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Abstract

The swine-origin A(H1N1) influenza virus that has emerged in humans in early 2009 has raised
concerns about pandemic developments. In a ferret pathogenesis and transmission model, the 2009
A(H1N1) influenza virus was found to be more pathogenic than a seasonal A(H1N1) virus, with
more extensive virus replication occurring in the respiratory tract. Replication of seasonal
A(H1NZ1) virus was confined to the nasal cavity of ferrets, but the 2009 A(H1N1) influenza virus
also replicated in the trachea, bronchi, and bronchioles. Virus shedding was more abundant from
the upper respiratory tract for 2009 A(H1N1) influenza virus as compared with seasonal virus, and
transmission via aerosol or respiratory droplets was equally efficient. These data suggest that the
2009 A(H1NZ1) influenza virus has the ability to persist in the human population, potentially with
more severe clinical consequences.

In April 2009, swine-origin 2009 A(H1N1) influenza virus [2009 A(H1N1) influenza virus]
was recognized as the causative agent of influenza-like illnesses in humans in North
America (1-3). Since then, 76 countries have officially reported 35,928 cases of 2009
A(H1N1) influenza virus infection, including 163 deaths (4). The 2009 A(H1N1) influenza
virus contains a previously unseen combination of gene segments from the North American
and Eurasian swine influenza virus lineages (1, 5). The virus has apparently circulated in the
swine population without detection and recently crossed the species barrier into humans.
The most recent common ancestor of the human 2009 A(H1N1) influenza viruses was
estimated to have emerged between November 2008 and March 2009. One of the unusual
characteristics of the 2009 A(H1N1) influenza virus as compared with other recent zoonotic
influenza viruses is sustained human-to-human transmission, with basic reproduction ratio
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(Ro) estimates in the range of 1.2 to 1.6, which is higher than that reported for seasonal
human influenza A viruses (1). In response to the available information on sustained human-
to-human transmission in multiple parts of the world, the World Health Organization (WHO)
raised the level of influenza pandemic alert to phase 6 on 11 June 2009 (6).

Currently available data indicate that the majority of laboratory-confirmed infections with
the 2009 A(H1N1) influenza virus result in a self-limiting, uncomplicated influenza (2, 3, 7).
Typical clinical symptoms include fever, rhinorrhea, cough, and sore throat, which are
indistinguishable from the symptoms observed for seasonal A(H1IN1) and A/H3N2
influenza virus infections. However, in addition to uncomplicated influenza, a variety of
clinical symptoms unusual for seasonal influenza have been described, including vomiting
and diarrhea in a relatively large proportion of cases. Moreover, some patients have required
hospitalization because of severe pneumonia and respiratory failure, with a fatal outcome
occurring in 0.5% of laboratory-confirmed cases. In contrast to seasonal influenza, a
substantial proportion of the cases of severe illness and death have occurred among young
and previously healthy adults. Severe illness and deaths have also been noted relatively
frequently in adults with underlying disease and in pregnant women (2, 3, 7).

The distinct antigenic properties of the 2009 A(H1N1) influenza virus as compared with
seasonal A(H1N1) virus suggests that population humoral immunity against pandemic 2009
A(H1IN1) influenza virus is limited (5), although the age distribution of reported cases
suggests some degree of protection in older age groups (1-3).

We used a ferret (Mustela putorius furo) model to study clinical signs, virus shedding, tissue
distribution, pathology, and aerosol transmission of the pandemic 2009 A(H1N1) influenza
virus as compared with a seasonal 2007 A(H1N1) virus. Ferrets are a suitable animal model
for influenza A virus infections in humans because they are susceptible to natural infection
and develop respiratory disease and lung pathology similar to humans when suffering from
seasonal, avian, or pandemic influenza virus infections (8). Patterns of influenza virus
attachment to cells in the trachea and lower respiratory tract are similar in ferrets and
humans (9). The ferret model has also been used successfully for studies on virus
transmission via direct contact and aerosols or respiratory droplets (10). Influenza virus A/
Netherlands/602/2009 was isolated from the first case of laboratory-confirmed 2009
A(H1N1) influenza virus infection in the Netherlands. The patient was a 3-year-old child
that traveled with the family from Mexico to the Netherlands and developed fever (>39.5°C)
and respiratory symptoms upon return (11). The patient was treated with oseltamivir and
recovered uneventfully. A nasopharyngeal swab was collected before the start of treatment,
and the virus was isolated in 11-day-old embryonated chicken eggs then passaged once in
Madin-Darby canine kidney (MDCK) cells. The virus differs in eight amino acid positions
from influenza virus A/California/4/2009 (12). Seasonal influenza virus A/Netherlands/
26/2007 was isolated in MDCK cells from a patient infected during the 2006-2007 influenza
season.

Two groups of six female ferrets each were inoculated intranasally with 108 50% tissue
culture infectious dose (TCIDsgg) of virus. The animals were observed for clinical signs and
weighed daily as an indicator of disease. Both viruses caused lethargy, sneezing, ruffled fur,
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decreased interest in food, and nasal discharge in the ferrets. The mean maximum weight
loss was 10% for animals inoculated with the seasonal influenza virus and 12% for the 2009
A(H1NZ1) influenza virus—inoculated animals (Fig. 1A and fig. S1). Four days after
inoculation onwards, the clinical condition of the animals infected with the seasonal
influenza virus improved. In contrast, the recovery of the ferrets infected with the 2009
A(H1NZ1) influenza virus was delayed by ~2 days.

Nose and throat swabs were collected from inoculated animals daily, and virus titers were
determined by means of end-point titration in MDCK cells. Virus shedding was observed to
start at 1 day after inoculation for both viruses, with throat swabs generally containing
higher virus titers than did nose swabs. Infectious virus shedding continued until 6 days after
inoculation for the nose swabs and 7 days after inoculation for the throat swabs. On 2 and 3
days after inoculation, virus titers in both throat and nose swabs were significantly higher
from animals inoculated with 2009 A(H1NZ1) influenza virus than from animals inoculated
with seasonal influenza virus (Mann-Whitney test; 2 days after inoculation, nose = 0.034,
throat £=0.022; 3 days after inoculation, nose 2= 0.005, throat A= 0.004). The total virus
shedding from the throat within the 7 days of the experiment (Fig. 1B) in animals inoculated
with 2009 A(H1N1) influenza virus was ~1.5-fold higher as compared with shedding in
animals inoculated with seasonal influenza virus (Mann Whitney test, = 0.004). Virus
shedding from the nose was comparable for both viruses (Fig. 1B).

At 3 and 7 days after inoculation, three animals from each group were euthanized and used
for pathological and virological examination of the nasal turbinates, trachea, lungs, liver,
spleen, kidney, and brain. At 3 days after inoculation, gross examination of the lungs
revealed focal to multifocal mild consolidation in all ferrets from both groups. Upon gross
examination of the lungs at 7 days after inoculation, 10, 20, and 40% of the lungs were
affected in animals inoculated with seasonal influenza virus as compared with 20, 40, and
70% in animals inoculated with 2009 A(H1N1) influenza virus. Gross examination of the
liver, spleen, kidney, and brain did not reveal lesions in the two ferret groups.

Parts of the nasal turbinates, trachea, lungs, liver, spleen, kidney, and brain were
homogenized, and virus titers were determined by means of end-point titration in MDCK
cells. Both the seasonal and 2009 A(H1N1) influenza viruses were detected in the nasal
turbinates of inoculated ferrets at 3 days after inoculation, with 2009 A(H1N1) influenza
virus yielding slightly higher virus titers (108 versus 108-3 TCIDsg/gram tissue and 95%
confidence intervals of 6.34 to 7.47 and 5.63 to 7.04, respectively) (Table 1). The 2009
A(H1N1) influenza virus was also detected in the trachea and lungs (10°2 and 1046
TCIDsg/gram tissue, respectively) of inoculated ferrets, whereas the seasonal influenza virus
was not. At 7 days after inoculation, both viruses were detected at relatively low titers in the
nasal turbinates and not detected in other parts of the respiratory tract. The 2009 A(H1N1)
influenza virus was cleared from the lungs and trachea by this time. No virus was detected in
the liver, spleen, kidney, or brain of animals inoculated with either virus at 3 or 7 days after
inoculation.

Histopathological analyses revealed that ferrets inoculated with the 2009 A(H1N1) influenza
virus had a multifocal mild or moderate necrotizing rhinitis, tracheitis, bronchitis, and

Science. Author manuscript; available in PMC 2016 March 30.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Munster et al.

Page 4

bronchiolitis, whereas the ferrets inoculated with seasonal influenza virus displayed only
multifocal moderate necrotizing rhinitis. We performed immunohistochemistry in order to
assess the presence of influenza Avirus—infected cells in respiratory tissues obtained at 3
days after inoculation (Fig. 2). Infected cells were associated with superficial necrosis and
inflammation. In ferrets inoculated with the 2009 A(H1N1) influenza virus, many infected
cells were detected in the nasal cavity, trachea, bronchus, and bronchioles and rarely in the
alveoli. In contrast, detection of virus-infected cells was limited to the nasal turbinates in
ferrets inoculated with seasonal influenza virus. At 7 days after inoculation, most of the
virus-infected cells were cleared from the respiratory tract of the animals in both groups, as
determined with immunohistochemistry (fig. S2).

Transmission of the 2009 A(H1NZ1) and seasonal influenza viruses via aerosol or respiratory
droplets was tested in ferrets. We conducted transmission experiments in cages designed to
prevent direct contact between animals but allow airflow from an inoculated ferret to a
neighboring naive ferret (fig. S3). Four ferrets were inoculated, and each animal was housed
individually with a naive ferret in a transmission cage so as to test the transmission of both
virus isolates. Inoculated ferrets started to shed virus from the nose and throat at 1 or 2 days
after inoculation, with virus titers up to 108 TCIDso/ml (fig. S4). Both viruses were
transmitted from the inoculated to naive ferrets in four out of four transmission experiments
(Table 2). Transmission was detected within the first 2 days after placing the naive ferret in
the cage adjacent to the inoculated ferret. Peak virus shedding in the naive and inoculated
ferrets was comparable in the 2009 A(H1N1) and seasonal influenza virus groups (fig. S4).

Our results indicated that the 2009 A(H1N1) influenza virus replicates efficiently in the
upper and lower respiratory tract of ferrets, is associated with mild or moderate clinical signs
and pathological changes, and is transmitted efficiently between ferrets via aerosols or
respiratory droplets. These results are in agreement with observations in humans, in which
generally mild disease but relatively efficient human-to-human transmission has been
observed (1-3, 5). Compared with other zoonotic influenza viruses such as highly
pathogenic avian influenza viruses of the H5 and H7 subtypes and the 1918 Spanish HIN1
influenza virus, which are often fatal in ferret models (13-17), the 2009 A(H1N1) influenza
virus is a relatively mild pathogen that did not replicate in the alveoli or tissues beyond the
respiratory tract and did not cause any mortality in our ferret model. The 2009 A(H1N1)
influenza virus may be a relatively mild pathogen in humans, but our data indicated that it is
more pathogenic than seasonal influenza A(H1N1) virus in ferrets, with wider distribution of
virus replication and associated lesions in the respiratory tract.

The 2009 A(H1N1) influenza virus used here was isolated from a mild case of disease. It is
possible that other viruses could emerge that are intrinsically more pathogenic because of
mutations in one or more of the viral gene segments. The ferret models described here will
be useful to monitor such adaptive changes that affect pathogenicity or transmission of the
circulating 2009 A(H1N1) influenza viruses.

Because the 2009 A(H1N1) influenza virus shares the predominant site of virus replication
—the upper respiratory tract—with seasonal A(H1N1) and A/H3N2 influenza viruses in the
ferret model, and displays comparable receptor-binding properties (fig. S6), the possibility
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of reassortment of 2009 A(H1N1) influenza virus with seasonal influenza viruses in humans
is a serious concern (18, 19). Because 2009 A(H1N1) influenza virus also replicates deeper
down the airways, reassortment with A/H5N1 viruses could be an additional concern.
Reassortment can facilitate the rapid emergence of viruses that are better adapted to humans
(20) or are resistant to neuraminidase inhibitors after acquiring the N1 gene segment from
the oseltamivir-resistant seasonal HIN1 viruses that have emerged recently (21).

The shedding and transmission data suggested that the 2009 A(H1NZ1) is sufficiently fit to
compete with the seasonal A(H1N1) virus. Because serological cross-reactivity between
2009 A(H1N1) and seasonal H1N1 viruses was found to be negligible (5), and different
antigenic variants of influenza B viruses have coexisted for extended periods of time (22),
the 2009 A(H1NZ1) influenza virus should be considered capable of continued cocirculation
in the human population with the existing seasonal influenza viruses.
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Fig. 1.

ngght loss and virus shedding in ferrets inoculated with seasonal and 2009 A(H1N1)
influenza virus. Two groups of six ferrets each were inoculated intranasally with 108 TCIDsg
of virus. (A) Weight loss in inoculated animals is indicated as a percentage of body weight at
the start of the experiment. Black squares indicate seasonal A(HLN1) and white squares
indicate 2009 A(H1NZ1) influenza virus. (B) Virus shedding from the nose and throat of
inoculated animals. Nose and throat swabs were collected daily, and virus titers in the swabs
were determined by means of end-point titration in MDCK cells. Geometric mean titers are
displayed; error bars indicate SD. Black bars indicate seasonal A(H1IN1) and white bars
indicate 2009 A(H1N1) influenza virus.
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Fig. 2.

Immunohistochemical analysis of respiratory tract tissues of ferrets inoculated with seasonal
or 2009 A(H1N1) influenza virus, collected at 3 days after inoculation. Tissue sections of
the nasal turbinates (A), trachea (B), and bronchi (C) were stained with a monoclonal
antibody against influenza A virus nucleoprotein, which is visible as a red-brown staining.
In animals inoculated with seasonal influenza virus, only cells in the nasal turbinates stained
positive for nucleoprotein, whereas in animals inoculated with 2009 A(H1N1) influenza
virus, cells in the nasal turbinates, trachea, and bronchi stained positive. See fig. S2 for data
taken at 7 days after inoculation.
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Table 1

Virus titers in the respiratory tract tissues of ferrets inoculated with seasonal and 2009 A(H1N1) influenza
viruses. Three ferrets were euthanized at 3 and 7 days after inoculation. Virus titers in nasal turbinates,
trachea, and lung were determined by means of end-point titration in MDCK cells. No virus was detected in
liver, spleen, kidney, and brain tissue for either virus and were thus not included in the table. Geometric mean
titer £ SD is indicated. ND, not detected. Cut-off value for trachea and lungs was <2 and <1.5 Log10 TCIDgg/

gram tissue, respectively.

Virustiter (logl0 TCIDsy/gram tissue)

Tissue Day 3 after inoculation Day 7 after inoculation

Seasonal A(HIN1) 2009 A(HINI1) Seasonal A(HIN1) 2009 A(HIN1)

Nasal turbinates 6.3 (£0.6) 6.9 (£0.5) 4.6 (x1.2) 3.2 (x1.4)
Trachea ND 5.2 (+1.3) ND ND
Lung ND 4.6 (+1.5) ND ND
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