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The outbreak of human infections caused by novel avian-origin
influenza A(H7N9) in China since March 2013 underscores the
need to better understand the pathogenicity and transmissibili-
ty of these viruses in mammals. In a ferret model, the pathoge-
nicity of influenza A(H7N9) was found to be less than that of
an influenza A(H5N1) strain but comparable to that of 2009
pandemic influenza A(H1N1), based on the clinical signs, mor-
tality, virus dissemination, and results of histopathologic analy-
ses. Influenza A(H7N9) could replicate in the upper and lower
respiratory tract, the heart, the liver, and the olfactory bulb. It
is worth noting that influenza A(H7N9) exhibited a low level of
transmission between ferrets via respiratory droplets. There
were 4 mutations in the virus isolated from the contact ferret:
D678Y in the gene encoding PB2, R157K in the gene encoding
hemagglutinin (H3 numbering), I109T in the gene encoding
nucleoprotein, and T10I in the gene encoding neuraminidase.
These data emphasized that avian-origin influenza A(H7N9)
can be transmitted between mammals, highlighting its poten-
tial for human-to-human transmissibility.

Keywords. H7N9 influenza virus; pathogenicity; transmis-
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In March 2013, a novel avian-origin influenza A(H7N9) strain
was recognized as the causative agent of influenza-like illnesses
in humans in eastern China [1]. Most patients presented with
respiratory infections that progressed to severe pneumonia and
dyspnea [1]. The majority of the patients had a history of
contact with live poultry, and cross-species poultry-to-person
transmission of this virus has been proven [2]. There is a great
concern that this virus may evolve to become transmissible
among humans and lead to another influenza pandemic.
Limited person-to-person transmissions were observed in the
outbreak of influenza A(H7N7) infection in the Netherlands in
2003 [3]. Three suspected family clusters of cases of influenza
A(H7N9) infection had been reported in China [4], which may
indicate the possibility of limited human-to-human transmis-
sion of this influenza A virus subtype.

Sequencing analyses in both recent studies revealed a substi-
tution of Q226L (H3 numbering) at the 210 loop in the influen-
za A(H7N9) hemagglutinin (HA) gene in all patients except
the first patient with laboratory-confirmed infection [1, 2]. This
site increases or decreases the affinity for human-type receptor
and might increase the ability of the virus to be more transmis-
sible by airborne routes [5, 6]. The first 4 influenza A(H7N9)
isolates from humans contained either PB2-627K or 701N,
which are important for the efficient replication of avian influ-
enza A(H5N1) and influenza A(H7N7) in mammals [7]. These
findings indicated that influenza A(H7N9) strains possess some
properties of human-adapted influenza viruses [8]. Therefore,
it is important to evaluate the pathogenic properties and poten-
tial of transmissibility of this virus via respiratory droplets in
animal models.

In this study, a ferret model (Mustela putorius furo) was used
to study the pathogenesis (including clinical signs, virus shed-
ding, tissue dissemination, and pathology) of influenza A
(H7N9), compared with that of a highly pathogenic avian influ-
enza A(H5N1) strain and 2009 pandemic influenza A(H1N1)
(hereafter, “influenza A[H1N1]pdm09”). Airborne transmissi-
bility of influenza A(H7N9) was also evaluated.

METHODS AND RESULTS

Four groups of 3 ferrets were inoculated intranasally either with
108 median tissue culture infective doses (TCID50) of influenza
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A/Anhui/1/2013(H7N9), 106 TCID50 of influenza A/Anhui/1/
2013(H7N9), 106 TCID50 of influenza A/California/07/2009
(H1N1), or 104 TCID50 of influenza A/Vietnam/1203/2004
(H5N1). The animals were observed for clinical signs and
weighed daily as an indicator of disease. All 3 viruses caused
sneezing, ruffled fur, lethargy, and decreased appetite for food
in ferrets. One ferret inoculated with influenza A(H5N1) died
on day 4 after inoculation, and no ferrets inoculated with influ-
enza A(H7N9) or influenza A(H1N1)pdm09 died. The age of
ferrets challenged with influenza A(H5N1) were a few months
older than others, which may resulting in decreased susceptibil-
ity to influenza virus infection and lower mortality, compared
with younger ferrets. The mean maximum weight loss during
the 14-day period after inoculation was 10.9% and 9.2% for
animals inoculated with 108 or 106 TCID50, respectively, of in-
fluenza A(H7N9), 8.2% for those inoculated with influenza A
(H1N1)pdm09, and 13.0% for those inoculated with influenza
A(H5N1) (Table 1 and Figure 1A). The clinical condition of
the animals infected with influenza A(H7N9) or influenza A
(H5N1) improved beginning 5 days after inoculation. In com-
parison, for ferrets inoculated with influenza A(H1N1)pdm09,
their clinical conditions showed improvement beginning 4 days
after inoculation. Furthermore, chest radiography was per-
formed by micro–computed tomography for all 3 animals inoc-
ulated with 108 TCID50 of influenza A(H7N9), and results
showed that there were inflammatory lesions (mild to bilateral
ground-glass opacity) in the left superior lobe and the right su-
perior and middle lobes from days 6–14 after inoculation
(Figure 1C).

Nasal and throat swab specimens were collected from inocu-
lated animals on days 1, 3, 5, 7, and 9 after inoculation, and
virus titers were determined by end point titration in Madin-
Darby canine kidney (MDCK) cells. Virus shedding was
observed to start on day 1 after inoculation for all viruses and
continued until day 7 after inoculation for influenza A(H7N9)–
infected ferrets. Virus shedding in nasal swab specimens from
the upper respiratory tract of animals inoculated with influenza
A(H1N1)pdm09 were generally higher than those from animals
inoculated with influenza A(H7N9) or influenza A(H5N1)
(P < .05, by the t test), with the exception for the nasal swab spec-
imens collected on day 5 after inoculation, in which shedding
was comparable for all 3 viruses (P > .05, by the t test). Mean-
while, for throat swab specimens, virus shedding in animals in-
oculated with influenza A(H1N1)pdm09 were higher than those
in animals inoculated with 106 TCID50 of influenza A(H7N9) or
influenza A(H5N1) (P < .05, by the t test) and comparable to
those inoculated with 108 TCID50 of influenza A(H7N9) on days
1 and 3 after inoculation (P > .05, by the t test; Figure 1B).

For animals inoculated with 106 TCID50 of influenza A
(H7N9), 2 randomly selected animals were euthanized, one on
days 3 and the other on day 7 after inoculation, and for animals
inoculated with influenza A(H1N1)pdm09 or influenza A Ta
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Figure 1. Pathogenesis and transmission of influenza A(H7N9) in ferrets. A, Weight loss of individual inoculated ferrets. Four groups of 3 ferrets were in-
oculated intranasally either with 108 or 106 median tissue culture infective doses (TCID50) of influenza A/Anhui/1/2013(H7N9), 10

6 TCID50 of influenza A/
California/07/2009(H1N1), or 104 TCID50 of influenza A/Vietnam/1203/2004(H5N1). Body weight of individual ferrets is indicated as a percentage of their
weight at the start of the experiment. For animals inoculated with 106 TCID50 of influenza A(H7N9), one randomly selected animal was euthanized sepa-
rately on days 3 and 7 after inoculation, and for animals inoculated with 2009 pandemic influenza A(H1N1) (hereafter, “influenza A[H1N1]pdm09”) or
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(H5N1), all surviving animals were euthanized on day 5 after
inoculation and used for pathologic and virologic examination
of the trachea, lung, brain, heart, liver, spleen, kidney, stomach,
intestine, and olfactory bulb.

Histopathologic analyses revealed that, on day 3 after inocu-
lation, lung tissue from ferrets inoculated with 106 TCID50 of
influenza A(H7N9) had a multifocal mild or moderate intersti-
tial inflammatory hyperemia and exudative pathologic changes,
and bronchitis could been seen in part of lung. Analyses of
specimens from day 7 after inoculation revealed larger lung
tissue lesions, and fusing of multiple patchy lesions was ob-
served (Figure 1D). The ferrets inoculated with influenza A
(H1N1)pdm09 displayed interstitial pneumonia similar to that
of ferrets inoculated with influenza A(H7N9). However, ferrets
inoculated with influenza A(H5N1) exhibited severe exudative
necrotizing pneumonia. Inflammatory hyperemia, hemorrhage,
edema, and necrotic pathologic changes could be observed in
the lung tissues (Figure 1E). Impaired and necrotic pathologic
changes were also observed in the tissues of liver, kidney, brain,
and spleen from influenza A(H5N1)–infected ferrets. Immuno-
histochemical analysis was also performed to assess the pres-
ence of influenza A(H7N9)–infected cells in tissues, including
bronchial epithelial cells and alveolar epithelial cells, from in-
fected animals (Figure 1D). In ferrets inoculated with influenza

A(H7N9), infected cells were in the same area of the lung as
cells infected with influenza A(H1N1)pdm09. By contrast,
profound numbers of infected cells were detected in lung
tissues of ferrets that were inoculated with influenza A(H5N1)
(Figure 1E).

Parts of the tissues described above were homogenized, and
virus titers were determined by end point titration in MDCK
cells. For animals inoculated with influenza A(H7N9) and eu-
thanized on day 3 after inoculation, virus could be detected in
the lung, trachea, heart, and olfactory bulb. On day 7 after inoc-
ulation, influenza A(H7N9) could be isolated from the trachea,
lung, and liver. In comparison, influenza A(H1N1)pdm09
could be detected in the lung and intestine on day 5 after inocu-
lation, whereas influenza A(H5N1) was detected in the trachea,
lung, brain, heart, kidney, and intestine on day 5 after inocula-
tion (Table 1).

Transmissibility of influenza A(H7N9) and influenza A
(H5N1) via respiratory droplets was tested in ferrets. Transmis-
sion experiments were conducted in cages designed to prevent
direct contact between animals but allow airflow between an in-
oculated ferret and a neighboring influenza virus–naive ferret
(Figure 1F). Three ferrets each in 2 groups were inoculated with
106 TCID50 of influenza A/Anhui/1/2013(H7N9) or 10

4 TCID50

of influenza A/Vietnam/1203/2004(H5N1). Twenty-four hours

Figure 1 continued. influenza A(H5N1), all surviving animals from each group were euthanized on day 5 after inoculation. B, Virus shedding in the nose
and throat of inoculated ferrets. Nasal and throat swab specimens were collected on days 1, 3, 5, 7, and 9 after inoculation, and virus titers were deter-
mined by end point titration in Madin-Darby canine kidney (MDCK) cells. Geometric mean titers are displayed; error bars indicate SDs. C, Radiographic find-
ings in lungs of ferrets inoculated with 108 TCID50 of influenza A(H7N9). The circles and arrows indicate regions of inflammatory lesions, which were
observed from days 6–14 after inoculation. The image was obtained on day 10 after inoculation, and bilateral ground-glass opacity could be clearly seen.
D, Histopathologic and immunohistochemical (IHC) analyses of lung tissues of ferrets inoculated with influenza A(H7N9) collected on days 3 and 7 after in-
fection. Lung tissues of ferrets inoculated with saline (a, hematoxylin-eosin [HE] stain, original magnification ×100; b, IHC analysis, original magnification
×400) or influenza A(H7N9) collected on day 3 after inoculation (c, HE stain, original magnification ×100; d, HE stain, original magnification ×200; e, HE
stain, original magnification ×400) and day 7 after inoculation (f, HE stain, original magnification ×40; g, IHC analysis, original magnification ×100; h, HE
stain, original magnification ×400; i and j, IHC analysis, original magnification ×400). On day 3 after inoculation, lung tissue showed multifocal mild or mod-
erate interstitial pneumonia and bronchitis, and vacuolization of bronchial epithelial cells were observed (e). The solid red arrow shows bronchitis with ne-
crosis and shedding of epithelial cells. The hollow red arrow shows interstitial pneumonia. On day 7 after inoculation, the lesions became larger, and
fusing of multiple patchy lesions were observed. The solid red arrow shows interstitial edema and inflammatory cell infiltration around small vessels. The
hollow red arrow shows bronchitis and inflammatory cell infiltration. Viral antigens were detected by IHC analysis in bronchial epithelial cells (i) and alveo-
lar epithelial cells ( j). E, Histopathologic and IHC analyses of lung tissues from ferrets inoculated with influenza A(H1N1)pdm09 (a, HE stain, original mag-
nification ×100; b, IHC analysis, original magnification ×400) or influenza A(H5N1) (c, HE, original magnification ×100; d, IHC analysis, original
magnification ×400) collected on day 5 after inoculation. F, Schematic presentation of paired transmission cages. The transmission cages were specifically
designed to allow transmission experiments to be conducted in negatively pressurized isolator cages (0.8 m × 0.8 m × 0.8 m) in an animal biosafety level 3
facility. Three ferrets were inoculated with 106 TCID50 of influenza A/Anhui/1/2013(H7N9) or 104 TCID50 of influenza A/Vietnam/1203/2004(H5N1). The
ferrets were housed in cages in which each inoculated animal was housed individually next to a naive ferret. Each ferret cage was 40 cm wide × 40 cm
high × 45 cm long, and the 2 cages were separated by 2 stainless steel grids (1), with a grid size of 0.5 cm2, 8 cm apart. Negative pressure within the isola-
tor cage is used to direct a modest (<0.1 m/sec) flow of high-efficiency particulate air (HEPA)–filtered air [9] from the inoculated ferret to the naive ferret.
The outlet airflow (3) is HEPA filtered to prevent continuous circulation of infectious influenza A virus particles and to prevent cross-contamination. Arrows
indicate the airflow direction. G, Shedding of influenza A(H7N9) in ferrets during transmission experiments. Nasal and throat swab specimens were collect-
ed from inoculated animals on days 1, 3, 5, 7, after 9 after inoculation, and virus titers were determined by end point titration in MDCK cells. Results for in-
dividual ferrets are presented. H, Body temperature and weight change of individual naive ferrets in the transmission experiment. The body weight of
individual ferrets is indicated as a percentage of their weight at the start of the experiment. One naive ferret was euthanized on day 7 after inoculation
and used for pathologic and virologic examination. Full line, the naive ferret that was infected; dotted line, the naive ferrets that were infected during the
transmission experiment. I, Shedding of influenza A(H5N1) in ferrets during transmission experiments.
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after inoculation, each animal was housed individually with a
naive ferret in a transmission cage to test the transmissibility of
virus. Nasal and throat swab specimens were collected from in-
oculated and naive animals on days 1, 3, 5, 7, 9, 11, and 13 after
inoculation or exposure. Shedding of influenza A(H7N9) was de-
tected beginning on day 1 after inoculation in nasal and throat
swab specimens from inoculated ferrets, with virus titers of up
to103.94 TCID50/mL on day 5 after inoculation (Supplementary
Table 1). Influenza A(H7N9) was no longer detectable in nasal
and throat swab specimens beginning on day 9 after inoculation
(Figure 1G). Notably, influenza A(H7N9) was transmitted from
the inoculated to naive ferrets in 1 of 3 transmission experiments.
Transmission was detected 7–11 days after placing the naive
ferret in the cage adjacent to the inoculated ferret (Figure 1G).
Peak virus shedding reached 104.01 TCID50/mL (on day 9 after
exposure), and sneezing, high body temperature (40.4°C on day
9 after exposure), and significant weight loss (12.9% on day 13
after exposure) were observed in a previously naive ferret that ac-
quired infection (Figure 1H). Meanwhile, titers of influenza A
(H7N9)–specific antibodies in convalescent-phase serum speci-
mens from an infected, previously naive ferret reached 640 by
the hemagglutination inhibition (HI) assay, while the HI titer
was only 20 for 2 uninfected naive ferrets (Supplementary
Table 1). By contrast, no evidence of influenza A(H5N1) trans-
mission was observed in naive ferrets, although shedding of
influenza A(H5N1) was detected beginning on day 1 after inocu-
lation in nasal and throat swab specimens from inoculated
ferrets, with virus titers of up to 103.88 TCID50/mL on day 5 after
inoculation (Figure 1I and Supplementary Table 1).

Sequencing analyses showed that there were 4 amino acid
substitutions in the virus isolated from the airborne contact
ferret: R148K in the HA gene, T10I in the neuraminidase gene,
I109T in the nucleoprotein gene, and D678Y in the PB2 gene
(Supplementary Table 2). A series of recombinant viruses
should be constructed by reverse genetics to confirm whether
any of these substitutions may be critical to the transmissibility
of influenza A(H7N9) in mammals.

DISCUSSION

Cross-species transmission of influenza A(H7N9) from poultry
to persons has been proven in a recent study [2]. It is noticeable
that only a portion of the patients had a history of contact with
live poultry. Furthermore, 3 suspected family clusters of human
cases had been reported. Thus, there is great concern about the
possibility of human-to-human transmission of avian-origin
influenza A(H7N9). Our results indicated that the novel avian-
origin influenza A(H7N9) strain could replicate efficiently in
the upper and lower respiratory tracts of infected ferrets and
could be transmitted between ferrets via respiratory droplets,
although the transmissibility potential is low, with transmission
occurring in only one-third of tested animals.

The incubation period for the naive ferret that was infected
with influenza A(H7N9) via respiratory droplets lasted 7 days
after exposure, which correlated with clinical observations that
the time between the onset of symptoms and initial exposure
was generally >6 days [1, 2]. A recently published study by Zhu
et al also showed that one-third of naive ferrets could be infect-
ed with influenza A/Shanghai/2/2013(H7N9) via airborne
transmission; however, the incubation period in naive ferrets
was increased, from 3 to 8 days after exposure [10]. More re-
cently, Zhang et al reported that virus could be detected in 3
exposed ferrets that also had been inoculated with influenza A/
Anhui/1/2013(H7N9), although the exposed ferrets did not
show marked changes in body temperature and weight, with no
detectable amino acid changes [11]. The discrepant results may
be attributable to the different strains used in each study and to
individual differences among the ferrets.

Compared with other zoonotic influenza viruses, such as in-
fluenza A(H5N1), that cause disease that regularly results in
severe and often fatal outcomes in the ferret model, influenza A
(H7N9) caused less severe disease without mortality in our
ferret model. However, our data indicated that it had compara-
ble pathogenicity to influenza A(H1N1)pdm09 in ferrets. This
study provided important evidence of the pathogenic properties
and transmissibility of influenza A(H7N9) in the ferret model.

Supplementary Data

Supplementary materials are available at The Journal of Infectious Diseases
online (http://jid.oxfordjournals.org/). Supplementary materials consist of
data provided by the author that are published to benefit the reader. The
posted materials are not copyedited. The contents of all supplementary data
are the sole responsibility of the authors. Questions or messages regarding
errors should be addressed to the author.
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