http://dx.doi.org/10.1128/JVI.02765-13
http://jvi.asm.org

Sutton et al.

the H7 subtype could evolve to become capable of transmission
among humans and initiate a pandemic. Through recent studies
of H5N1, our knowledge of the adaptive traits required for air-
borne transmission has increased (16, 17); however, the changes
required for an H7 isolate to become capable of airborne trans-
mission are largely unknown. Identification of the molecular
changes required for airborne transmission of H7 viruses will per-
mit the early identification and preparation of vaccines, facilitate
prescreening and stockpiling of antiviral medications, and direct
eradication efforts toward flocks harboring viruses with pandemic
qualities.

Ferrets represent one of the most suitable animal models of
human influenza virus infection. Ferrets transmit seasonal influ-
enza viruses via respiratory droplet and have a distribution of
sialic acid receptors similar to that of humans (18). By using a
combination of site-directed mutagenesis and serial passage in
ferrets, the highly pathogenic avian isolate A/Indonesia/5/2005
(H5N1) was modified to become capable of airborne transmission
(16). In addition, a reassortant virus containing the H5 HA with
four mutations and seven genes from pH1NI was also capable of
airborne transmission in ferrets (17). Importantly, the mutations
identified in these studies are naturally occurring mutations and
have already begun to define molecular signatures in H5 viruses
that potentiate transmission in mammals.

To identify mutations associated with the transmission of a
fully avian H7 virus, we sought to determine if a highly pathogenic
H7N1 virus, which carries the PB2 E627K mutation associated
with respiratory tract adaptation (19-21), could become capable
of airborne transmission in ferrets. For these experiments, the
highly pathogenic avian isolate A/ostrich/Italy/2332/2000 (H7N1)
(here wild-type [WT] H7N1) was purposely chosen because there
were no reported cases of human infection with this virus during
the 1999-2000 H7N1 outbreak in Italy (22, 23). In this regard, the
present studies were aimed at understanding airborne transmis-
sion in a mammalian model while minimizing the chances that
such a virus would have characteristics of human adaptation. Here
we show that after serial passage, a highly pathogenic H7N1 virus
can develop the ability to be transmitted to cohoused (CH) and
airborne contact (AC) ferrets. We then proceed to sequence anal-
ysis and pathogenesis studies that show four amino acid changes
in the internal genes and resolution of a mixed base in the HA-
encoding gene were associated with transmission. Importantly,
these studies aimed to build upon our understanding of the mech-
anisms that would permit sustained mammalian transmission.
This knowledge will potentially lead to the identification of
emerging H7 viruses with pandemic characteristics and enhance
pandemic preparedness.

MATERIALS AND METHODS

Virus. The highly pathogenic isolate A/ostrich/Italy/2332/2000 (H7N1)
(22, 24) was used as the WT reference strain and to initiate serial-passage
experiments. The virus was propagated in specific-pathogen-free 9-day-
old embryonated hen eggs.

Biosafety, biocontainment, and information management. The in-
formation provided in this report highlights the potential of an avian
influenza virus of the H7 subtype to gain the capability of airborne trans-
mission. “Gain-of-function” (GOF) studies are essential to understand
molecular attributes that make avian influenza viruses potential public
health threats and to guide the development of effective therapies. In this
particular report, GOF is defined as the adaptation of a highly pathogenic
avian influenza virus of the H7N1 subtype with no history of mammalian
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adaptation to become capable of airborne transmission in the ferret
model of influenza virus infection. We have developed biosafety and bio-
security mitigation strategies that, in concert with the findings, provide
important information regarding public health risks associated with H7
viruses while greatly minimizing the risk of accidental release and un-
wanted access to and misuse of this information. During our experiments
and prior to the submission of this report for publication, the manuscript
was subjected to dual-use research of concern review by the University of
Maryland (UMD) Institutional Biosafety Committee and NIAID, NIH.
After revisions to address recommendations, both groups supported pub-
lication of the findings.

In accordance with the rules and regulations for work with highly
pathogenic influenza viruses in the United States, all experiments were
conducted in a biosafety level 3 enhanced (BSL3+) facility at UMD.
Experiments with both the WT isolate and serially passaged strains
were registered and approved by the UMD Institutional Biosafety
Committee (IBC 12-52 E-1098). Although the virus described in this
study is not the HPAT H5N1 virus, the biosecurity measures taken were
in compliance with the NIH guidelines for research involving trans-
missible strains of the HPAI H5N1 virus. The BSL3+ facility at UMD
is maintained under negative pressure, and all exhaust air is passed
through two high-efficiency particulate air (HEPA) filters prior to
venting. All ventilation fans are redundant, and the facility has a ded-
icated electrical generator in the event of power loss. All work with
tissue and cell cultures is conducted in a class 2 biosafety cabinet in a
dedicated tissue culture room, and all animals are housed in separate
rooms in animal isolators with both intake and exhaust HEPA filters.
All animal handling is performed with a minimum of two authorized
users present.

Access to the facility is restricted to users who have undergone exten-
sive training. Prior to BSL3+ training, trainees must meet all require-
ments to work in both BSL2 and BSL2+ animal facilities and must pass an
FBI background check. This is followed by 3 months of training at BSL3+
under an experienced BSL3+ user. While in training, trainees are regu-
larly evaluated by their trainers on the use of all equipment and standard
operating procedures. Only after recommendation by the trainer, the fa-
cility manager, and the facility director is the trainee permitted indepen-
dent access to the facility.

Authorized BSL3+ users are subsequently required to complete both
monthly departmental training sessions and a yearly training session with
representatives from the Biosafety Office, the Fire and Police Depart-
ments, and Occupational Health. BSL3+ users must also participate in an
Occupational Health plan, which consists of an annual medical exam to
ensure that the user is capable of working at BSL3+ and can safely wear a
powered air-purifying respirator (PAPR). The health plan also includes
yearly vaccination against seasonal influenza. At each annual physical
exam, blood is collected from each user and screened for seroconversion
against H5, H7, and H9 influenza viruses.

All personnel working at BSL3+ must follow strict entry and exit
procedures. Prior to entering the facility, users remove all of their clothing
and don dedicated scrubs and a full Tyvek suit. All users are then required
to wear a HEPA-filtered PAPR. Once inside the facility, additional per-
sonal protective equipment (PPE) and multiple pairs of gloves are worn
over the Tyvek suit. Upon exiting the facility, all clothing and PPE is
prepared for autoclaving and users are required to shower. To ensure that
negative pressure is maintained, the facility is monitored electronically.
Users must also check pressure gauges when entering and inside the facil-
ity and then log the pressure readings during the exit procedure. After
exiting BSL3+, all authorized users must follow a strict quarantine pro-
cedure limiting contact with poultry and avian species for 5 days.

In addition, the BSL3+ facility has an information management pro-
gram. Under this program, all data are stored on password-protected
servers that require quarterly password updates. All computers are pro-
tected by antivirus software that automatically installs new upgrades as
they become available. Servers are further equipped with anti-intrusion
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FIG 1 Schematic representation of serial-passage experimental design. Experiment 2 in the ferret study section of Materials and Methods is represented. In
serial-passage experiments with each line, passage and evaluation of transmission were limited (n = 1).

software to detect attacks and security breaches and are routinely backed
up at remote locations. Furthermore, servers are located behind multiple
locked barriers to limit access by nonauthorized personnel.

The BSL3+ facility at UMD complies with all federal and state laws
and regulations. The facility is inspected regularly and is also subject to
unscheduled inspections by the U.S. Department of Agriculture to ensure
compliance with all required procedures and regulations. The most recent
inspection was completed in February 2013. All training records, person-
nel records, and inventories are maintained and are available for inspec-
tion by the USDA and/or the UMD Biosafety Office.

Ferret studies. All ferret studies were performed with approval from
the UMD Institutional Animal Care and Use Committee (protocols
R-09-93 and R-12-101) and were performed under BSL3+ conditions in
HEPA-filtered poultry isolators as previously described (25-28). BSL3+
animal rooms are equipped with motion sensor digital video cameras in
order to monitor animal behavior, as well as entry and exit of personnel.
For all experiments, 23-week-old, female ferrets (Triple F Farms) were
used and all ferrets were seronegative by anti-nucleoprotein (anti-NP)
influenza virus enzyme-linked immunosorbent assay (Symbiotic Tech-
nologies) prior to infection. Five days prior to experimentation, ferrets
were sedated and a subcutaneous transponder (Bio Medic Data Systems)
was implanted to identify each animal and provide temperature readings.
Ferrets were monitored daily for clinical signs and weight loss. Animals
showing weight loss greater than 20%, severe lethargy and diarrhea, or
neurological symptoms were euthanized immediately. Several ferret ex-
periments were performed as outlined below.

Experiment 1: transmission of WT A/ostrich/Italy/2332/2000 (H7N1).
Four ferrets were sedated and intranasally inoculated with 1 X 10° 50%
tissue culture infective doses (TCID5;) in 1 ml of phosphate-buffered
saline. At 24 h postinoculation, a naive ferret (CH contact) was placed in
the same cage with each of the directly inoculated animals and a second
naive ferret (AC) was placed in an adjacent cage such that the animal
shared the same air space but could not have contact with the other ferrets.
Ferrets were monitored for weight loss and clinical signs, and nasal wash
fluid samples were collected daily from day 1 postinoculation and day 1
postcontact. Animals were maintained for 21 days, and then blood was
collected via cardiac puncture and animals were euthanized. At the com-
pletion of the experiment, all nasal wash fluid samples were titrated by
TCID,, with an HA assay as the readout (28).

Experiment 2: serial passage and adaptation of two virus lines. The
serial-passage schema used in this experiment is shown in Fig. 1.

Part I. Two ferrets were inoculated with 1 X 10° TCID,, of WT H7N1
and designated line A or B. Ferrets were nasally washed daily, and exten-
sive precautions (multiple glove changes and disinfection of PPE, tools,
and surfaces) were taken between handlings of ferrets. On day 3 or 4
postinoculation, the nasal wash fluid collected from each ferret was sub-
sequently used to inoculate an additional ferret housed in a separate iso-
lator. All ferrets were nasally washed for at least 7 days postinoculation. At
the cessation of nasal washing, ferrets were maintained for 21 days and
blood was collected prior to euthanasia. Serial passage was performed for
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eight passages. On the eighth passage, a naive ferret (CH) was introduced
into the cage with the infected animal at 24 h postinoculation. With both
lines, the CH ferret became infected. The nasal wash fluid samples from
the CH ferrets were designated line A or B p9 CH nasal wash fluid.

Part IL. One naive ferret was inoculated with 1 X 10° TCIDs, of either
line A or B CH p9 nasal wash fluid. This experiment was designated pas-
sage 10 (p10). At 24 h postinfection (hpi), both CH and AC ferrets were
introduced. Animals were nasally washed daily and monitored for clinical
signs.

Experiment 3: airborne transmission with p10 line A virus. Nasal
wash fluid samples from days 2, 3, and 4 postinoculation from the directly
infected (DI) line A p10 ferret were combined such that the titer from each
day was equivalent. Three ferrets were then inoculated with 1 X 10°
TCIDs,, of this virus solution. At 24 h postinoculation, a CH and an AC
animal were introduced to each DI animal. Ferrets were nasally washed
daily for 13 days postcontact. Any ferrets showing severe disease (>20%
weight loss) and/or neurological symptoms were euthanized immedi-
ately. Two AC ferrets developed neurological symptoms and were sub-
jected to necropsy. Brain and lung tissue samples were collected from
these two animals for histopathology analysis and virus titrations.

Experiment 4: histopathology and systemic viral load. To compare
the histopathologies and viral loads due to the WT and mammal-adapted
viruses, we generated a virus stock designated ACp11 from AC ferret 3 in
experiment 3 nasal wash fluid. Six ferrets were then inoculated with 1 X
10° TCIDs, of either WT or mammal-adapted ACpl11 virus. On days
postinfection (dpi) 3, 5, and 7, various tissues were collected for titration
and histopathology analysis, including large and small intestine, kidney,
liver, spleen, lung, trachea, nasal turbinate, brain, and olfactory bulb tis-
sues. Virus titrations were performed with all of the tissue samples. Fixed
tissues were subsequently embedded in paraffin, sectioned, subjected to
hematoxylin-and-eosin (H&E) staining, and read by a pathologist who
was blind to the sample identities.

Sanger and deep sequencing of virus quasispecies. We performed
Sanger sequencing of the WT A/ostrich/Italy/2332/2000 (H7N1) virus
used to initiate the serial-passage studies and the nasal wash fluid of the
AC pl10 line A ferrets that became infected. Reverse transcription-PCR
was performed with sequence-specific primers to generate overlapping
fragments 500 to 1,000 nucleotides in length. Fragments were then se-
quenced with the BigDye Terminator v 3.1 Cycle Sequencing kit (Applied
Biosystems, Grand Island, NY) and a 3500XL Sequencer (Applied Biosys-
tems).

Deep sequencing analysis was performed with the following samples:
(i) pooled line A DI p10 ferret nasal wash fluid used to initiate p11, (ii) line
A AC p10 nasal wash fluid, (iii) one DI p11 ferret nasal wash fluid sample
(from F795, which was transmitted to F797), (iv) AC 1 p11 (F797) nasal
wash fluid, and (v) AC 3 p11 (F803) nasal wash fluid. Prior to sequencing,
nasal wash fluid samples were used to infect MDCK cells at a multiplicity
of infection of 0.25. At 24 hpi, the supernatants were collected and RNA
was purified with an RNeasy minikit (Qiagen). Subsequently, libraries
were constructed (29) and the samples were subjected to GS Junior Tita-
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FIG 2 WT H7N1 shows limited transmission to CH animals in the absence of virus shedding. Four ferrets received 1 X 10° TCID5, of WT H7N1 virus. At 24 hpi,
aCH and an AC ferret were introduced to each DI animal. Nasal wash fluid samples were collected daily for virus titration. Viral titers and weight losses of DI (A),
CH (B), and AC (C) ferrets. Red (blue, green, or pink) corresponds to one experimental cage setup consisting of three ferrets (one DI, one CH, and one AC ferret)
housed in the same isolator. In parentheses is the proportion of ferrets that succumbed to infection or were euthanized. Daggers denote animals that were

euthanized or succumbed to infection. N denotes neurological symptoms.

nium Rapid Library Preparation and Emulsion PCR and sequenced ac-
cording to the manufacturer’s protocol (emPCR Amplification Method;
Roche) on a Junior 454 Sequencer.

On the basis of sequence information, the ACp10 and ACp11 viruses
obtained do not contain mutations known to result in drug resistance and
thus would likely remain sensitive to the two most common anti-influ-
enza drugs, i.e., neuraminidase (NA) inhibitors and adamantanes.

RESULTS

Serial passage of H7N1 yields a virus capable of airborne trans-
mission. To evaluate the transmissibility of WT H7N1, four fer-
rets were infected and at 24 hpi, naive CH and AC ferrets were
introduced to each inoculated animal. All four DI animals shed
high virus titers and developed severe disease, indicated by weight
loss, requiring euthanasia by 9 dpi (Fig. 2). Two DI ferrets also
displayed neurological signs at the time of euthanasia.

With respect to the CH and AC ferrets, one CH ferret shed
virus on a single day (day 8 postcontact) and none of the AC
animals shed virus in their nasal wash fluid samples. Another CH
ferret showed significant weight loss and developed neurological
signs requiring euthanasia. None of the AC animals displayed
weight loss or signs of disease. To further determine if the CH and
AC ferrets had become infected, hemagglutination inhibition
(HI) assays with chicken red blood cells were performed and
showed no seroconversion (HI titers of =40) by any of the DI, CH,
or AC animals (data not shown). This is consistent with previous
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reports on limited seroconversion against H7 and H5 viruses (30,
31). Collectively, the results of the WT H7N1 transmission study
suggest that the virus has a limited ability to be transmitted to CH
ferrets and is not capable of airborne transmission, consistent with
similar studies of H7N3 viruses (5, 26). A prominent feature of
this experiment was the finding that two DI animals and one CH
ferret developed neurological disease. Given that the CH ferret did
not shed virus, the presence of neurological disease may indicate
infection through the ocular route (5). It should be noted that in
experimental ferret studies, ocular infection also leads to infection
of the upper respiratory tract; however, it is possible that the abil-
ity to spread directly from the eye to the brain is a result of the
neurotropism of this isolate (24). To further verify a lack of air-
borne transmission, we performed an additional transmission ex-
periment with three DI and three AC ferrets (i.e., no CH animals).
In this experiment, all of the DI animals shed high titers of virus,
while none of the AC animals showed signs of disease or shed virus
(data not shown). Throughout all ferret studies, we did not ob-
serve an increase in sneezing, and a febrile response (i.e., elevation
of body temperature) was inconsistent and was not a prominent
feature of infection. All infected animals became lethargic, and the
neurological symptoms observed included one or more of the
following: tremors, tics, uncontrolled shivering, ataxia, and/or
hind-limb paralysis.

To determine if the WT H7N1 isolate could develop enhanced
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FIG 3 Serial passage yields an H7N1 virus capable of direct and airborne transmission. Two ferrets received 1 X 10° TCID5, of WT H7N1 virus. Serial passage
was initiated with nasal wash fluid samples from infected ferrets to inoculate an additional two ferrets. Eight serial passages were performed and maintained as
two separate lines, A (red) and B (blue). On the eighth passage, CH animals were introduced and became infected. The nasal wash fluid samples from CH animals
were then used to initiate passage 10 (p10). At 24 hpi, a CH and an AC ferret were introduced. Viral titers and weight losses of p10 DI (A), CH (B), and AC (C)
animals are shown. In parentheses is the proportion of animals that were euthanized or that succumbed to infection ().

transmission to CH animals and become capable of airborne
transmission, serial passage in ferrets was performed. Two ferrets
were inoculated with WT H7N1, and the nasal wash fluid from
each ferret was used to inoculate another naive ferret. Two sepa-
rate lines, designated A and B, were maintained for the duration of
the experiment. At passage 5, alimited (n = 1) airborne transmis-
sion experiment was performed with each line. Both DI animals
shed virus; however, neither of the AC animals became infected
(data not shown). Subsequently, three additional serial passages
were performed. During the eighth passage, a CH ferret was intro-
duced to each line and both of these ferrets became infected and
shed high virus titers (data not shown). Next, the CH passage 9
nasal wash fluid was used to initiate a passage 10 transmission
study (Fig. 1 and 3). For each line, one ferret was infected, and at
24 hpi, single CH and AC ferrets were introduced. The DI ferrets
for both lines became infected and shed high virus titers (Fig. 3).
Both animals showed significant disease, as evident by weight loss,
and the line B animal was humanely euthanized. The CH ferrets
exposed to both lines became infected and survived. On day 6
postcontact, the line A-exposed AC ferret began to shed virus and
continued to do so until day 10, when it succumbed to the infec-
tion (Fig. 3C). The line B-exposed AC animal did not become
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infected or show any signs of disease and was negative by HI assay
(data not shown).

To determine if there were any mutations associated with air-
borne transmission, Sanger sequencing of the line A AC nasal
wash fluid and WT H7N1 was performed. Eight amino acid
changes and several silent mutations were identified in the AC line
A nasal wash fluid (Table 1). Of particular interest was the obser-
vation that there were minimal amino acid changes in the HA- and
NA-encoding surface genes.

To more fully characterize the transmission of the ferret-
adapted virus and to maintain quasispecies diversity, a larger
transmission study was performed with a pool of nasal wash fluid
samples from the DI line A p10 animal. This was designated pas-
sage 11 (p11). As described above, at 24 hpi, CH and AC animals
were introduced. At 1 dpi, all three DI animals shed virus in their
nasal wash fluid (Fig. 4) and continued to shed virus for at least 6
days. By day 5 postcontact, all of the CH animals had become
infected and similarly shed virus for at least 5 days. All infected
animals showed weight loss and clinical disease; two of three DI
animals and one of three CH animals were euthanized because of
severe disease. On days 6 and 8 postcontact, two separate AC fer-
rets (no. 1 and 3) began to shed virus in their nasal wash fluid
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TABLE 1 Sanger sequencing and deep sequencing of DI and infected AC ferrets”

Frequency (%), line A

Expt 2, pl E ,pll
Nucleotide change Amino acid Function or domain of mutation Xpt2 plo Xpt3,p
Protein (position) position (reference([s]) DI AC DI AC1 AC2
PB2 C(242)T T811Y NP interaction domain (38) 100 100 100 100 100
PB1 750 G250° 58 86 98
2157 V719°¢ 28 19 100
PA G(204)A P68>* 98 100 88 99 100
G(243)A G812 99 100 90 96 100
HA G/A(938)G K/R313R"” HA stalk globular head (34, 69) 95 100 46 96 100
G583A G195R 62 40 100 100
NP G(850)A V284M° PB2 interaction domain (38) 100 100 100 100 100
C(1249)A L4171° PB2 interaction domain (38) 98
G(546)A V182b¢ 100 100 100 100 98
C(1188)T N396%¢ 100 100 100 100 100
A(633)G G211 100
NA T(786)A D262E? Adjacent to NA binding pocket (33) 42 100 35 100
G/A(408)A L136° 99 100 100 100 100
A(972)G V324°¢ 53 99 34 100
A(1071)G G357°¢ 41 100 28 100
M1 G(284)A R95K" Spherical virion morphology (62) 100 100 100 100 100
G(632)A R211Q° RNP binding domain (63) 100 100 100 100 100
NS1 A(328)G K110E” Host protein eIF4GI interaction (70) 46 100 56 98

“ Nucleotide and amino acid changes are compared to the published A/ostrich/Italy/2332/2000 (H7N1) sequence that was verified by Sanger sequencing. The changes shown were
present at >20% frequency in two or more samples, excluding NP L4171 and the silent mutation at NP G211 reported during initial Sanger sequencing of AC p10 line A.
Numbering reflects that of the full-length H7N1 amino acid sequence. HA numbering refers to H7 numbering starting at methionine. Absence of a frequency indicates 0% and no
changes were found in M2 and NS2. Five mutations present in all DI and AC ferrets are in bold. Mutations also found in A/Anhui/1/2013 and A/Shanghai/2/2013 (H7N9) are

underlined.

¥ Amino acid and/or nucleotide change found during Sanger sequencing of p10 line A AC.

¢ Silent or synonymous mutation.

(Fig. 4C). Both ferrets shed increasing titers of virus until they
developed severe neurological signs requiring euthanasia. Both of
these animals were subjected to necropsy, with brain tissue show-
ing high levels of replicating virus consistent with neurological
disease, while only one animal had virus detected in the lung (Fig.
5). The remaining AC ferret (no. 2) did not become infected and
was negative by HI assay.

Pathogenesis and tissue viral loads due to WT and airborne
transmission-capable H7N1. To evaluate systemic infection and
determine if transmission was associated with respiratory tract
viral load differences, six ferrets were inoculated with either WT
H7N1 or ACp11 H7NI (virus stock generated from p11 AC 3
(green in Fig. 4C) and tissues were collected at 3, 5, and 7 dpi.
Upon virus titration, no virus was detected in the large or small
intestine or in the kidney, spleen, or liver; however, at 3 and 5 dpi,
virus was consistently isolated from the nasal turbinates, trachea,
and lungs (Fig. 6). Given the limited number of ferrets used for
these studies, no significant differences between the WT and
ACp11 virus-infected animals were found; however, when the vi-
ral loads in the nasal turbinates and trachea were examined, there
appeared to be slightly higher titers of ACp11 than WT virus on
dpi 3 and 5. In contrast, in the lungs, there was up to a 1-log
increase in WT virus levels over ACpl11 virus levels. On dpi 7, no
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WT-infected animals and only one ACp11-infected animal had
virus in the trachea, while none of the ACpl1-infected animals
and only one WT-infected animal had virus in the lungs. This
suggests that serial passage may have enhanced replication in the
upper respiratory tract, while the WT virus appears to replicate
preferentially in the lungs.

Evaluation of virus replication in nervous tissues reveals that
both the WT and ACp11 viruses grew to high titers in the olfactory
bulb and the ACp11 virus shows titers equivalent to or slightly
higher than (although not significantly different from) those of
the WT virus. With respect to viral loads in brain tissue, one
ACpl1-infected animal was positive on day 5, another was posi-
tive on day 7, and two WT-infected animals were positive on day
7. During this experiment, no animals exhibited signs of neuro-
logical disease. The variation in viral loads in brain tissue is con-
sistent with the general variation in clinical signs observed
throughout these studies and may reflect the outbred nature of
ferrets.

On day 3, animals infected with WT or ACp11 virus showed
minimal pathology in the lungs, trachea, and brain (Table 2). At 5
dpi, WT virus-infected animals had severe lung disease character-
ized by diffuse alveolar edema, while the trachea and brain re-
mained largely unaffected (Fig. 7). In all tissues from animals in-

Journal of Virology


http://jvi.asm.org

Transmission of Highly Pathogenic H7N1 in Ferrets

Ag
m_l -
] £ 1004
£ & g
g5 2 80
c O 4 o .
SF £ TNt
® o Limit of ]
o2 Detection »  0-
= =1 [U REL DAY R R DI N 2 1'(2/3)
0 T T T T T T T TT
ANY D %D 0A Q9,00 0 5 10
Days Post-Infection Days Post-Infection
B
§2 £ 1001 %
F 3 ©
59 = N
ggo g 80+ t
g9 a
(1] =
2a 2 60 1.(1 /3)
N9 D %6 0A 9,0 N0 0 5 10
Days Post-Contact Days Post-Contact
Cc
§ g £ 100{ Tttt e
= ® N
=3 : e
85 2 807 f
! £
3 6o
24 2 1(2/3)
0 —TTrTrTTrTrTrTrTTr—T—T
NS %D 0A OO NA0 0 5 10

Days Post-Contact

Days Post-Contact
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FIG 5 Titration of brain and lung samples from AC animals shows high virus
titers in the brain. In experiment 3, two AC animals became infected and
developed neurological disease requiring euthanasia. Both ferrets were sub-
jected to necropsy. Brain and lung samples were collected for titration. Shown
above are viral titers in the lungs and brains of both animals. Both animals had
replicating virus in the brain, while only one animal had detectable virus in the
lungs.
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fected with ACp11 virus, minimal disease and pathology were
observed on day 5. By day 7, both WT- and ACp11-infected ani-
mals showed comparable mild or moderate disease in the lungs
and trachea; however, they differed in disease severity in the brain.
ACpll-infected animals exhibited marked focal meningitis and
encephalitis with lymphocytes in the thalamus, while WT-in-
fected animals also showed meningitis but with reduced severity
(Fig. 7 and Table 2). These findings of more pronounced lung
disease with WT virus are in agreement with the observation of
slightly higher viral loads in the lungs. However, the findings in the
brain are in contrast to the viral load data. Only one ACp11-in-
fected animal had virus isolated from the brain (Fig. 6). This may
reflect sampling, as only a small amount (~0.5 g) of brain tissue
was tested for virus while an entire section of the left hemisphere
of the brain was examined for histopathology.

Molecular changes associated with airborne transmission.
To further evaluate the mutations associated with respiratory
transmission and the quasispecies present in the animals that be-
came infected via airborne transmission, deep sequencing of ferret
nasal wash fluid samples was performed. Sequences were obtained
from the pooled line A DI p10 nasal wash fluid used to initiate p11,
the single line A ACp10 ferret nasal wash fluid sample, one DI p11
nasal wash fluid sample, and the nasal wash fluid samples from the
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FIG 6 Viral loads in the respiratory tract and nervous system tissues of WT
H7N1- and ferret-adapted ACp11-infected ferrets. Six ferrets were inoculated
with 1 X 10° TCIDj, of either WT H7N1 or ACp11 H7N1 (virus stock gener-
ated from p11 AC 3). Tissue samples were collected from the large and small
intestines, kidneys, spleen, liver, lungs, trachea, nasal turbinates, brain, and
olfactory bulb. Tissue samples were titrated and normalized to the weight of
input tissue. No virus was isolated from the intestines, kidneys, spleen, or liver.
Each bar represents the viral load of an individual ferret. Viral titers are shown
for upper respiratory tract tissue (nasal turbinates and trachea) (A), the lower
respiratory tract or lungs (B), and nervous system tissue (olfactory bulb and
brain) (C).
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two AC pl1 ferrets that became infected. Five amino acid muta-
tions were found at high frequencies of 96 to 100% in all of the AC
animals and were also present in the DI animals (Table 1). These
mutations were PB2 T811, HA K/R313R (304 H3 numbering), NP
V284M, and M1 R95K and R211Q and are consistent with those
found by Sanger sequencing. In all of the ferret nasal wash fluid
samples examined, the PB2 E627K mutation was maintained.
Three mutations (NP L4171, NA D262E, and NS1 K110E) in the
ACp10line A nasal wash fluid were not consistently maintained in
the other AC ferrets, indicating that they were not required for
airborne transmission. The deep sequencing results also indicate
that only one minimal change in the surface gene for HA,
K/R313R, resulted from the serial-adaptation studies, while sev-
eral changes in the internal genes became fixed during this pro-
cess.

There were also additional mutations at various prevalences
(i.e., in 2/3 AC ferrets) and frequencies (i.e., 40 to 100%) in the
HA- and NA-encoding genes. Both pll AC ferrets display a
G195R mutation in HA (relative to methionine and position 186
H3 numbering). This mutation was not present in the line A
ACp10 nasal wash fluid, indicating that it is not required for air-
borne transmission; however, its presence at a frequency of 100%
in the pl1 AC ferrets suggests ongoing adaptation. Continued
adaptation is also illustrated by the NA mutation D262E (D284E
when correcting for a 22-amino-acid [aa] deletion in the stalk)
(32). This mutation is located in close proximity to conserved
amino acids (E276, E277, and R292 in N1) in the NA binding
pocket and may influence NA activity (33). This mutation was
present at a frequency of 100% in the line A ACp10 nasal wash
fluid and in one of the two p11 AC ferrets, also suggesting a degree
of selection. It is possible that these two additional mutations,
along with the other five mutations found in all of the nasal wash
fluid samples, may lead to enhanced transmission. Importantly,
none of the mutations are known to change the susceptibility of
influenza viruses to NA inhibitors or adamantanes.

DISCUSSION

In this report, a fully avian H7N1 virus was adapted to become
capable of airborne transmission in ferrets. The virus also showed
transmission to all CH animals, suggesting that transmission via
direct contact was also enhanced; however, it is possible that air-
borne transmission could also occur in CH animals. The findings
are consistent with those on the adaptation of highly pathogenic
H5N1 (16), as no reassortment event was required to yield a virus
capable of airborne transmission. In agreement with studies on
HO9N2 and H5N1, a limited number of amino acid mutations (five
or six) were associated with airborne transmission and serial pas-
sage leads to mammalian adaptation (16, 25, 27). In the HA-en-
coding gene, we identified a single mutation present in all AC
ferrets, resolution of K/R313R. This mutation is located in the
stalk region of H7 HA. Thus, it is unlikely to influence receptor
binding. The receptor-binding preference of WT H7N1 was pre-
viously characterized and shown to be consistent with typical
avian H7 HA proteins displaying an 2,3 sialic acid binding pref-
erence (34). From studies on transmissible H5 viruses, the stabi-
lizing mutations T3181 and H103Y (H3 numbering) in the stalk
were reported (17). These mutations did not alter receptor-bind-
ing preference, and the T318I mutation was shown to stabilize the
HA protein when combined with destabilizing/loss of a glycosyla-
tion site mutation N158D. Furthermore, transmission studies
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TABLE 2 Histopathology scores at dpi 3, 5, and 7 of lung, bronchus/bronchiole, alveolar, pulmonary vasculature, tracheal, and brain tissues from

ferrets infected with WT H7N1 or ACpl11

Histopathology score” of tissue from:

Time, virus, and ferret Lungs Bronchi/bronchioles Alveoli Vascular tissue Trachea Brain
3 dpi
WT
F828 — - — — — —
F829 + - + - - +
ACpll
F834 ++ ++ ++ - ++ -
F835 - - - + + +
5 dpi
WT
F830 ++++ +++ ++++ ++ ++ +
F831 +++ ++ +++ ++ + +
ACpll
F836 ++ ++ ++ + + +
F837 - - — - - +
7 dpi
WT
F832 +++ +++ +++ ++ ++ ++
F833 ++ ++ ++ ++ ++ ++
ACpll
F838 ++ ++ ++ + ++ +++
F839 +++ +++ ++ ++ + +++

@ Tissues were collected from two animals at each time point and scored by a veterinary pathologist blinded to the identity of the virus strain. Lesion grading: —, normal; +,

minimal; ++, mild; ++ +, moderate; ++++, severe.

with HA-stabilizing mutations alone resulted in inefficient trans-
mission in ferrets (35, 36). Thus, in the context of the ferret-
adapted H7 virus, the stalk mutation alone is unlikely to be suffi-
cient to result in airborne transmission and the internal genes
potentially play a more significant role.

The viral ribonucleoprotein (VRNP) genes are also known to
harbor host range determinants (37, 38). For example, PB2 mu-
tations E627K and D701N have been well characterized and en-
hance polymerase activity and growth in mammalian cells at 33°C
(21, 39, 40). PB2 and NP have been shown to enter the nucleus by
the classical importin-a/3; nuclear import pathway (41). The im-
portin pathway is thought to represent a mechanism of host
switching, as the PB2 E627K mutation changes the preferred im-
portin isotype from importin-a3 to importin-a7, which are uti-
lized by avian and human isolates, respectively (42, 43). In our
airborne-transmission-capable H7N1 virus, we found two muta-
tions in the VRNP-encoding genes, PB2 T81I and NP V284M.
Sequence variation at position 81 in PB2 has previously been iden-
tified by bioinformatic approaches (37, 44). Results obtained by
these approaches show an association between the polar amino
acid threonine at position 81 in avian viruses, while the nonpolar
amino acids, valine or methionine, are prevalent in human vi-
ruses. The T81I mutation causes a similar change to a nonpolar
amino acid and may reflect mammalian adaptation. Importantly,
we also compared the PB2 sequence of WT H7N1 to that of an
H5N1 virus that acquired virulence after serial passage in mice

June 2014 Volume 88 Number 12

(45). We found that all six mutations in the serially passaged
H5NI virus (L89V, G309D, T339K, R477G, 1495V, and A676T)
were also present in PB2 of the WT H7N1 isolate, indicating that
in addition to PB2 E627K, the H7N1 virus already carries muta-
tions indicative of mammalian adaptation.

The mutation V284M identified in NP has not been previously
reported; however, this mutation is in the C-terminal PB2 inter-
action domain and is adjacent (aligns with position 285 in NP
from HIN1) to position 283, at which a lysine is associated with
avian viruses and a proline is associated with human viruses (44,
46). Importantly, this change in the NP C-terminal PB2 interac-
tion domain occurs in parallel with the T81I change in the PB2
N-terminal NP interaction domain (33), indicating that these may
be compensatory mutations modulating NP-PB2 binding. Com-
bined, these two mutations may further promote nuclear import
by importin-a7 and/or may enhance polymerase activity and
growth at lower temperatures in mammalian cells. Importantly,
the combination of PB2 D701N and NP N319K in an H7N7 isolate
led to importin-a7 dependency in human cells (42, 43). The NP
mutation V284M is in proximity to the N319K mutation and thus,
alone or combined with the E627K mutation, may further pro-
mote switching to use of the importin-a7 isotype. Furthermore,
the VRNP genes have also been shown to interact with several
other host factors (47—49) and the mutations in NP and PB2 could
also alter these interactions. Lastly, we also found two silent mu-
tations at high frequencies in PA and two silent mutations in NP.
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Lung - day 5 (40x)

Brain - day 7 (100x)

FIG 7 Histopathology of lung and brain samples showing differences in inflammation between animals infected with WT H7N1 or ACp11 virus on dpi 5 and
7. Ferrets (n = 6/virus) were infected with either WT H7N1 or ACp11. On dpi 3, 5, and 7, lung, trachea, and brain samples were collected for evaluation of
histopathology. All sections were fixed and subjected to H&E staining. Sections were viewed and scored by a veterinary pathologist blinded to the virus strain’s
identity. Shown are representative images of dpi 5 lung sections from WT H7N1 (A)- and ACp11 (B)-infected ferrets and dpi 7 brain sections from WT H7N1

(C)- and ACpl1 (D)-infected ferrets.

The high prevalence of these mutations suggests a role for adap-
tation of genes at the nucleotide level.

The prevalence of both silent and amino acid mutations in the
viral polymerase genes underscores the need for ongoing develop-
ment of new antiviral strategies. While our transmissible H7N1
virus does not harbor mutations that confer resistance to existing
antivirals, amantadine resistance is prevalent in circulating hu-
man influenza viruses and oseltamivir-resistant viruses are being
isolated with increasing frequency (50-52). The mutations in NP
and PB2 highlight the need for strategies that specifically target the
viral polymerase, and several compounds are currently under de-
velopment (53-58). For example, nucleozin causes NP oligomer-
ization in the cytoplasm, limiting nuclear import and assembly of
vRNPs (55), and cycloheptathiophene-3-carboxamide derivatives
inhibit PB1-PA interactions (56). Importantly, as mutations in the
internal genes appear to be a determinant in the evolution of the
transmission phenotype, the use of antiviral agents targeting
the viral polymerase during outbreaks could slow or prevent the
emergence of a virus capable of airborne transmission and/or
causing a pandemic.

The matrix gene has also previously been associated with trans-
mission, particularly in the context of pH1N1 reassortant viruses
(59-61). In our transmissible H7N1 virus, two mutations in M1,
R95K and R211Q, became fixed. The R95K mutation has been
shown to change virion morphology from filamentous to spheri-
cal (62), and electron microscopy studies are required to verify a
change in morphology. The R211Q mutation is in the region re-
sponsible for binding the RNPs (63). The defined RNP binding
domain of M1 is large (aa 165 to 212); thus, it is difficult to deter-
mine if the R211Q mutation would influence the function of M 1.

Given the transmission phenotype identified, one may postu-
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late that modifying other influenza viruses with the same muta-
tions would confer a similar phenotype. While these mutations
may be associated with respiratory transmission, such an occur-
rence would likely be limited to other similar H7 viruses, as other
characteristics of a virus strain are also expected to influence trans-
mission. The present findings show that adaptation of the H7N1
isolate does not appear to substantially decrease the virulence of
the virus. It is tempting to speculate that the neurotropic pheno-
type of this virus is more likely an inherent property of this isolate
(24) rather than a result of adaptation or infection via the airborne
route. The findings of limited changes on the surface genes of the
H7N1 virus also stand in contrast to the paradigm that host recep-
tor switching and adaptive changes in the HA are required for
respiratory transmission and mammalian adaptation. It is con-
ceivable that the polybasic cleavage site in combination with the
ability of H7 viruses to more readily cross the species barrier may
overcome the requirement for additional changes in the HA-en-
coding gene.

Regardless, our findings emphasize the requirement for con-
tinued development of H7 pandemic vaccine seed stocks. Current
H?7 vaccines under development are directed against A/Nether-
lands/219/2003 (H7N7). In clinical trials, inactivated H7N7 vac-
cines have been poorly immunogenic (64); however, live-attenu-
ated vaccines against H7N7 have shown protection in mice,
ferrets, and monkeys (31), and human trials evaluating immuno-
genicity of the live-attenuated H7N7 vaccine are under way (65,
66). Given that the HA from A/ostrich/Italy/2332/2000 (H7N1) is
from clade 1.1 and is closely related to that of A/Netherlands/219/
2003 (H7N7) (34), it is likely that the H7N7 vaccines would also
confer protection against H7N1.

Given the public health concern about H7N9, we analyzed the
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amino acid sequences of two prototypic H7N9 isolates (A/Anhui/
1/2013 and A/Shanghai/2/2013) for the five mutations consis-
tently identified in our studies. The two mutations we found in
M1 were also found in the H7N9 isolates. In addition, both the
WT H7NI1 and serially passaged H7N1 viruses have the PB2
E627K mutation in common with the H7N9 isolates. Since the
H7N09 isolates have caused human infections and showed limited
airborne transmission in ferrets (10—12), the mutations in M1
may be indicative of adaptation to growth in a mammalian host;
however, the internal genes of the H7N9 isolates are derived from
an HIN2 virus (67) and M1 mutations in the HON2 background
have not been described. The role of these mutations in airborne
transmission cannot be negated, and further studies should be
conducted to determine if these mutations influence the transmis-
sion of both H7 and H9 viruses. Furthermore, given that two
amino acid changes identified were also found in H7N9 isolates,
we propose that an H7 genetic change inventory, analogous to the
H5NI1 inventory maintain by the CDC, be generated and describe
mutations associated with H7 transmission. With this in mind,
both low- and high-pathogenicity H7 isolates should be moni-
tored for these mutations. Any isolates identified with two or more
mutations should be evaluated for transmission potential in fer-
rets, and further studies evaluating the efficacy of existing vaccines
and antiviral agents should also be performed.

Considering that only one change in the gene for HA, in com-
bination with several mutations in the internal genes, was re-
quired for airborne transmission of the H7N1 virus, our findings
suggest that reassortment with other influenza viruses may yield
an H7 virus capable of mammalian transmission with minimal
adaptation. This is perhaps illustrated by the recent H7N9 out-
break, in which a reassortant between an H7 and an HIN?2 virus
resulted in a virus capable of transmission from birds to humans,
although without human-to-human transmission (8). This is also
supported by our previous work in which reassortment of an avian
HON2 virus with a seasonal H3N2 virus or pandemic HIN1
yielded viruses capable of transmission in ferrets (25, 27).

It is important to note that transmission to AC animals occurs
relatively late during infection, usually on day 6 or 7. This is in
contrast to infection with either pandemic HIN1 or seasonal in-
fluenza virus strains that display faster transmission kinetics, usu-
ally being transmitted on day 3 or 4 (68). This suggests that while
the H7N1 isolate was capable of airborne transmission, it may not
have acquired the transmission efficiency required to become
pandemic. Further work is required to define the mechanism and
contribution of each mutation to transmission. This work, in con-
junction with studies on the airborne transmission of other influ-
enza virus subtypes, will, we hope, yield a transmission roadmap
that characterizes adaptive changes in the virus rather than amino
acid mutations. Such a roadmap will enhance pandemic pre-
paredness and permit the development of vaccines against novel
influenza virus strains as they emerge.
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