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Abstract

Humans may be infected by different influenza A viruses—seasonal, pandemic, and zoonotic—which differ in presentation
from mild upper respiratory tract disease to severe and sometimes fatal pneumonia with extra-respiratory spread.
Differences in spatial and temporal dynamics of these infections are poorly understood. Therefore, we inoculated ferrets
with seasonal H3N2, pandemic H1N1 (pH1N1), and highly pathogenic avian H5N1 influenza virus and performed detailed
virological and pathological analyses at time points from 0.5 to 14 days post inoculation (dpi), as well as describing clinical
signs and hematological parameters. H3N2 infection was restricted to the nose and peaked at 1 dpi. pH1N1 infection also
peaked at 1 dpi, but occurred at similar levels throughout the respiratory tract. H5N1 infection occurred predominantly in
the alveoli, where it peaked for a longer period, from 1 to 3 dpi. The associated lesions followed the same spatial
distribution as virus infection, but their severity peaked between 1 and 6 days later. Neutrophil and monocyte counts in
peripheral blood correlated with inflammatory cell influx in the alveoli. Of the different parameters used to measure lower
respiratory tract disease, relative lung weight and affected lung tissue allowed the best quantitative distinction between the
virus groups. There was extra-respiratory spread to more tissues—including the central nervous system—for H5N1 infection
than for pH1N1 infection, and to none for H3N2 infection. This study shows that seasonal, pandemic, and zoonotic influenza
viruses differ strongly in the spatial and temporal dynamics of infection in the respiratory tract and extra-respiratory tissues
of ferrets.
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Introduction

Humans may be infected with different categories of influenza A

virus—seasonal, pandemic, and zoonotic—each with their own

epidemiology and pathogenesis. Seasonal influenza viruses cause

annual epidemics during autumn and winter in temperate regions.

They predominantly cause upper respiratory tract disease with

rare extension to the lower respiratory tract, resulting in severe

and even fatal pneumonia [1]. Pandemic influenza viruses, like the

pandemic H1N1 (pH1N1) virus in 2009, cause sporadic pandem-

ics with variable mortality. In fatal cases of pH1N1 infection, virus

antigen expression occurred throughout the respiratory tract and

was associated with both upper and lower respiratory tract disease

[2]. Zoonotic influenza viruses, such as highly pathogenic avian

influenza (HPAI) H5N1 virus, are sporadically transmitted from

poultry and other animals to humans, but do not transmit

efficiently from human to human [3]. Human infection with HPAI

H5N1 virus involves primarily the lower respiratory tract, resulting

in diffuse alveolar damage (DAD) and a fatality rate of almost 60%

in confirmed cases [4].

The pathogenesis of both human and avian influenza virus

infections in ferrets resembles that in humans [5]. In part, this is

because the distribution of receptors for human and avian

influenza viruses in the respiratory tract of ferrets is similar to

that in humans [6]. Therefore, the ferret is often used in animal

models to study the pathogenesis of different influenza virus strains

and to evaluate the efficacy of vaccines and antiviral agents against

influenza [7,8,9,10]. In these studies, it is critical to collect

respiratory tract samples for virological, pathological, and

molecular analyses at both the appropriate time point after

infection and the appropriate location along the respiratory tract.

This is because influenza virus infection is a highly dynamic

process, both temporally and spatially.

We recently compared the pathogenesis of infections with

seasonal human H1N1, pH1N1, and HPAI H5N1 virus in ferrets

[9]. Our results showed that, at 4 days post inoculation (dpi),

pH1N1 caused pneumonia intermediate in severity between that

caused by seasonal H1N1 and HPAI H5N1. This was associated

with virus replication throughout the lower respiratory tract for

pH1N1, while seasonal H1N1 replicated mainly in the bronchi,

and HPAI H5N1 replicated mainly in the alveoli. However, the
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location of virus replication and extent and severity of associated

pathological changes were recorded at a single time point. Other

experiments have used multiple time points (usually 1, 3, 5, and

14 dpi) to study the dynamics of influenza virus infection in the

ferret respiratory tract [10,11,12,13,14,15,16]; however, these

experiments often lacked detailed pathological or virological

analyses of samples collected along the full length of the respiratory

tract on all time points.

The goal of our study was to describe and compare the

temporal and spatial dynamics of different influenza virus

infections and associated pathology in the respiratory tract of the

ferret. To this end, we inoculated ferrets with either seasonal

human H3N2, pH1N1, or HPAI H5N1 virus, and performed

detailed virological and pathological analyses at time points from

0.5 to 14 dpi, as well as measuring virus excretion, clinical signs,

and hematological parameters. Additionally, we compared the

results of histopathological analyses with digital microscopical

scoring of tissue sections.

Results

Seasonal H3N2
Clinical data and gross pathology. The survival rate was

100% in all groups. Clinical signs (Table 1) were mild with

sneezing from 2 to 14 dpi and nasal discharge from 2 to 3 dpi, as

shown by increased licking on the nose. Nasal and pharyngeal

swabs revealed excretion of virus from 0.5 to 4 dpi with a peak on

1 dpi in the nasal swabs (Figure 1a and b). The mean body weight

loss was around 10% (Figure 1d). On gross pathology, a few dark

red and raised areas were seen in the lungs of some animals and

were consistent with mild pulmonary consolidation. Estimated

areas of lung affected ranged from 0 to 10% (Figure 2a) between

0.5 and 14 dpi. The relative lung weight was comparable to that of

non-infected ferrets (Figure 2b). There was a mild splenomegaly

from 0.5 to 14 dpi (data not shown). The trachea-bronchial lymph

nodes were slightly enlarged between 0.5 and 4 dpi, with a peak

on 2 dpi (Table 1).

Histopathology and virus antigen expression. By histo-

pathology, there was a mild to severe multifocal rhinitis with

necrosis of the epithelium and mild multifocal tracheitis. In the

lungs, there was a mild multifocal bronchitis and bronchiolitis with

intra-epithelial neutrophils, mild peribronchiolar and perivascular

cuffing, mild broncho-adenitis, and mild multifocal alveolitis with

mild intra-epithelial infiltration of neutrophils with mild epithelial

necrosis and mild edema in the alveolar lumina. By immunohis-

tochemistry, influenza virus antigen expression was visible as

diffuse to granular red staining, which usually was stronger in the

nucleus than in the cytoplasm (Figures 3, 4, 5, 6, 7, 8). Antigen

expression in the nose was present from 0.5 to 4 dpi, while no

antigen expression was seen in the tracheal, bronchial, bronchi-

olar, and tracheo-bronchial glandular epithelium at any time

point, and little antigen expression in few type II pneumocytes in

the alveoli. Changes in the histological lesions and antigen

Figure 1. Clinical data of ferrets inoculated with different
influenza viruses. The data are depicted as median values and
standard errors of the mean (SEM). (A) Virus titers in nasal swabs
demonstrate highest titers for pH1N1, intermediate titers for H3N2 and

lowest titers for H5N1. (B) Virus titers in pharyngeal swabs demonstrate
initially comparable virus titers for pH1N1 and H3N2 and lower titers for
H5N1, and on 4 dpi comparable titers for pH1N1 and H5N1 and lower
titers for H3N2. (C) Body temperatures in ferrets inoculated with pH1N1
and H5N1 are higher than for H3N2 and the sham-inoculated group.
The large SEM for H5N1 is due to the low body temperatures of
moribund animals. (D) Body weight loss in animals inoculated with
pH1N1 and H5N1 was comparable and higher when compared to
H3N2.
doi:10.1371/journal.pone.0042343.g001

Dynamics of Influenza Virus Infections in Ferrets
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expression over time are described in the supporting information

(Supporting Information S1).

Semiquantitative histological scoring (Table 2) showed that the

extent and severity of the alveolar lesions were comparable for all

days of sampling with no obvious changes. No expression of virus

antigen was seen in extra-respiratory tissues on any days. By digital

scoring, there was on average 63 to 73% of air in the pulmonary

tissue (Table 3). Additionally, the percentage of antigen-expressing

tissue and counts of virus antigen expression were absent and

negligible, respectively (Table 3).

Virology of tissues. Comparable with the pattern of antigen

expression in the respiratory tissues, high virus titers were seen in

the nasal concha from 0.5 to 4 dpi with a peak on 1 dpi (Figure 3).

Low virus titers were present in the trachea, bronchi, lungs,

tracheo-bronchial lymph nodes and tonsil (Figure 3 and Table 4).

All other tissues did not contain replication competent virus.

Hematology and comparison of leucocytes in blood and

alveolar lumina. Total leucocyte counts after infection were

slightly increased on all days except for 14 dpi compared to those

in negative control animals (Table 5). In blood, there was a slight

increase in the number of mononuclear cells on 1 dpi and of

neutrophils on 2 dpi, followed by a mild decrease up to 4 dpi after

which again a small increase of both was observed (Figure 9). In

the alveolar lumina, the number of mononuclear cells was only

slightly increased on 2 dpi (Figure 8).

Generalized linear model of viral excretion. We used

generalized linear models (GLM) to define possible predictors of

viral excretion, based on viral production and damage scores in

upper (nose and trachea) and deeper regions of the respiratory

tract (bronchi, bronchioles and alveoli). These models were used to

determine significant linear relationships between these scores and

viral excretion (as measured by viral titers in nose and throat

swabs; see methods). The final GLM predicting excretion of H3N2

included only viral production in the upper regions of the

respiratory tract as a significant predictor (LR x2 = 16.8, df = 1,

P,0.0001). Excretion of H3N2 was a positive linear function of

viral production in the upper regions (Table 6). As such, viral

excretion of H3N2 could be directly estimated based on viral

production scores in the nose and trachea, strongly suggesting that

these regions were the main sources of excreted virus.

Pandemic H1N1
Clinical data and gross pathology. The survival rate was

100%. Clinical signs per group were observed from 2 to 14 dpi

(Table 1). The activity status varied over the different time points

with the highest score (status 3) seen in one animal between 5 and

8 dpi. Dyspnea was seen only in this animal. Inappetence,

sneezing and nasal discharge was seen in all animals. Virus

excretion was shown in nasal and pharyngeal swabs with a peak on

1 dpi and higher values in the nasal swabs. The virus titers for the

pharyngeal swabs were comparable to those of the animals

inoculated with H3N2 (Figure 1b). An increase in body

temperature was seen with a peak on 1 dpi (Figure 1c). The

mean body weight loss was up to 15% on 7 dpi (Figure 1d). By

gross pathology, multifocal pulmonary consolidation was seen on

0.5 dpi with grey-red raised, and slightly firmer than normal areas.

On 1 dpi, the percentage of affected lung tissue was increased

(Figure 2a). On 2 dpi the lesions were dark red and firmer with

increased relative lung weight. On 14 dpi the percentage of

affected lung tissue decreased again (Figure 2a). The relative lung

weight was increased from 1 to 7 dpi and decreased on 14 dpi

(Figure 2b). The trachea-bronchial lymph nodes were enlarged

from 0.5 to 7 dpi, with a peak on 7 dpi (Table 2). There was a

mild splenomegaly from 0.5 to 14 dpi (data not shown).

Histopathology and virus antigen expression. By histo-

pathology, there was a mild to severe multifocal rhinitis with

necrosis of the epithelium and mild to moderate multifocal

tracheitis. In the lungs, there was a mild to severe multifocal

bronchitis and bronchiolitis with intra-epithelial and intraluminal

neutrophils, mild to severe necrosis of epithelium, mild to severe

peribronchiolar and perivascular cuffing, mild to severe broncho-

adenitis, and mild to severe multifocal alveolitis with infiltration of

neutrophils in alveolar walls and lumina, mild to moderate

epithelial necrosis and mild to moderate edema in the alveolar

lumina with hypertrophy and hyperplasia of epithelium (Figures 10

and 11). The tracheo-bronchial lymph nodes and tonsils demon-

strated lymphadenopathy, and in the palatine roof of two animals

there was severe inflammation and necrosis of the sero-mucous

glands.

Antigen expression in the nose was present from 0.5 to 7 dpi

starting on 0.5 dpi in the respiratory epithelium and on 1 dpi in

the olfactory epithelium. In the trachea there was antigen

expression from 0.5 to 6 dpi and in the bronchi and bronchioles

from 0.5 to 7 dpi with peak values on 1 dpi. Bronchial glandular

Figure 2. Gross pathology of the lungs of ferrets inoculated
with different influenza viruses. The data are depicted as median
values and standard errors of the mean. (A) Percentages of affected
lung tissue show highest values for H5N1, intermediate values for
pH1N1 and lowest values for H3N2. (B) Percentages relative lung weight
show highest values for H5N1, intermediate values for pH1N1 and
lowest values for H3N2.
doi:10.1371/journal.pone.0042343.g002
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epithelial cells expressed virus antigen with often more expression

in glandular cells than in bronchial epithelial cells. In the alveoli

there was antigen expression in type II pneumocytes and less in

type I pneumocytes and alveolar macrophages from 0.5 to 7 dpi

with highest values on 1 dpi. The high values decreased after 1 dpi

consistent with the severe damage of the epithelium. The tracheo-

bronchial lymph nodes and tonsils did not express virus antigen

while glandular epithelial cells in the palatine roof of two animals

did express antigen on 7 dpi. There was no virus antigen

expression in extra-respiratory tissues. Changes in the histological

lesions and antigen expression over time are described in the

supporting information (Supporting information S1).

Digital scoring demonstrated that the amount of air-containing

tissue was comparable for all days with averages between 63 and

Figure 3. Virus distribution in the respiratory tracts of ferrets inoculated with different influenza viruses. The data are depicted as
median values and standard errors of the mean. Virus titers and antigen expression as demonstrated by immunohistochemistry scores are
comparable for ferrets inoculated with H3N2 and pH1N1. Ferrets inoculated with H5N1 have highest antigen expression in the alveoli while virus
titers are comparable for all parts of the respiratory tract, suggesting that most virus originated from the lower respiratory tract. The average cut-off
values for the respiratory tissues are: nose 1.6 (range 1.3–1.8), trachea 1.6 (1.4–1.9), bronchus 1.6 (range 1.3–2.0) and lung 1.3 (range 0.9–1.4) log10

TCID50. Immunohistochemistry scores in nose, trachea, bronchi, and bronchioles are scored from 0 to 3, and those in the alveoli are scored as a
percentage.
doi:10.1371/journal.pone.0042343.g003
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77% (Table 3). When digital scoring for antigen expression was

performed, antigen expression as well as the number of positive

counts showed that virus antigen was clearly present on 0.5 dpi

with peak scores on 1 dpi, albeit with high variation between the

different animals (Table 3).

Virology. In the respiratory tissues, the changes in virus titers

over time showed a comparable pattern to that of viral antigen

expression, with high virus titers from 0.5 to 4 dpi (Figure 3). In

the extra-respiratory tissues, virus was isolated from the olfactory

bulb, cerebellum, cerebrum, and heart (Table 4).

Hematology and comparison of leucocytes in blood and

alveolar lumina. Total leucocyte counts showed higher values

on all time points when compared to those from negative control

animals (Table 5). On 1 dpi, there was an increase of neutrophils

in the blood and in the alveoli. On 2 dpi, there was a severe

decrease in the number of neutrophils in the alveoli, but the

number of neutrophils in the blood remained high. The number of

mononuclear cells in the alveoli increased during the first 3 days

while the number of mononuclear cells in the blood decreased. On

14 dpi, the numbers of neutrophils and mononuclear cells were

decreased in both the blood and the alveoli.

Generalized linear model of viral excretion. Similarly to

H3N2, the final GLM predicting excretion of pH1N1 included

only viral production in the upper regions of the respiratory tract

(nose and trachea) as a significant predictor (LR x2 = 58.9, df = 1,

P,0.0001). Excretion of pH1N1 was a positive linear function of

viral production in the upper regions (Table 6).

H5N1
Clinical data and gross pathology. On 2.5 dpi, one animal

died and one animal was euthanized because of its moribund state.

On 3 dpi, another animal died. From 2 to 4 dpi all animals

developed severe clinical signs characterized by decreased activity,

dyspnea, and inappetance (Table 1). Two animals showed nervous

signs, characterized by ataxia, drifting to the right, walking into a

corner and aggression. Virus was excreted in nasal and pharyngeal

swabs, with lower virus titers than the pH1N1 and H3N2 groups

during the first 3 days for the nose and the first 2 days for the

pharynx (Figures 1a and b). In contrast to what was seen in the

other virus groups, the nasal swabs showed lower titers than the

pharyngeal swabs. This indicated lower replication in the nose, as

was also suggested by the low levels of virus antigen expression and

low virus titers in the nose (Figure 3). The increase in body

temperature showed a peak on 1 dpi. At later time points, the

average temperature decreased below baseline values due to the

progressively moribund state of most of the ferrets (Figure 1c). The

body weight loss increased during time and was comparable to

that of the pH1N1 group (Figure 1d). By gross pathology, there

was multifocal pulmonary consolidation on 0.5 dpi with dark red,

Figure 4. Antigen expression and histopathology of nasal respiratory epithelium of ferrets inoculated with different influenza
viruses. There is high antigen expression with associated lesions characterized by neutrophilic rhinitis in the nasal respiratory epithelium of ferrets
inoculated with H3N2 and pH1N1 on 1 dpi and lower expression on 4 dpi, while for H5N1 there is only occasional expression on 1 dpi. HE and
immunoperoxidase counterstained with hematoxylin, 2006.
doi:10.1371/journal.pone.0042343.g004
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raised, and firmer than normal areas affecting an average of 13%

of the lung tissue (Figure 2a). On 1 dpi, there was fluid in the

bronchi and lung parenchyma, and the percentage of affected lung

tissue was increased. On 2 dpi, the percentage of affected lung

tissue had increased dramatically to almost 60% (Figure 2a). The

relative lung weights were increased on all time points and were

much higher than in the other virus groups (Figure 2b). Tracheo-

bronchial lymph nodes were enlarged starting on 0.5 dpi, and up

to two times the normal size on 4 dpi. There was a mild

splenomegaly on all days (data not shown).

Histopathology and virus antigen expression. By histo-

pathology, there was a mild to moderate multifocal rhinitis with

necrosis of the epithelium and mild multifocal tracheitis. In the

lungs, there was a moderate multifocal bronchitis and bronchiol-

itis, with intra-epithelial and intraluminal neutrophils, mild to

moderate epithelial necrosis, and mild peribronchiolar and

perivascular cuffing; a mild to severe broncho-adenitis; and a

severe multifocal to diffuse alveolitis, with severe epithelial

necrosis, intra-epithelial and intraluminal infiltration of neutro-

phils, severe intraluminal edema, and hypertrophy and hyperpla-

sia of epithelial cells (Figures 4, 5, 6, 7, 8). The tracheo-bronchial

lymph nodes and tonsils demonstrated lymphadenopathy. In the

extra-respiratory tissues there was lymphadenopathy in a sternal

lymph node and there was hyperplasia and necrosis in the gut

associated lymphoid tissue (GALT) of the jejunum and in the

spleen of few animals.

In the nose there was antigen expression from 1 to 4 dpi with

highest values on 2 and 3 dpi. Antigen expression in the trachea

was present from 0.5 to 3 dpi, predominantly on 1 dpi. The

bronchi demonstrated antigen from 2 to 4 dpi, and in the

bronchioles from 0.5 to 4 dpi. Antigen expression in the alveoli

was present in type II pneumocytes (Figure 8), and less in type I

pneumocytes and alveolar macrophages. It was seen from 0.5 to

4 dpi with large percentages from 1 to 3 dpi. In the tracheo-

bronchial lymph nodes there was antigen expression from 1 to

3 dpi and in the tonsils on 2 and 3 dpi in mononuclear cells. One

animal had virus antigen expression in squamous stratified

epithelium in the tip of the nose and one animal showed

expression in endothelial cells in the pharynx. In the extra-

respiratory tissues there was virus antigen expression in mononu-

clear cells in the GALT of the jejunum on 2 and 3 dpi and in the

spleen on 4 dpi. No antigen expression was seen in other extra-

respiratory tissues. Changes in the histological lesions and antigen

expression over time are described in the supporting information

(Supporting information S1).

Digital scoring demonstrated that the amount of air-containing

tissue was lower than in the other virus groups, and decreased over

time (Table 3). Digital scoring for antigen expression showed

Figure 5. Antigen expression and histopathology of nasal olfactory epithelium of ferrets inoculated with different influenza
viruses. There is high antigen expression with associated lesions characterized by neutrophilic rhinitis in the olfactory epithelium of ferrets
inoculated with pH1N1 on 1 and 4 dpi, and for H5N1 only on 4 dpi. There were no antigen expression and no lesions for H3N2. HE and
immunoperoxidase counterstained with hematoxylin, 2006.
doi:10.1371/journal.pone.0042343.g005

Dynamics of Influenza Virus Infections in Ferrets

PLoS ONE | www.plosone.org 7 August 2012 | Volume 7 | Issue 8 | e42343



positive values on all time points with highest values on 1 dpi, but

with high variation (Table 3).

Virology of tissues. In the nose, the virus titers were higher

than expected based on virus antigen expression in the nose,

indicating a different origin of the virus (Figure 3). In the lungs,

virus titers on 1 dpi were higher than on the other days. This could

be due to slower replication on 0.5 dpi and necrosis of virus-

replicating cells on 4 dpi. In the extra-respiratory tissues, virus was

isolated from the olfactory bulb, cerebrum, cerebellum, heart,

spleen, liver, kidney, adrenal gland, pancreas, and jejunum in one

or more animals from 0.5 to 4 dpi. The highest virus titers were

seen on 2 dpi in olfactory bulb and jejunum, and on 3 and 4 dpi in

the spleen (Table 4).

Hematology and comparison of leucocytes in blood and

alveolar lumina. The total leucocyte counts were decreased

from 1 to 4 dpi (Table 5). The number of neutrophils in the

alveolar lumina was low on 0.5 dpi but increased strongly with a

peak value on 1 dpi. However, in the blood, after a small peak on

1 dpi, there was a decrease of the number of neutrophils (Figure 9).

The number of mononuclear cells in the alveolar lumina showed

an increase on 4 dpi. This increase was later than in the pH1N1

group, while the number of mononuclear cells in the blood did not

increase. The number of lymphocytes in the blood was decreased

on all days (Table 5).

Generalized linear model of viral excretion. The final

GLM predicting excretion of the H5N1 included 6 significant

predictors (LR x2 = 14.1, df = 6, P = 0.029): viral production and

damage in the deeper regions of the respiratory tract (bronchi,

bronchioles and alveoli; P = 0.018 and P = 0.024, respectively);

their product (P = 0.025); damage in the upper regions of the

respiratory tract (nose and trachea; P = 0.001); its product with

viral production in these regions (P = 0.002); and its product with

viral production in the deeper regions (P = 0.031). Excretion of

H5N1 was a negative linear function of each of the three single

predictors and a positive linear function of each of the three

products. Coefficients are given in Table 6.

Control group with inoculum
Clinical signs and gross pathology. No clinical signs were

seen and there was a survival rate of 100%. The body weight loss

in the control group increased slightly in time (Figure 1d). By gross

pathology, the lungs had few dark red and slightly raised areas

consistent with mild pulmonary consolidation. The area of affected

lung tissue varied between 0 and 10% of the lung area (Figure 2a).

The relative lung weight remained constant at around 0.6% on all

time points (Figure 2b). Tracheo-bronchial lymph nodes were

slightly enlarged (Table 1) and mild splenomegaly was present on

all time points (data not shown).

Histopathology and virus antigen expression. By histo-

pathology, there was mild multifocal rhinitis, tracheitis, bronchitis

and bronchiolitis with few neutrophils, mild perivascular and

peribronchiolar cuffing, mild broncho-adenitis, and mild focal

alveolitis with infiltration of few neutrophils in the alveolar septa.

Figure 6. Antigen expression and histopathology of bronchial epithelium of ferrets inoculated with different influenza viruses.
There is moderate antigen expression with associated lesions characterized by bronchitis in bronchial and glandular epithelium of ferrets inoculated
with pH1N1 on 1 and 4 dpi, and for H5N1 only on 4 dpi. There were no antigen expression and no lesions for H3N2. HE and immunoperoxidase
counterstained with hematoxylin, 2006.
doi:10.1371/journal.pone.0042343.g006
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No virus antigen expression was seen in any of the tissues.

Changes in the histological lesions over time are described in the

supporting information (Supporting information S1). Digital

scoring demonstrated that the amount of air-containing tissue

was slightly lower on 3 and 4 dpi (Table 3).

Virology. All swabs and tissues were negative in virus titration

for influenza virus.

Hematology and comparison of leucocytes in blood and

alveolar lumina. No trends were observed in total leucocyte,

segmented neutrophil, mononuclear cell and lymphocyte counts in

the blood, or in comparison of leucocyte counts between blood

and alveolar lumina (Figure 9 and Table 5).

Discussion

Our time course experiments show how strongly the spatial and

temporal dynamics of infection and associated lesions in the ferret

respiratory tract differ between a seasonal human influenza virus

(H3N2), a pandemic human influenza virus (pH1N1), and a

zoonotic avian influenza virus (H5N1): H3N2 infection was

restricted to the nose and peaked at 1 dpi; pH1N1 infection also

peaked at 1 dpi, but occurred at similar levels throughout the

respiratory tract; and H5N1 infection occurred predominantly in

the alveoli, where it peaked for a longer period, from 1 to 3 dpi

(Figure 3). The associated lesions followed the same spatial

distribution as virus infection, but their severity peaked between 1

and 6 days later (Table 2): at 4 to 7 dpi for H3N2 and pH1N1,

after which lesions decreased in severity by 14 dpi; and at 4 dpi for

H5N1, when all H5N1-infected ferrets had either died or been

euthanized on humane grounds. An important implication of these

results is that location and timing of sample collection need to be

chosen carefully in any comparative study of infection and

pathology by different influenza viruses, otherwise the comparison

will not be valid.

The main source of excreted virus likely differs between H3N2

and H5N1 infections, based on comparison of virus titers in nasal

and pharyngeal swabs (Figure 1) with virus antigen expression in

respiratory tract tissues (Figure 3). For H3N2, the temporal

dynamics of nasal swab virus titers, pharyngeal swab virus titers,

and virus antigen expression in the nose were comparable.

Together with the lack of virus antigen expression in the lower

respiratory tract, these results suggest that the nose is the main

source of excreted H3N2. This is supported by the final GLM for

H3N2 viral excretion, which included only viral production in the

upper regions of the respiratory tract as significant predictor. In

contrast, for H5N1, virus titers in both nasal swabs and pharyngeal

swabs were already near peak levels at 1 dpi, while virus antigen

expression in the nose remained relatively low until 3 dpi.

Together with the higher levels of virus antigen expression in

the trachea, bronchioles, and especially alveoli at 1 to 2 dpi, these

results suggest that the lower respiratory tract is the main source of

excreted H5N1, at least until 3 dpi. In fact, the final GLM for

Figure 7. Antigen expression and histopathology of bronchiolar epithelium of ferrets inoculated with different influenza viruses.
There is high antigen expression with associated lesions characterized by bronchiolitis in bronchiolar epithelium of ferrets inoculated with pH1N1 on
1 dpi that was low on 4 dpi, consistent with severe loss of bronchiolar epithelium, and for H5N1 there was no expression on 1 dpi and moderate
antigen expression with associated lesions on 4 dpi. There were no antigen expression and no lesions for H3N2. HE and immunoperoxidase
counterstained with hematoxylin, 2006.
doi:10.1371/journal.pone.0042343.g007
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H5N1 viral excretion suggests that viral production and damage in

the deeper regions of the respiratory tract (bronchi, bronchioles

and alveoli) may have a strong negative impact on viral excretion.

This may be due to physical obstruction of the deeper airways due

to damage caused by H5N1 virus infection and immune responses.

For pH1N1, it is more difficult to determine the main source of

excreted virus, because virus antigen expression was high at all

levels of the respiratory tract. However, the final GLM for pH1N1

viral excretion revealed that only the viral production in the nose

and trachea was a significant predictor of viral excretion,

suggesting that as for the H3N2 virus, the upper regions of the

respiratory tract may be the main sources of excreted virus.

The pattern of H3N2 and H5N1 antigen expression in the

ferret respiratory tract corresponded only in part with the pattern

of attachment for these viruses (for the pH1N1 virus, the pattern of

attachment in ferrets has not been determined). Attachment of an

influenza virus to a host cell is the first step in the virus replication

cycle and is considered to be necessary, but not sufficient, for

subsequent infection of that cell. Previously, we found that H3N2

attached to many tracheal epithelial cells (predominantly ciliated

cells), rare or few bronchial and bronchiolar epithelial cells, and a

moderate number of alveolar epithelial cells (predominantly type I

pneumocytes, which have a low metabolism) in the lower

respiratory tract of the ferret [6]. However, in the current study,

we found very little H3N2 infection (based on virus antigen

expression) in any cell types of the ferret lower respiratory tract

(Figure 3). This suggests that other factors were necessary for

H3N2 to infect these cell types. These factors may be the virus

load that may need to be higher for infection with H3N2 and the

influence of surfactant that protect against influenza in humans

and pigs [17]. We previously found that H5N1 did not attach to

tracheal or bronchial epithelial cells, and attached to rare or few

bronchiolar epithelial cells and a moderate number of alveolar

epithelial cells (predominantly type II pneumocytes, which have a

high metabolism) in the lower respiratory tract of the ferret [6]. In

the current study, we found abundant H5N1 infection in alveolar

and bronchiolar epithelial cells, which fits with the pattern of virus

attachment (Figure 3). However, we also found H5N1 infection in

tracheal and bronchial epithelial cells, which does not. Next to the

fact that this could be related to a different H5N1 strain (A/

Vietnam/1194/04 [6], while in the present experiment we used

A/Indonesia/5/05), the replication of H5N1 in alveolar and

bronchiolar epithelial cells was so abundant that tracheal and

bronchial epithelial cells became infected despite the relatively

weak attachment of H5N1 to the latter cell types.

Different parameters were used to measure the severity of lower

respiratory tract disease in our ferrets. Of these parameters,

relative lung weight and affected lung tissue allowed the best

quantitative distinction between the virus groups: they showed

clear differences between virus groups from 2 dpi onwards

(Table 7), with relatively little within-group variation (Figure 2).

These parameters have been used with success before for studies

on severe acute respiratory syndrome [18] and on influenza [19].

Immunohistochemistry score for virus antigen expression in the

Figure 8. Antigen expression and histopathology of alveolar epithelium of ferrets inoculated with different influenza viruses. There
was moderate to high antigen expression for pH1N1 and H5N1 on 1 and 4 dpi with associated lesions characterized by severe DAD and no
expression and lesions for H3N2. HE and immunoperoxidase counterstained with hematoxylin, 4006.
doi:10.1371/journal.pone.0042343.g008
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alveoli (Figure 3) (Table 7), alveolar edema score, and alveolar

hemorrhage score (Table 2) also showed clear differences between

the virus groups. However, between-group differences differed

according to the dpi, and within-group variation was large.

Comparing the histopathology scoring for extent and severity of

alveolitis and alveolar damage with the digital scoring for air-

containing space in pulmonary tissue showed that the latter

demonstrated less statistically significant results, and therefore is

less useful for discriminating between viruses (Table 7). Comparing

the antigen expression scoring in the alveoli by hand with the

digital scoring and the virus titers, the P-values are similar and

allow distinction between the virus groups (Table 7). The other

parameters did not allow a clear distinction between the three

virus groups.

Besides quantitative differences in severity of lower respiratory

tract disease, the three virus infections also showed clear

differences in the qualitative character of lower respiratory tract

disease, related to the tropism of the virus and the ability of the

host to counter infection. This is particularly well illustrated in the

alveoli. For the mildest disease, caused by H3N2 infection, there

was rare evidence of virus infection in the alveolar epithelium

(Figure 3). There was a mild acute inflammatory response with

small numbers of neutrophils and macrophages, peaking at 2 dpi.

Damage to the alveolar epithelium was so mild that there was no

visible evidence of epithelial cell hypertrophy or hyperplasia to re-

epithelialize the alveolar walls (Table 2).

For the intermediate disease, caused by pH1N1 infection, virus

infection already was high at 0.5 dpi and peaked soon afterwards

at 1 dpi (Figure 3). There was a moderate acute inflammatory

response characterized by influx of neutrophils, peaking at 1 dpi

(Figure 9). At the same time, there was evidence of damage to the

alveolar wall, characterized by necrosis of the epithelium and

edema and hemorrhage in the alveolar lumina, which was

maximal at 4 to 7 dpi (Table 2). After 1 dpi, the alveolar lesion

progressed to a more chronic inflammatory response, with

neutrophils being replaced by mononuclear cells, which peaked

at 7 dpi (Figure 9). At the same time, repair of the alveolar

epithelial damage was visible as hypertrophy and hyperplasia of

type II pneumocytes, which was maximal at 7 dpi. During this

period, the level of virus infection decreased to a low level. By

14 dpi the damage to and inflammation of the alveoli was

completely resolved, except for a remnant of mononuclear cells in

Table 3. Digital histopathology scores in ferrets inoculated with different influenza viruses.

Digital score: median (range)

Virus Days post inoculation
Percentage of air containing
space in pulmonary tissue

Percentage of antigen
expression

Number of antigen expression
counts

H3N2 0.5 66.6 (49.4–75.9) 0 1 (0–2)

1 65.1 (61.1–69.2) 0 1 (0–1)

2 62.7 (58.0–72.1) 0 0 (0–1)

3 66.6 (63.4–73.7) 0 1 (0–2)

4 67.4 (46.2–70.4) 0 0 (0–1)

7 72.9 (68.9–86.7) 0 0.5 (0–4)

14 66.5 (57.3–74.1) 0 0 (0–2)

pH1N1 0.5 64.7 (56.0–80.3) 0.63 (0.09–0.74) 87.5 (21–164)

1 65.0 (48.4–69.0) 0.92 (0.557–1.49) 273.5 (115–522)

2 63.0 (59.3–71.1) 0.10 (0.05–0.16) 30 (15–49)

3 70.3 (63.8–78.0) 0.06 (0.01–0.08) 14 (1–19)

4 77.1 (73.3–81.0) 0.03 (0–0.05) 5.5 (1–50)

7 63.1 (45.4–78.0) 0 (0–0.01) 1 (1–2)

14 65.4 (55.7–73.1) 0 (0–0.1) 0.5 (0–6)

H5N1 0.5 58.3 (56.5–72.7) 0.06 (0.12–0.78) 24 (4–264)

1 48.9 (45.8–51.6) 0.50 (0.29–0.57) 265.5 (174–282)

2 44.0 (38.8–58.3) 0.20 (0.04–0.31) 114 (24–148)

3 44.2 (39.0–56.9) 0.11 (0.09–0.20) 59 (43–73)

4 38.9 (27.0–51.2) 0.04 (0.02–0.08) 19 (13–39)

Control 0.5 63.3 (48.7–74.8) 0 0

1 66.4 (56.4–74.8) 0 0 (0–2)

2 64.1 (53.4–70.4) 0 0

3 57.8 (46.4–71.2) 0 0

4 53.7 (42.1–67.1) 0 0.5 (0–1)

7 63.4 (56.1–67.9) 0 0.5 (0–1)

14 68.4 (61.1–77.4) 0 0 (0–1)

Negative control 81.1 (78.6–82.8) 0 (0–0.01)* 1.5 (0–2)*

*Antigen expression counts in the negative control animals are considered false positive counts due to the incapacity of the program to determine artifact staining.
doi:10.1371/journal.pone.0042343.t003
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the alveolar lumina, and virus infection was no longer detectable.

The resolution of edema and hemorrhage could be explained on

the one hand by the action of alveolar macrophages [20], and on

the other hand by re-epithelialization of the alveolar walls [21].

For the most severe disease, caused by H5N1 infection, the virus

infection reached about the same level as that by pH1N1 infection

at 1 dpi but remained high until death or euthanasia at 4 dpi,

indicating that the host was not able to control virus infection.

There was concurrent alveolar damage, which was so severe and

extensive that all ferrets either died or had to be euthanized on

humane grounds by 4 dpi. This was despite clear attempts at re-

epithelialization, based on prominent type II pneumocyte hyper-

trophy and hyperplasia from 1 dpi onwards (Table 2). There was a

marked acute inflammatory response characterized by neutrophil

influx peaking at 1 dpi but much greater than in pH1N1 infection,

with a neutrophil count that was nearly twice as high (Figure 9).

This could be explained by a higher induction of pro-inflamma-

tory cytokine production (e.g., IL-6 and IL-8) and NO production

due to H5N1 infection [22,23]. Maines et al. [10] demonstrated a

relatively high production of IL-6 and IL-8 in the lower respiratory

tract of ferrets infected with H5N1, but not with pH1N1.

Similarly, humans infected with H5N1 had high levels of IL-6

and IL-8 in the blood [24]. Another major difference with pH1N1

infection was the low influx of mononuclear cells, with a

mononuclear cell count of less than half that in pH1N1 infection

by 4 dpi, suggesting that the inflammatory response never

progressed beyond the acute stage.

Comparison of the dynamics of neutrophil and mononuclear

cell influx in the alveolar lumina with neutrophil and monocyte

counts in peripheral blood helps to explain the differences in

hematological dynamics among the three virus infections

(Figure 9). For H3N2 infection, the slight and transient increase

in the numbers of neutrophils and monocytes in the blood at 1 dpi

correlates with the mild influx of these cell types into the alveolar

lumina at that time. This corresponds with a low demand for

neutrophils and monocytes during H3N2 infection. For pH1N1

infection, the marked increase in first the number of neutrophils

and then of monocytes in the blood correlates with the moderate

influx of first neutrophils and then mononuclear cells in the

alveolar lumina. This corresponds with increased demand for both

cell types, both of which can be met adequately by the

myelopoietic compartment. Neutrophils and monocytes are back

to normal levels in the blood by 14 dpi, indicating resolution of the

respiratory tract inflammation. For H5N1 infection, the initial

increase of neutrophils in the blood at 1 dpi correlates with a

massive influx of neutrophils into the alveolar lumina. The steep

decline in neutrophils in the blood on subsequent days, despite

continued high influx in alveolar lumina, corresponds to a demand

that has outstripped the available supply by the myelopoietic

compartment. This is corroborated by the presence of immature

neutrophils with rod-shaped nuclei in the blood from 1 dpi

onwards (Table 5). The lack of increase in monocytes in the blood

corresponds with the failure of the acute inflammatory response in

the lungs to transform into a more chronic inflammatory response.

In addition to changes in neutrophil and monocyte counts, there

was an overall leucopenia from 2 dpi (Table 5). Such a leucopenia

has been described previously for H5N1 infection in both humans

and ferrets [11,12,25,26], whereas ferrets infected with pH1N1

showed higher leucocyte counts [12]. Together, this comparison

between inflammatory cell dynamics in alveoli and blood provides

insight into the interpretation of hematological analyses of

influenza pneumonia.

Besides the respiratory tract, there was evidence, by virus

isolation, of extra-respiratory spread for H5N1 and pH1N1, but

not for H3N2 (Table 4). The failure to detect virus antigen in any

of these virus-isolation-positive tissues except jejunum may be

because virus isolation is more sensitive than immunohistochem-

istry, or because virus was present but not replicating in these

tissues. Previously, H5N1 virus antigen expression in extra-

respiratory tissue has been found in the central nervous system

Figure 9. Leucocyte counts in alveoli and blood of ferrets inoculated with different influenza viruses. The number of leucocytes in the
alveolar lumina (scores) and blood (6109/L) are depicted as median values and standard errors of the mean. The number of mononuclear cells and
neutrophils in the alveolar lumina and blood follow the same pattern for H3N2 and pH1N1. The increase of the number of mononuclear cells in the
alveoli and decrease in the blood for pH1N1 demonstrates the demand in the alveoli. For pH1N1 there is a peak of neutrophils in the alveoli on
0.5 dpi followed by a dip and a response of myelopoiesis in the blood. For H5N1 the number of mononuclear cells is not elevated in the alveoli and
blood, and the high demand for neutrophils in the alveoli is not followed by higher release of neutrophils in the blood. In negative control animals
(non-inoculated) the median number (range) of mononuclear cells is 0.30 109/L (0.13–0.37) in the blood and 17 (5–22) in the alveolar lumina, for
neutrophils 4.33 (3.07–7.28) in the blood and 0.5 (0–2) in the alveolar lumina.
doi:10.1371/journal.pone.0042343.g009
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Table 5. Leucocyte concentrations in the peripheral blood of ferrets inoculated with different influenza viruses.

Concentration of cells (109/L)

Virus
Days post
inoculation

Total
leucocytes Lymphocytes Blastocytes Rod-shaped neutrophils Eosinophils Basophils Normoblasts

H3N2 0.5 9.6 (7.2–10.0) 2.59 (2.23–3.60) 0 0.04 (0–0.09) 0.19 (0–0.18) 0 (0–0.07) 0

1 9.3 (4.2–14.1) 3.76 (2.14–4.51) 0 0 0.27 (0.08–0.55) 0 (0–0.08) 0

2 8.3 (7.0–10.5) 2.18 (1.61–2.38) 0 0.04 (0–0.11) 0.27 (0–0.41) 0 0 (0–0.08)

3 8.9 (7.6–9.3) 2.97 (1.95–3.59) 0 0 (0–0.09) 0.40 (0.09–0.53) 0.09 (0–0.34) 0

4 9.1 (6.3–11.0) 2.23 (1.89–3.46) 0 0 0.30 (0.22–0.44) 0 (0–0.07) 0

7 7.9 (5.8–9.5) 2.24 (2.03–2.61) 0 0 (0–0.09) 0.23 (0–0.17) 0.04 (0–0.10) 0

14 5.8 (3.0–6.7) 1.95 (1.16–2.72) 0 0 0.26 (0–0.46) 0 (0–0.06) 0

pH1N1 0.5 9.9 (6.2–10.9) 2.95 (2.67–4.46) 0 0 (0–0.20) 0.30 (0.12–0.33) 0 0

1 9.1 (8.6–12.1) 1.00 (0.73–1.29) 0 0.09 (0–0.36) 0.18 (0.17–0.46) 0 (0–0.12) 0

2 9.4 (6.7–11.4) 1.66 (1.46–1.84) 0 0 (0–0.11) 0.03 (0–0.34) 0 (0–0.07) 0

3 10.8 (7.9–11.2) 2.25 (1.56–4.31) 0 0 (0–0.11) 0.10 (0–0.21) 0 (0–0.11) 0

4 8.5 (7.3–9.0) 1.31 (0.79–1.68) 0 0.04 (0–0.36) 0.04 (0–0.18) 0 (0–0.09) 0

7 11.5 (10.7–20.7) 2.19 (1.44–4.17) 0 0 0 (0–0.62) 0.11 (0–0.22) 0

14 9.0 (6.6–10.6) 4.57 (2.90–5.86) 0 0.05 (0–0.13) 0.15 (0–0.19) 0 0

H5N1 0.5 10.5 (8.5–12.4) 2.46 (1.32–4.34) 0 0 (0–0.11) 0.25 (0.10–1.10) 0 (0–0.12) 0

1 8.0 (6.6–14.1) 0.27 (0.07–0.99) 0 0.19 (0–0.34) 0 (0–0.07) 0 0

2 5.4 (2.6–13.5) 0.47 (0.21–0.81) 0 0.06 (0.03–0.49) 0.03 (0–0.06) 0 0

3 4.6 (4.1–5.0) 0.72 (0.70–0.74) 0 0.14 (0.12–0.15) 0.02 (0–0.04) 0 0

4 5.8 (3.3–6.1) 0.73 (0.73–0.99) 0 0.46 (0.23–0.49) 0 (0–0.06) 0 0

Control 0.5 11.2 (9.0–19.0) 5.41 (2.97–6.84) 0 0 (0–0.19) 0.27 (0.09–0.42) 0.05 (0–0.12) 0

1 9.1 (7.9–11.9) 3.97 (3.16–7.73) 0 0 0.16 (0.10–0.48) 0 (0–0.08) 0

2 7.8 (5.9–11.8) 3.71 (2.89–5.09) 0 0 (0–0.12) 0.11 (0–0.24) 0 0

3 10.1 (6.5–12.1) 4.07 (3.45–8.23) 0 0 0.11 (0–0.35) 0 (0–0.07) 0

4 9.1 (5.3–15.2) 3.35 (2.06–6.38) 0 0 (0–0.05) 0.32 (0.20–0.46) 0 0

7 13.6 (7.5–14.0) 3.15 (2.03–6.07) 0 0 0.18 (0.13–0.28) 0 0

14 11.7 (6.1–15.6) 5.94 (2.20–6.71) 0 0 (0–0.16) 0.05 (0–0.16) 0 0

Negative
control

7.6 (6.4–9.1) 2.86 (1.45–3.28) 0 0 0.03 (0–0.08) 0 0

doi:10.1371/journal.pone.0042343.t005

Table 6. Parameter-estimates of generalized linear models predicting viral excretion of ferrets inoculated with different influenza
viruses.

Virus Predictor B coefficient Standard error Wald x2 P

H3N2 Intercept 1.605 0.34 22.3 ,0.0001

Viral production in URRT 0.383 0.08 22.3 ,0.0001

pH1N1 Intercept 0.325 0.25 1.7 0.187

Viral production in URRT 0.508 0.04 201.7 ,0.0001

H5N1 Intercept 27.830 10.06 7.6 0.006

Viral production in DRRT 22.827 1.19 5.6 0.018

Damage in DRRT 23.887 1.72 5.1 0.024

Viral production in DRRT6Damage in DRRT 0.456 0.20 5.0 0.025

Damage in URRT 20.687 0.20 11.8 0.001

Damage in URRT6Viral production in URRT 0.046 0.01 9.2 0.002

Damage in URRT6Viral production in DRRT 0.049 0.02 4.6 0.031

URRT: upper regions of the respiratory tract (nose and trachea); DRRT: deeper regions of the respiratory tract (bronchi, bronchioles and alveoli).
doi:10.1371/journal.pone.0042343.t006
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and liver of experimentally inoculated ferrets [27,28,29]. In our

experiment, we additionally found virus antigen in other extra-

respiratory tissues: for pH1N1 in sero-mucous glandular epithelial

cells in the palatine roof, and for H5N1 in mononuclear cells in

tracheo-bronchial lymph nodes, tonsils, sternal lymph node,

spleen, and GALT of the jejunum, and in squamous stratified

epithelium on the tip of the nose. The implication of these sites of

replication for the pathogenesis and transmission of these viruses is

yet to be elucidated.

The extensive H5N1 infection in extra-respiratory tissues

known from previous studies [11,28,27,30] likely occurs by spread

from the respiratory tract via the blood [24,31,32]. However, the

expression of H5N1 antigen in olfactory mucosa (Figure 5)

together with high virus titres in the olfactory bulb (Table 4)

suggest that H5N1 may reach the central nervous system from the

nasal cavity via the olfactory route, as demonstrated recently by

Schrauwen et al. [33]. This H5N1 infection of the central nervous

system resulted in clinical disease, judging by the presentation of

neurological signs (Table 1). In addition to extra-respiratory

spread of H5N1, there also was evidence of pH1N1 in extra-

respiratory tissues, especially the central nervous system (Table 4),

and pH1N1 expression in olfactory mucosa (Figure 5). This

suggests that pH1N1 also may be neurotropic and enter the

central nervous system via the olfactory route.

Methods

Ethics statement
Animals were housed and experiments were conducted in strict

compliance with European guidelines (EU directive on animal

testing 86/609/EEC) and Dutch legislation (Experiments on

Animals Act, 1997). The protocol was approved by the

independent animal experimentation ethical review committee of

the Netherlands Vaccine Institute (permit number 200900201)

and was performed under animal biosafety level 3 conditions.

Animal welfare was observed on a daily basis, and all animal

handling was performed under light anesthesia using a mixture of

ketamine and medetomidine to minimize animal suffering. After

handling atipamezole was administered to antagonize the effect of

medetomidine.

Virus preparation
Three viruses were used: seasonal H3N2 virus (A/Netherlands/

177/2008), isolated from a patient during the 2008 influenza

season [34]; pandemic (H1N1) 2009 virus (pH1N1) (A/Nether-

lands/602/2009), isolated from a specimen of a human patient

who had recently visited Mexico during the pandemic in 2009

[35]; and HPAI H5N1 virus (A/Indonesia/5/2005) as described

earlier [35]. The H3N2 virus was chosen as a representative from

a recent seasonal H3N2 influenza epidemic. Like virtually all

recent H3N2 viruses the present virus exhibits the oseltamivir-

sensitive neuraminidase-associated agglutination of turkey eryth-

rocytes [36]. The pH1N1 virus which had been initially isolated in

embryonated chicken eggs was chosen as a representative virus

from the 2009 pandemic because it has been used in previous

experiments by others [37] and ourselves [19,35,38]. The H5N1

Figure 10. Histopathologic changes in the alveoli during time
in ferrets inoculated with pH1N1. On 0.5 dpi there was mild DAD
that was characterized by neutrophils in the alveolar walls. On 1 dpi the
alveolar walls were thickened with mild necrosis of the lining
epithelium and increased number of neutrophils, in the lumina there
were more mononuclear cells, little amount of edema fluid mixed with
fibrin, hemorrhage and little cellular debris. On 2 dpi there was
increased presence of necrosis, edema, hemorrhage and hyperplasia.
On 3 dpi there were both new lesions with acute necrosis and old

lesions with type II hyperplasia present, with increased amounts of
edema and hemorrhage. On 4 dpi the type II hyperplasia and
hypertrophy was more pronounced with increased amount of edema
and high numbers of mononuclear cells. On 7 dpi there was severe
epithelial hyperplasia and hypertrophy as well as intraluminal edema
and hemorrhage. On 14 dpi the walls were mildly thickened. HE, 1006
(first column), 4006 (second column).
doi:10.1371/journal.pone.0042343.g010
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virus was chosen as a representative of Clade 2 (subclade 1.3.2) of

HPAI H5N1 virus, and has been used in several previous

experiments [19,29]. The different isolates were passaged three

times in Madin-Darby Canine Kidney (MDCK) cells and titrated

according to standard methods. Subsequently, the viruses were

clarified and reached an infectious virus titer of 16107.4 median

tissue culture infectious dose (TCID50) per ml for H3N2 virus, and

16107.8 TCID50 for both pH1N1 and H5N1 virus [8,39].The

inoculum for the control group was prepared as follows: MDCK

cells were grown up to a monolayer of 80 to 90% in two 75 cm2

flasks (A and B). Virus medium (EMEM supplemented with

HEPES, Sodium bicarbonate, BSA fraction V, L-glutamin,

penicillin, streptomycin, trypsin and amphothericin-B) was added

and the cells were incubated for 2 days at 37uC. To mimic cellular

damage in MDCK cells during virus infection when preparing the

virus stock we aimed to reach a cytopathic effect (CPE) of 75%.

Therefore, the cells in bottle B were collected by disrupting the

monolayer with 3 mm glass beads (VWR, Amsterdam, the

Netherlands), sonication (3 times 20 seconds in melting ice) and

freezing at 280uC, leading to lysis of all cells. The cells in bottle A

were not damaged and the final inoculum consisted for 25% of the

supernatant of bottle A and for 75% of the supernatant of bottle B.

Study design
For every virus and the sham inoculated group, 7 groups (5

groups for H5N1) of four ferrets were inoculated under anesthesia

with ketamine (4–8 mg/kg; Nimatek, Eurovet Animal Health

B.V., Bladel, The Netherlands) and medetomidine hydrochloride

(0.1 mg/kg; Domitor, Orion Pharma, Espoo, Finland) with each

of these three viruses with 106 TCID50 in a 3-ml volume intra-

tracheally and in a 0.3-ml volume intranasally evenly divided over

the two nostrils. Intratracheal and intranasal inoculation was

performed to ensure that the inocula would reach both the lower

and the upper respiratory tract [19,29]. After inoculation, the

ferrets received atipamezole hydrochloride (0.5 mg/kg Antisedan;

Orion Pharma, Espoo Finland) and were monitored daily for

clinical signs until maximally 14 dpi [8]. The animals were

predestined to be sacrificed at 12 hours (0.5 day), 1, 2, 3, 4, 7 and

14 dpi (for H5N1 not at 7 and 14 dpi) in order to avoid any bias

that could follow from clinical observation, or earlier when they

were moribund before the selected time point of euthanasia

(H5N1 only). The animals were euthanized by exsanguination

after anesthesia with ketamine. At euthanasia, body weight was

measured, nose, throat and rectal swabs were collected, blood was

taken, and samples were taken from both respiratory and extra-

respiratory tissues for virological, pathological, and immunohisto-

chemical analyses.

The inoculum used for the sham control group induced

comparable body weight loss, affected lung tissue, histological

scores, digital scoring, and leucocyte counts as the H3N2 group.

As an extra comparison, we therefore used non-inoculated healthy

ferrets with the same age and background as the other ferrets as

negative control animals to score and compare the above

parameters.

Ferrets
Ferrets were used in this experiment since they resemble disease

in humans when infected with influenza A viruses [5,7]. Hundred-

and-four eleven-month-old purpose-bred ferrets, seronegative for

antibodies against circulating influenza viruses H1N1 (A/Bris-

Figure 11. Histopathologic changes in the bronchioles during
time in ferrets inoculated with pH1N1. On 0.5 dpi there was
infiltration of neutrophils in the bronchiolar epithelium and lumen with
mild peribronchiolar cuffing. On 1 dpi the number of neutrophils
increased with necrosis of the epithelium, intraluminal cellular debris
and peribronchiolar cuffing. On 2 dpi the necrosis was more severe
than on 1 dpi. On 3 dpi there was denudation of the basement
membrane and little regeneration of the bronchiolar epithelium with
hyperplasia, peribronchiolar cuffing and occasionally cellular debris in
the lumen. On 4 dpi there was increased epithelial hyperplasia with
moderate cuffing. On 7 dpi the epithelium covered the basement
membrane of the bronchiole with hypertrophic cells and moderate

cuffing. On 14 dpi the epithelium was slightly hypertrophic with little
cuffing. HE, 2006.
doi:10.1371/journal.pone.0042343.g011
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bane/059/2007), H3N2 (A/Uruguay/716/2007), and B: B/

Brisbane/60/2008), and pH1N1 (A/Netherlands/602/2009),

H5N1 (A/Indonesia/02/2005) and Aleutian disease virus, were

maintained in standard housing, and provided with commercial

food pellets and water. All ferrets were male (body weight: 1 302 to

2 150 g). Approximately three to four weeks prior to infection, the

animals were anesthetized with ketamine and medetomidine

hydrochloride, and a temperature logger (DST micro-T ultra

small temperature logger; Star-Oddi, Reykjavik, Iceland) was

placed in the peritoneal cavity. This device recorded the body

temperature of the animals every 10 min. Effect of virus infection

on body temperature was based on changes in the daily average of

the maximum body temperatures of the ferrets per virus group.

Clinical scores in all groups were assessed every day. Activity

status was scored as follows: 0, alert and playful; 1, alert and

playful only when stimulated; 2, alert but not playful when

stimulated; 3, neither alert nor playful when stimulated. For

diarrhea, sneezing, nasal and conjunctival discharge, inappetence

and dyspnea we scored: 0, not present; 1, present [11].

Inappetence was measured by the amount of food that was still

present in the cages at the time of feeding. As a control we also

assessed the amount of food that was present in the stomach and

intestine of the animals on the day of necropsy. Dyspnea was

characterized by open-mouth breathing with exaggerated abdom-

inal movement. Additionally, we used four eleven-month-old

purpose-bred ferrets, seronegative for antibodies against circulat-

ing influenza viruses H1N1 (A/Brisbane/059/2007), H3N2 (A/

Uruguay/716/2007), and B: B/Brisbane/60/2008), and pH1N1

(A/Netherlands/602/2009), H5N1 (A/Indonesia/02/2005) and

Aleutian disease virus. The four ferrets were euthanized immedi-

ately by the same method as described above and necropsied to

provide control data of non-inoculated ferrets, and blood was

taken blood for hematologic analyses and respiratory tract tissues

for histopathological scoring.

Pathology
For every virus four animals per time point were euthanized by

exsanguination under ketamine/medetomidine anesthesia at

12 hours (0.5 day), 1, 2, 3, 4, 7 or 14 dpi and were necropsied

according to a standard protocol. The trachea was clamped off to

prevent the lungs from deflating upon opening the thoracic cavity,

allowing visual estimation of the area of affected lung parenchyma.

The lungs were weighed and the relative lung weight was

calculated by the following formula: (lung weight on day of

death/body weight on day of death)*100, and presented as

percentage. The following tissues were collected for histological

examination: left lung, left nasal concha, nasal septum, larynx,

trachea, bronchus, tracheo-bronchial lymph node, left tonsil,

heart, liver, spleen, kidney, pancreas, duodenum, jejunum, colon,

adrenal gland, left olfactory bulb and left brain (cerebrum and

cerebellum). Lung samples were taken in a standardized way, not

guided by changes as seen in the gross pathology. Tissues were

stored in 10% neutral-buffered formalin (lungs after careful

inflation with formalin), embedded in paraffin, sectioned at

4 mm, and stained with hematoxylin and eosin (HE) for

examination by light microscopy.

Semiquantitative assessment of influenza virus-associated in-

flammation in the lung (four slides with longitudinal section or

cross-section of cranial or caudal lobes per animal) was performed

on every slide as reported earlier [9]: for the extent of alveolitis and

alveolar damage we used: 0, 0%; 1, 1–25%; 2, 25–50%; 3, .50%.

For the severity of alveolitis, bronchiolitis, bronchitis, and

tracheitis we scored: 0, no inflammatory cells; 1, few inflammatory

cells; 2, moderate numbers of inflammatory cells; 3, many

inflammatory cells. For the presence of alveolar edema, alveolar

hemorrhage, and type II pneumocyte hyperplasia we scored: 0,

no; 1, yes. Finally, for the extent of peribronchial, peribronchiolar,

and perivascular infiltrates we scored: 0, none; 1, one to two cells

thick; 2, three to ten cells thick; 3, more than ten cells thick. Slides

were examined without knowledge of the treatment allocation of

the animals. The cumulative scores for size and severity of

inflammation of all slides provided the total score per animal.

To assess the number of neutrophils and alveolar macrophages

in the alveolar lumina and the number of neutrophils in the

alveolar walls, we counted them in 5 arbitrarily chosen 1006
objective fields per HE-stained slide, with a total of 20 fields per

animal. Neutrophils were identified on the basis of their size

(approximately 12 to 15 mm in diameter) and the morphology of

their nucleus (heterochromatic and segmented, with 3 to 5 lobes

joined by thin strands). Neutrophils in the alveolar walls were

counted when present in small capillaries, but were excluded if

present in larger blood vessels. Pulmonary alveolar macrophages

were identified on the basis of their morphology and location:

large, oval to round cells with a distinct cell border, foamy

cytoplasm and large, oval to bean-shaped nucleus, located in the

alveolar lumen separate from the alveolar wall [40].

Immunohistochemistry
For detection of influenza A virus antigen, tissues were stained

with a primary antibody against the influenza A nucleoprotein as

described previously [34]. In each staining procedure, an isotype

control was included as a negative control and a lung section from

a cat infected experimentally with H5N1 was used as positive

control [41].

Semiquantitative assessment of influenza virus antigen expres-

sion in the lungs was performed as reported earlier [19]: for the

alveoli, twenty-five arbitrarily chosen, 206objective, fields of lung

parenchyma of four lung sections were examined by light

microscopy for the presence of influenza virus nucleoprotein,

without the knowledge of the identity of the animals. The

cumulative scores for each animal were presented as number of

positive fields per 100 fields. For the nose, trachea, bronchi and

bronchioles, the percentage of positively staining epithelium was

estimated on every slide and the average of the four slides was

taken to provide the score per animal: 0, 0%; 1, 1–25%; 2, 25–

50%; 3, .50%.

For computerized scoring of slides we used the cross-section of

the left caudal lung of all animals to make a digital scan using the

NanoZoomer with accompanying software (NanoZoomer Digital

Pathology and NDP.scan and NDP.view, Hamamatsu, Higashi-

ku, Hamamatsu City, Japan). Of every scan, 20 pictures of the

alveoli were made in a randomized order with the 206objective.

From every picture, we calculated: the quantity of tissue (visualized

in blue staining) and the quantity of red staining consistent with

virus antigen expression using Zeiss KS 400 version 3.0 image

analysing system (Carl Zeiss Vision GmbH, Eching, Germany).

The images were 10246768 pixels with 0.455 mm per pixel. The

percentage of air-containing space present in the pulmonary tissue

was calculated as 100% minus the total percentage of pulmonary

tissue (blue staining) that was present in the pictures. The quantity

of virus replication was calculated either as the percentage of

antigen expression (red staining) relative to quantity of tissue (blue

staining), or as the number of times red staining was detected in a

picture.

Virology
After collection on day 0 and the day of euthanasia, nose,

pharyngeal and rectal swabs were collected in virus transport
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medium (EMEM containing bovine serum albumin (fraction V),

penicillin, streptomycin, amphothericin-B, L-glutamine, sodium

bicarbonate and Hepes), aliquotted and stored at 270uC. Upon

necropsy, samples were collected from the following tissues: nasal

concha, trachea, bronchus, tracheo-bronchial lymph node, tonsil,

heart, liver, spleen, kidney, pancreas, duodenum, jejunum, colon,

adrenal gland, olfactory bulb and brain. Specifically from the

lungs, sections of the cranial, median and caudal lobe of the right

lung and of the accessory lobe from each animal were collected

and pooled (total average weight of about 0.4–0.5 g/animal); lung

samples were taken in a standardized way, not guided by changes

as seen in the gross pathology. Tissue samples were homogenized

with a FastPrep-24 (MP Biomedicals, Eindhoven, The Nether-

lands) in influenza infection medium (EMEM containing bovine

serum albumin (fraction V), penicillin, streptomycin, amphother-

icin-B, L-glutamine, sodiumbicarbonate, Hepes and trypsin) and

centrifuged briefly before titration. Quadruplicate 10-fold serial

dilutions of tissue and swab supernatants were used to determine

the virus titers in confluent layers of MDCK cells as described

previously [39].

Hematologic analyses
On day 0 and the day of euthanasia (0.5, 1, 2, 3, 4, 7 or 14 dpi

or when an animal was sacrificed due to a moribund state) blood

was collected from the euthanized animals. Total leucocyte counts

were determined in blood collected in EDTA Vacutainer tubes

(Vacuette, Greiner Bio-One GmbH, Kremsmünster, Austria)

using an automated hematology analyser Sysmex pocH-100i

(Sysmex Europe GMBH, Norderstedt, Germany). Thin blood

films were prepared from EDTA blood and stained with May-

Grünwald-Giemsa (Merck, Darmstadt, Germany). Differential cell

counts were obtained by counting 100 cells per slide, and the

numbers of lymphocytes, mononuclear cells, blastocytes, rod-

shaped neutrophils, segmented neutrophils, eosinophils, basophils

and normoblasts were calculated by multiplying these percentages

by the leucocyte counts obtained for the same sample. By using the

total leucocyte counts we calculated the absolute number of

different leucocytes in 109/L.

Statistical analysis
The non-parametric Mann-Whitney test was used to compare

several parameters of the different virus infection per day for;

percentage of affected lung tissue, relative lung weight, extent and

severity of alveolitis and alveolar damage, percentage of air

containing space in pulmonary tissue, virus titers in lung tissue,

antigen expression in the alveoli by immunohistochemistry,

percentage of antigen expression in the alveoli by digital scoring,

and number of antigen expression counts in the alveoli by digital

scoring. The outcomes were considered significant when P,0.05.

Generalized linear models (GLM) were used to determine the

most appropriate predictors of viral excretion for each virus, based

on viral production and damage in the respiratory tract. These

models were used to determine the linear equations of the form

y =g(ai xi+bi) that best fit the data, where y is viral excretion, xi is

a predictor, and ai and bi are the predictor and intercept

coefficients, respectively. Viral excretion was measured as the sum

of nasal swab and pharyngeal swab viral titers. Predictors initially

included in the models were measures of viral production and

measures of damage in upper (nose and trachea) and deeper

regions of the respiratory tract (bronchi, bronchioles and alveoli),

as well as all two-ways interactions. Measures of viral production

for each region were calculated as the product of the viral titers

and immunohistochemistry scores in the respective regions. This

was done to take into account the fact that virus isolated in a

particular region of the respiratory tract may not be produced

locally. Measures of damage for each region were calculated as the

sum of the severity scores in the respective regions. The severity

scores were used because they were similarly assessed in all regions

of the respiratory tract. Only predictors or interactions of

predictors with P,0.05 were retained in the final GLM.

Supporting Information

Supporting Information S1 Detailed description per virus of

histopathologic changes and antigen expression by immunohisto-

chemistry.

(DOC)
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