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1
Overall Introduction
In humans, viral infections causing respiratory disease have been known for many years. Every now 
and then such viruses may cause epidemics involving large groups of people or even pandemics 
with spread across the world. At the end of last century and at the beginning of this century zoonotic 
viruses emerged that were of serious risk for the human population: severe acute respiratory syn
drome (SARS) caused by SARS coronavirus (CoV), highly pathogenic avian influenza (HPAI) virus 
H5N1, and pandemic influenza virus A(H1N1)pdm09 (pH1N1). Both SARS-CoV and influenza A 
viruses cause respiratory disease that may lead to severe and even fatal cases of pneumonia. The 
course and outcome of the infections is related to their pathogenesis, which can be explored by 
describing and comparing pathology, virology, and genomics. Understanding the pathogenesis of 
SARS and influenza is valuable for development of therapeutic and preventive strategies. Since the 
pathology of acute human fatal cases in SARS and influenza is rarely described, there is a need for 
animal models to provide information about the early stage of the disease. Also, pathological 
description of human cases with uncomplicated viral pneumonia is sparse because patients have 
multiple therapeutic interventions and secondary co-infections that may alter the pathology. 
Interestingly, the pathology of SARS-CoV and influenza virus infections has similar features; 
however, there are also differences in disease outcome. This thesis focusses on the pathology of 
SARS-CoV and influenza A virus infections in experimental animals. The pathology of these virus 
infections in animals is compared to that in humans and is related to the pathogenesis. The animal 
species that are used in this thesis to study the pathology of SARS-CoV infection are; cynomolgus 
macaques, African Green monkeys, ferrets, and cats. The pathology of influenza virus infection was 
studied in cynomolgus macaques, ferrets, and cats. Additionally, temporal and spatial dynamics for 
the pathology of different influenza virus infections in ferrets is described in a time course experiment. 
Finally, the effect of vaccination on the pathology is studied in ferrets and cynomolgus macaques 
for SARS-CoV infection and in ferrets for pH1N1 infection. 

SARS coronavirus
Background
In November 2002, there was an unusual epidemic of severe pneumonia of unknown cause in 
Guangdong province in southern China with a high transmission rate to healthcare workers.1. The 
epidemic spread rapidly across the world by travelers resulting in a pandemic that peaked in the first 
half of 2003 and was stopped by July 2003. A total number of 8 096 probable cases were reported 
by the World Health Organization (WHO) which resulted in 774 deaths, a fatality rate of almost 
9.6%.2 In late 2003 and early 2004 this disease re-emerged at a small scale with rare cases in south 
China due to wild animal trading activities.3,4 A novel coronavirus was proven to be the cause of the 
disease by fulfilling Koch’s postulates.5-7

Coronaviruses are enveloped, positive-stranded RNA viruses of the family Coronaviridae, which 
can infect a variety of animal species and humans, and are predominantly associated with respiratory 
and enteric disease.8 Coronavirus particles are enveloped with petal-shaped spike proteins (S-proteins) 
on the surface that display a typical crown-like (“corona”) appearance in electron microscopy.9 

SARS is a zoonotic disease and bats are believed to be the reservoir host of this virus.10 Masked 
palm civet cats and raccoon dogs, which are kept and sold at so-called Chinese wet-markets (markets 
selling live poultry, fish and exotic animals for human consumption), have provided transmission of 
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the virus to humans.11,12 In 2005, horseshoe bats were identified as a natural reservoir for a group of 
coronaviruses closely related to SARS-CoV with approximately 88 to 92% homology by genome 
sequences.10,13 SARS is spread by close person-to-person contact through droplet transmission or 
excretions,14 as was demonstrated in a hospital where virus spread due to over-crowding and poor 
ventilation,15 and later also by airborne transmission in a private residential complex in Hong 
Kong.16 

Clinical disease
SARS in humans is predominantly a respiratory disease that has an acute onset and is clinically 
characterized by fever, cough, myalgia and dyspnea. The clinical course of SARS generally follows 
a typical pattern:17 phase 1 in the 1st week (viral replication) is associated with increasing viral load 
with fever and myalgia, and phase 2 in week 2 (immunopathological injury) is associated with 
decreasing viral load with recurrence of fever, diarrhea, hypoxemia and radiological progression of 
pneumonia.17 Most cases of severe acute respiratory distress syndrome are seen in week 3. The 
estimated mean incubation period is 4.6 days and the mean time from onset to death in fatal cases 
is 23.7 days.18 Apart from pneumonia, diarrhea is seen in many patients.19,20

In laboratory analyses lymphopenia, low-grade disseminated intravascular coagulation, and 
elevated lactate dehydrogenase and creatinine kinase are often seen.21,22 A low absolute neutrophil 
count in the serum on presentation along with poor clinical responses to antibiotic treatment may 
raise the suspicion for SARS.23,24 In the acute phase of SARS there is a lymphopenia with a rapid 
decrease of CD4 and CD8 T-cells associated with an adverse outcome.22,25

Several risk factors are related to the progression to severe and even fatal disease after infection 
with SARS-CoV in humans. One of the most important risk factors is high age; the estimated fatality 
rate is 43% in patients of 60 years and older, while it is 6.8% or less in younger patients.26 Other risk 
factors are also associated with pre-existing co-morbidities (including cardiovascular disease, 
cerebrovascular disease, cancer, diabetes mellitus, chronic renal failure, chronic liver disease chronic 
obstructive pulmonary disease and asthma) and pregnancy. Additionally, male sex was associated 
with increased risk of fatality, however, the reason for this remains unclear.27 Furthermore, poor 
outcomes are associated with high neutrophil counts, atypical presenting symptoms, and elevated 
lactate dehydrogenase on admission.18,26,28-30 

Pathology of SARS in humans
Gross pathology of the respiratory tract demonstrates a varying degree of consolidation, edema, 
hemorrhage, congestion, and pleural effusion in the thoracic cavity.31-33 The lungs often are three to 
four times heavier than normal lungs.34 Histopathology of SARS is characterized by diffuse alveolar 
damage (DAD). The stage of DAD is related to the duration of the illness and may be divided into 
an acute or exudative phase, a proliferative or organizing phase, and a fibrotic phase. Patients in the 
initial 10 days of the disease demonstrate an acute phase with necrosis of alveolar epithelial cells, 
severe alveolar edema, fibrin exudation, hyaline membrane formation, hemorrhage, and infiltrates 
with inflammatory cells such as monocytes or macrophages, lymphocytes and less neutrophils in 
the alveolar wall and lumina.31,32,35,36 There is necrosis and desquamation of the bronchiolar and 
bronchial epithelium with infiltrates of monocytes, lymphocytes and neutrophils in the bronchial 
wall and fibrin deposition.32,37 In the organizing phase, after 10 to 14 days, there is less epithelial 
damage with interstitial and alveolar fibrosis, bronchiolitis obliterans organizing pneumonia, and 
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regeneration that is characterized by type II pneumocyte hyperplasia.36-39 Large multinucleated cells 
composed of macrophages or pneumocytes are frequently observed and atypical enlarged pneumo-
cytes with large nuclei, amphophillic granular cytoplasm, and prominent nucleoli are seen.31,33,37 
Other features are hemophagocytosis, squamous metaplasia,31 and fibrin thrombi in vessels.32 

Extra-respiratory changes are present that differ in severity of the pathology and vary with the 
duration of illness. The lymphoid system demonstrates hemophagocytic syndrome, and lymphoid 
depletion or necrosis in lymph nodes and white pulp of the spleen.32,34 Hemophagocytic syndrome 
is characterized by phagocytosis by macrophages of erythrocytes, leukocytes, platelets, and their 
precursors in bone marrow and other tissues. This syndrome has been associated with a variety of 
viral, bacterial, fungal, and parasitic infections, as well as collagen-vascular diseases and 
malignancies.40 The pathology in other organs is characterized by acute tubular necrosis in the 
kidneys, edema and degeneration of neurons in the central nervous system, myofiber necrosis and 
atrophy in skeletal muscles, necrosis and infiltration of lymphocytes and monocytes in the adrenal 
gland, destruction of follicular epithelial cells in the thyroid gland, germ cell destruction in the  
testes, and edema and atrophy of myocardial fibers in the heart.20,32,34,41-44

Pathogenesis
SARS-CoV enters the body via the respiratory system by droplet transmission and interacts with 
cellular receptors via the surface S-protein to infect target cells.9 Several receptors have been found 
to bind to the S-protein: metallopeptidase angiotensin-converting enzyme 2 (ACE2), C-type lectin 
DC-SIGN expressed on dendritic cells (DC), and human CD209L (or liver/lymph node specific 
(L)-SIGN).45-47 Binding of the S-protein to the functional receptor ACE2 on the target cell leads to 
fusion. SARS-CoV infection of ACE2 expressing cells seems to be dependent on the proteolytic 
enzyme cathepsin L.48,49 ACE2 in humans is present in type I and II pneumocytes, small intestinal 
enterocytes, brush border of proximal tubular cells of the kidneys, endothelial cells of small and 
large arteries and veins, and arterial smooth muscle cells.50

The main target cells for the virus to infect are the epithelial cells of the respiratory tract, which 
are the first cells the virus encounters after entering the body. The sites of viral replication correspond 
with the presence of ACE2, the main functional receptor for the SARS-CoV. Immunohistochemistry 
(IHC) and in situ hybridization (ISH) studies demonstrate virus antigen or viral nucleic acid in  
alveolar, bronchiolar, bronchial and tracheal epithelial cells, alveolar macrophages, and multinucle-
ated cells.36,51 Co-staining for cytokeratin and surfactant shows that the infected cells were mostly 
pneumocytes, predominantly type II pneumocytes.36 Type II pneumocytes secrete surfactant that is 
involved in reduction of the surface tension and integrity of the alveolar lumen, and are important 
in tissue restitution and differentiation into type I pneumocytes. In extra-respiratory tissues SARS-
CoV RNA was detected in small and large intestine, lymph nodes, spleen, liver, heart, kidney, skeletal 
muscle, adrenal gland and cerebrum,52,53 suggesting that SARS has extra-pulmonary dissemination 
leading to virus excretion in respiratory secretions, stools, urine and possibly sweat.20,52,53

After attachment to and infection of the host cells, there is damage of those cells and surrounding 
cells with attraction of inflammatory cells. In the early stage, the severe edema, fibrin deposits and 
hemorrhage, as is seen in the histopathology of human cases, is most likely due to the necrosis of 
epithelial cells with loss of epithelial lining and damage to blood vessels resulting in vascular  
leakage. Necrosis or apoptosis of infected cells is induced by cytolysis due to virus replication,  
and by cytokines that regulate apoptosis or necrosis.5,54 In the later stage and even after elimination 
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of the virus, inflammatory cells are attracted by chemokines and cytokines and enter the damaged 
tissue. The inflammatory cells consist mainly of monocytes and macrophages, and less lymphocytes 
and neutrophils. These stimulated inflammatory cells may subsequently induce the secretion of ad-
ditional cytokines and enhance the inflammation.55 Additionally, the lymphopenia in many SARS 
patients suggests that the cytotoxic T-cell response, which is a major specific defense against viral 
infection, is diminished leading to more replication of the virus.

Next to damage due to virus replication, the severe pulmonary damage may be attributed to an 
excessive host immune response with the production of proinflammatory cytokines as is demon-
strated in cytokine and chemokine profiles.19,31,56,57 Chemokines and cytokines are soluble proteins 
that have a key function in the innate immune system by attracting and activating inflammatory cells 
and by inducing other inflammatory responses.  In SARS patients the results of cytokine and che
mokine measurements are difficult to interpret due to many confounding factors. However, the 
levels of both cytokines and chemokines in the blood are elevated: interleukin (IL)-1, IL-6, IL-8, 
IL-12, interferon (IFN) gamma, monocyte chemotractant protein (MCP)-1 (or CC-motif ligand 2, 
CCL2), monokine induced by IFN gamma (MIG), IFN-inducible protein (IP-10, or chemokine  
C-X-C motif ligand 10, CXCL10), and transforming growth factor beta(TGF-β).56-61 Elevated levels 
of IP-10, MIG and IL-8 during the first week and after the onset of fever and elevation of MIG  
during the second week are associated with poor disease outcome.60 Despite decreasing viral loads 
in the second week of the disease, the condition of many patients deteriorated with increased levels 
of several cytokines.31 

Several genetic factors of both the virus and the host are known to modify the susceptibility and 
immune response to SARS-CoV infection. Genetic analyses of SARS-CoV demonstrate that  
genetic variation in the spike gene of SARS-CoV isolates from civet-cats causes increased transmis-
sion and affinity of the virus for both civet and human ACE2 receptors.62,63 Genetic analyses of the 
host demonstrate that species-to-species variation in the sequence of the ACE2-gene affects the  
efficiency by which the virus can enter the cells.64 Additionally, certain human-leucocyte-antigen 
class (HLA) haplotypes are associated with a higher susceptibility to SARS-CoV infection.65,66  
In contrast, L-SIGN homozygote individuals have a lower susceptibility to SARS-CoV infection.67 
Also in the protection against SARS-CoV infection there may be a genetic factor involved; genotypes 
producing low concentrations of mannose-binding lectine – a collectin in the serum that is able to 
bind the glycosylated S-protein – were associated with increased risk of developing SARS.65

Animal models for SARS in humans
Many different animal species are found to be susceptible to SARS-CoV and subsequently demon-
strate viral replication and disease: non-human primates, cats, ferrets, mice, pigs, chickens, hamsters, 
guinea pigs, and rats.63,68-72 Experimental SARS-CoV infection in each of these species has been 
performed for a variety of purposes, and resemble the clinical and pathological of SARS in humans 
to a variable degree. Mice and hamsters have been used in studies for pathogenesis and screening 
for vaccines and antiviral drugs.73,74 Young mice show viral replication that is not accompanied by 
substantial inflammation in the lungs; in contrast, old BALB/c mice develop clinical illness with 
weight loss and histopathological changes characterized by pneumonitis and bronchiolitis.72,74  
Non-human primates like cynomolgus macaques, African green monkeys and rhesus macaques, 
have been used to evaluate treatment and for pathogenesis studies.7,75-80 The presence and extent of 
clinical illness and histopathological changes are not consistent. Histopathology show DAD with 
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resembling features as in humans but with a multifocal distribution rather than the more diffuse 
distribution in humans, and with a less severe pathology often without syncytia and hyaline mem-
branes.19,76 Cats and ferrets have been used to evaluate the pathogenesis, while ferrets also have been 
used for vaccination studies.69,81 Cats demonstrate no clinical signs while ferrets become lethargic 
and even die.69 The pathology of SARS-CoV infection in cats and ferrets resembles that in humans, 
albeit a variable outcome with less severe lesions and without the specific features that are seen in 
humans.

There are several factors that may influence the course of the infection in animal models for 
SARS-CoV. The age of the animals has an important influence as was seen in young and aged 
mice.63 Additionally, the virus strain used for the infection can cause a variable outcome; for example  
clinical disease was seen in macaques infected with HK39 but not in macaques infected with 
Urbani.7,75 Another discriminate is the route of inoculation. Different inoculation routes are used; 
intranasal, intratracheal, intravenous, conjunctival and oral. Intranasal, intravenous, or oral 
inoculation appears to cause a milder disease than intratracheal inoculation.7,72,75 Although different 
animal species are susceptible to SARS-CoV infection, no animal model has been established in 
which all aspects of the severe human disease are accurately replicated. 

Influenza A virus
Background
Influenza was first described as epidemics of acute, rapidly spreading catarrhal fevers in humans 
and the first epidemic was most probably described by Hippocrates in 412 B.C.82,83 These epidemics 
of influenza, or more recently termed pandemics, have occurred throughout the last 2500 years of 
history. Today, human influenza occurs yearly as seasonal influenza, mainly in the winter months  
of temperate climates; every several years as interpandemic epidemics; and, sporadically at average 
of 35 year intervals, as the most severe influenza, i.e., pandemics. Seasonal influenza and 
interpandemic epidemics occur as a result of mutations in influenza viruses that are circulating  
in the human population (antigenic drift). In contrast, influenza pandemics occur as a result  
of introduction of an animal influenza virus or a human-animal influenza reassortant virus in which 
the surface glycoprotein hemagglutinin, with or without other virus proteins, differs substantially 
from those circulating in the human population (antigenic shift).83 

Since 1900, there have been four pandemics of human influenza: 1918 H1N1 ‘Spanish’ influenza, 
1957 H2N2 ‘Asian’ influenza, 1968 H3N2 ‘Hong Kong’ influenza and the 2009 H1N1 ‘Mexican’ 
influenza.83,84 Of these, the 1918 ‘Spanish’ influenza pandemic was the worst, causing acute illness 
in 25-30% of world population, and death of nearly 50 million people.85-87 Most of the fatalities 
occurred among 15-34 year-olds, with primary acute interstitial pneumonia, pulmonary hemorrhage 
and pulmonary edema, often with secondary bacterial pneumonia.85,87 

Influenza is caused by negative-sense, single-stranded segmented RNA viruses of the family 
Orthomyxoviridae.83 Influenza A virus infections occur in both mammals and birds and are further 
classified, based on surface glycoproteins, into 17 hemagglutinin (HA) (H1-17) and 9 neuraminidase 
(NA) (N1-9) subtypes.88,89 Most HA and NA subtypes have been reported in avian species, but the 
subtypes reported in mammals are more restricted in their host range, with stable lineages including 
endemic human, porcine and equine influenza viruses of the H1N1 (humans and pigs), H3N2 
(humans and pigs), and H3N8 (horses and dogs) subtypes, and rare occurrence of other avian 
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influenza (AI) subtypes that spill over from birds to mammals. The natural reservoir for all influenza 
viruses are aquatic birds where replication occurs in the intestinal tract, thus facilitating fecal-oral 
transmission among avian species.90 In aquatic birds the infection with influenza viruses are 
asymptomatic whereas in poultry they may lead to severe disease and mortality. Avian influenza 
virus can be of high or low pathogenicity (HPAI or LPAI) based on the pathogenicity for chickens. 
During infection human influenza viruses use host trypsin-like proteases that are limited to the 
respiratory tract to cleave HA, while LPAI viruses replicate in both respiratory and digestive tract 
of birds.91 HPAI viruses use a wide range of proteases allowing replication outside the respiratory 
tract.92

HPAI virus H5N1 (H5N1) initially was present in poultry, but in 1997 crossed the species barrier 
and infected humans in China.93 H5N1 continues to circulate among poultry in many countries in 
Asia, Africa, and Europe, and occasionally spreads to humans with often fatal consequences. H5N1 
is the first avian influenza virus to cause significant numbers of human infections and deaths, i.e., 
604 infections with 357 fatalities since January 2004.88,94 The H5N1 human infections with 
accompanying 60% case fatality rate raise concerns for HPAI viruses, through mutation and/or 
reassortment, becoming the next human pandemic virus.95 

In the beginning of April 2009, a novel H1N1 influenza A virus (pH1N1) was identified as the 
cause of acute respiratory disease of humans in Mexico.96 This virus was a complex reassortant 
influenza A virus, which had not been previously reported in animals, but had gene segments related 
to North American classic H1N1 swine viruses (hemagglutinin, nucleoprotein, and non-structural 
gene segments), North American avian viruses (polymerase A and B2 genes), human influenza A 
virus (polymerase B1 genes) and Eurasian H1N1 swine viruses (neuraminidase and matrix genes).96 
On 1 August 2010 at the end of the pandemic, more than 214 countries had reported laboratory 
confirmed cases of this pH1N1, including at least 18,449 deaths.97 

Clinical disease
Seasonal influenza virus infections vary in the severity of the symptoms including fever, headache, 
sore throat, cough, runny nose, muscle ache, fatigue and sometimes diarrhea.98 The acute symptoms 
and fever can persist for 7 to 10 days. Like in seasonal influenza virus, pH1N1 infection usually 
causes uncomplicated influenza. Fatal outcome of pH1N1 was seen in 0.5% of cases, usually  
associated with severe pneumonia and respiratory failure. Neuromuscular and cardiac compli
cations were unusual.99 Patients affected with H5N1 present fever, cough, shortness of breath, 
diarrhea and rarely neurologic symptoms. The average incubation period is 2 to 5 days. In fatal 
cases, death occurs approximately 9 days after the beginning of the disease, but sometimes as 
early as 2 days after the onset of symptoms.

Laboratory analyses for H5N1 reveal leucopenia and lymphopenia that are more often seen with 
severe and fatal cases and that is more severe than for pH1N1 and seasonal influenza.100 Increased 
levels of lactate dehydrogenase are also associated with more severe and even fatal disease.101 Other 
abnormalities in the blood are: thrombocytopenia, and elevated levels of aminotransferases and 
creatinine phosphokinase, hypoalbuminaemia, and changes indicative for disseminated intravascular 
coagulopathy.102

The highest case fatality rate for seasonal influenza virus is seen in the very young and elderly, 
and in patients with underlying chronic illness. In contrast to seasonal influenza, severe disease from 
pH1N1 virus infection is concentrated in older children and young adults, with fewer cases reported 
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in patients older than 60 years.103 Most complications occurred among previously healthy individuals, 
with risk factors such as obesity, respiratory or cardiac disease, diabetes mellitus, and pregnancy. 
For H5N1 most fatal cases are seen in patients between 10 and 19 years old without pre-existing 
morbidity.104

Pathology of influenza in humans
Uncomplicated influenza is a mild inflammation of the upper respiratory tract that consists mainly 
of rhinitis, paranasal sinusitis, pharyngitis, and laryngitis. Histopathology demonstrates diffuse, 
superficial, necrotizing tracheo-bronchitis, characterized by desquamation of epithelial cells, edema 
and hyperemia in the lamina propria, and infiltration with lymphocytes and histiocytes. The 
inflammation is short-lasting: epithelial regeneration is already visible within 2 days after onset of 
symptoms.105

Viral pneumonia is a complication of influenza virus infection. Gross pathology of the lungs shows 
extensive consolidation with varying degree of hemorrhage. Histopathology caused by influenza 
virus infection of the alveoli consists of DAD both acute in the exudative phase (for patients dying 
in the first 2 weeks), and chronic organizing phase (for patients dying in the third week or later).106 
In the acute stage, DAD is characterized by necrosis of alveolar epithelium and flooding of the  
alveolar lumina by edema fluid, mixed with variable proportions of fibrin, erythrocytes, alveolar 
macrophages, and neutrophils. Some alveoli are lined by hyaline membranes. The alveolar septa are 
widened due to hyperemia, edema, and infiltration by mainly neutrophils, macrophages and acti-
vated lymphocytes. Alveolar capillaries and small pulmonary blood vessels may contain fibrin 
thrombi. At the chronic stage of DAD, there is type II pneumocyte hyperplasia, interstitial fibrosis 
of alveolar septa and interstitium with hyaline and paucicellular appearance without bronchiolitis 
obliterans organizing pneumonia-like appearance, and infiltration by predominantly lymphocytes 
and plasma cells. Other features are desquamation of epithelium into alveolar lumina, hemorrhage, 
bronchiolitis, and alveolar macrophages that display hemophagocytosis in the alveolar lumina.107 
Influenza viral pneumonia often occurs together with, or is followed by, bacterial pneumonia. Pathol-
ogy of pH1N1 in human fatal cases when compared to H5N1 human cases showed similar DAD. 
However, pH1N1 fatal cases showed more inflammation in nose, trachea, bronchi and bronchioles, 
a feature that was also seen in fatal cases of seasonal influenza.108,109

H5N1 virus infection has also been associated with extra-respiratory disease. In the lymphore-
ticular system there was marked histiocytic hyperplasia and reactive hemophagocytic syndrome. 
Other organs displayed: atrophic white pulp in the spleen, centrilobular necrosis in the liver, acute 
tubular necrosis in the kidney, necrosis of skeletal muscle fibers, and necrosis in the brain with 
microglial nodules.110-113 Infection with pH1N1 rarely demonstrates neuromuscular and cardiac 
complications.99 Infection with seasonal influenza virus primarily infects and causes disease in the 
respiratory tract and is associated—albeit to a lesser extent—with disease in extra-respiratory organs. 
These include influenza-associated acute encephalopathy,114 myocarditis,115 and myopathy.116 

Pathogenesis
Like in SARS-CoV infection, the route of entry is via droplet transmission into the respiratory system. 
Attachment of the viral hemagglutinin to its host cell receptor is the first step in influenza virus 
replication following transmission. The receptor on the surface of the host cell is a sialic acid (SA)-
terminated glycan. Human-adapted influenza viruses prefer binding by an α-2,6 SA linkage that is 
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present throughout the human respiratory epithelium, while avian influenza viruses prefer binding 
by an α-2,3 SA linkage that is abundantly present in the respiratory and intestinal tract of aquatic 
birds.117,118 Because different influenza viruses use different sialic acids as their receptor, and because 
the expression of sialic acids differs both across the respiratory tract and across species, this step 
influences both pattern of disease in the respiratory tract and host range of virus infection. 

H5N1 infection in humans often results in extra-respiratory complications. In general, there are 
two explanations for the pathogenesis of these extra-respiratory complications.119 The first is that 
influenza virus spreads via blood to these tissues and replicates there. However, viremia from 
human influenza virus infection appears to be rare after onset of symptoms and, if it occurs, is not 
sustained for long periods.120 Proof of replication of human influenza virus in extra-respiratory 
tissues comes from direct immunofluorescence, IHC, or ISH in the tissue concerned. However, 
such reports are rare and further confirmation of the ability of human influenza virus to replicate 
in extra-respiratory human tissues in vivo is needed. Distribution of virus by infected immune 
cells such as macrophages and lymphocytes may be another way of spread through the blood.121,122 
The second explanation for the pathogenesis of extra-respiratory complications is suggested by 
the link between acute respiratory distress syndrome (ARDS) and multiple organ dysfunction 
syndrome (MODS).123 ARDS, which has multiple causes including influenza virus infection, 
commonly progresses to MODS, most commonly involving the hepatic, renal, central nervous, 
gastrointestinal, hematologic, and cardiac systems. The pathogenesis of MODS has not been 
elucidated, but may involve the microcirculation and mitochondrial metabolism, as well as the 
release of cytokines into the circulation.

The pathology of uncomplicated influenza in humans corresponds to the pattern of virus attach-
ment which is measured by virus histochemistry.124-126 Based on those studies, the primary targets of 
seasonal influenza virus are bronchial, tracheal and nasal epithelial cells and in the alveoli type I 
pneumocytes.125 This corresponds with the few in vivo descriptions of the target cells of human 
influenza virus in fatal pneumonia: virus antigen expression is seen in URT epithelial cells and  
alveolar epithelial cells, alveolar macrophages, and interstitial macrophages.127-130 H5N1 in the  
human respiratory tract attaches predominantly to non-ciliated epithelial cells. Attachment is  
rare in the upper respiratory tract and trachea, and increases progressively towards the  
bronchioles.124,126 Within the terminal bronchioles, H5N1 virus attaches preferentially to  
non-ciliated cuboidal epithelial cells, and within the alveoli, to type II pneumocytes and  
alveolar macrophages. 

After attachment, the virus can infect the cell; evidence for the presence of virus is demonstrated 
by IHC and ISH, often in association with lesions.131 In the respiratory tract, H5N1 virus antigen 
and viral RNA expression are seen in type II pneumocytes and ciliated and non-ciliated tracheal 
epithelial cells by IHC and ISH, respectively.131 pH1N1 antigen is predominantly expressed in type 
II pneumocytes, and less in type I pneumocytes and intra-alveolar macrophages, and in airway 
epithelium.132 Seasonal influenza virus antigen was seen in bronchial epithelial cells and submucosal 
gland epithelial cells.108 In extra-respiratory tract tissues, H5N1 virus antigen was demonstrated in 
brain, intestine, liver, lymph nodes, placenta, and fetal lung.131 

The severe damage to type I and type II pneumocytes allows fluid to flood into and accumulate 
in the alveolar lumina. This has severe consequences for the gas exchange function of the respiratory 
tract, resulting in severe, and in some cases fatal, respiratory dysfunction as is also seen in SARS-
CoV infection.133 Damage to the alveolar epithelium is in part due to the direct cytolytic effect of 
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1
virus infection. The cytolytic effect could be due to necrosis or apoptosis as a result of replication 
of the virus. There are clear indications that active virus replication and higher viral loads are 
correlated to a negative disease outcome.134 Additionally, apoptosis may be induced by up-regulation 
of certain chemokines and cytokines.135

Like in SARS, fatal infection with H5N1 is associated with hypercytokinemia.134,135 Chemokines 
and cytokines such as IP-10, MIG, MCP-1, IL-8, IL-10, IL-6, IL-1α and β, and IFN-gamma are 
elevated in the serum of patients infected with H5N1 and are particularly high in fatal cases. The 
cytokine levels correlate with the pharyngeal viral load suggesting that the increased levels may 
reflect the viral replication.134 Cytokine levels are not only elevated in the serum but also high 
expression of tumor necrosis factor-α (TNF-α) is detected in the lungs of fatal cases of H5N1 
infection.110

Influenza viruses change over time due to antigenic shift and drift. Avian influenza viruses are 
known to infect humans and pigs and are endemic among poultry without overt disease. When such 
avian viruses combine gene segments and surface proteins from human or porcine influenza viruses 
due to reassortment they may have altered receptor binding properties leading to enhanced ability 
to infect and spread among humans. The immune response of infected humans provides specific 
antibodies to protect the host against disease by a second infection, by vaccination against the 
subtype, or by cross-reactive antibodies against other subtypes. The latter response explains the 
relatively low mortality in older pH1N1 patients due to cross-reactive antibodies acquired during 
previous influenza infection. The differences in disease after infection with various subtypes indicate 
the importance of virus specific genetic factors in the course of the disease.

Animal Models for Influenza in Humans
Animal models help both to better understand influenza in humans and to develop medical counter-
measures against this disease. Forms of influenza in humans for which animal models have been 
developed include uncomplicated influenza, influenza pneumonia, influenza-associated bacterial 
sepsis, influenza-associated neurologic disease, influenza in immunocompromised hosts, and virus 
transmission.136 Specific goals for which animal models are designed are to determine transmissibi
lity of different viruses, virulence of different viruses, pathogenesis of viral infection, and efficacy 
of vaccines or antiviral drugs.

Important variables in animal models for influenza are route of inoculation and experimental 
animal species. Routes of inoculation include exposure to infected animals, exposure to aerosolized 
viruses, endotracheal or endobronchial instillation, or intranasal instillation.137 Experimental animal 
species used include laboratory mouse,138 domestic ferret,138 Syrian hamster,139 chinchilla,140 domes-
tic horse,141 laboratory rat,142 domestic dog, 143 domestic cat,144 cotton rat,145 domestic pig,146 guinea 
pig,147 and non-human primates (e.g., squirrel monkeys, cynomolgus macaque, and rhesus 
macaque).148-150 Experimental animal species used in this thesis are cynomolgus macaques, ferrets, 
and cats.

Cynomolgus macaques have been used for pathogenesis studies and vaccination studies.151  
Ferrets have been used to model uncomplicated upper respiratory tract infection, to model viral 
pneumonia, and to model influenza virus transmission among humans.152-154 Cats have been used to 
model systemic disease after infection with H5N1 influenza and to investigate the pathogenesis of 
H5N1.144 The pathology of H5N1 virus infection in macaques, ferrets and cats resembles the clinical 
signs, virus replication and associated lesions in the respiratory tract, followed by death as is seen 
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in humans. However, there are differences between different animal species and humans infected 
with influenza virus: cats inoculated with H5N1 show systemic virus replication and associated 
lesions and macaques inoculated with seasonal influenza virus macaques show mild or no disease. 
Therefore, the animal model used for severe disease in humans needs proper monitoring all aspects 
of the model including animal species, inoculation route, and inoculum dose.

Prevention against SARS and Influenza
Newly emerging infectious diseases that cause outbreaks and serious disease among humans, ask 
for a fast development of effective therapeutical drugs and preventive vaccines. Although SARS-
CoV appears to be eradicated from the human population, viruses similar to the epidemic strain of 
SARS-CoV are currently circulating in bats.155-157 Many different candidate vaccines against disease 
from SARS-CoV infection have been tested with variable outcomes, with so far no suitable vaccine 
against SARS-CoV. For SARS in humans there are no animal models that completely reflect the 
human disease. However, animal models can help in the development of vaccines.

Animal models may be used for the development of new antiviral drugs and more efficacious 
vaccines against influenza virus infection. Problems include the need for high antigen dose, limited 
production capacity, long production time, poor immunogenicity of adjuvants, and limited cross-
protective immunity, both intra-subtypic and inter-subtypic. Again, suitable animal models are re-
quired for the evaluation of the efficacy and safety of novel influenza vaccines.158 To study influ-
enza in humans there are well-established models in different experimental animal species. Still, 
there is room for improvement of these models in different ways. First, it is important to better 
characterize the pathology of influenza in humans so that it is possible to determine whether the 
models used are accurate reflections of the situation in humans. Second, currently used animal 
models of influenza would benefit from better characterization of pathogenesis and pathology. There 
is a need for better understanding of the temporal progression of pulmonary lesions, by time course 
experiments, so that the timing of sacrifice for pathological examination is based on pathological as 
well as on virological and clinical criteria. Also, there is a need for better integration of histopatho-
logical, cytokine, and micro-array data in order to gain a more complete understanding of the patho-
genesis of influenza virus infection. Third, research using animal models of influenza would profit 
from standardization of the most commonly used models to allow comparison of results from dif-
ferent experiments. Procedures to standardize would include method of anesthesia, route of inocula-
tion, viral dose of inoculum, volume of inoculum, day of sacrifice, and a semi-quantitative grading 
system for scoring pulmonary lesions. Fourth, exposure to aerosol as a route of inoculation of ex-
perimental animals needs to be developed as an alternative, more natural, route of inoculation.

In this thesis the pathology of SARS-CoV and influenza virus infection is described to elucidate 
the pathogenesis of these viruses. A time course experiment for influenza viruses in ferrets is 
performed to provide information about the change over time of the lesions associated with the 
infection. Additionally, an improved model for seasonal influenza in ferrets is developed. Finally, 
vaccines against SARS-CoV and pH1N1 are tested for their efficacy and effect on lesions associated 
with virus infection.
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1
Outline of this thesis
Newly emerging zoonotic infectious diseases are a constant threat for human society as was seen 
by infection of humans with SARS coronavirus, highly pathogenic avian influenza virus H5N1,  
and pandemic H1N1 influenza virus. There is an urgent need to provide early recognition of the 
involved pathogen followed by suitable prevention and therapeutical measures. To elucidate the 
pathogenesis of SARS coronavirus and influenza virus infections, the pathology of these infections 
is compared by using different animal models. 

Chapter 2 describes the pathology and vaccine development of SARS coronavirus in different 
laboratory animal species. SARS coronavirus infection is described in African green monkeys, 
cynomolgus macaques (chapter 2.1), ferrets, and cats (chapter 2.2). Preventive measures against 
severe disease caused by SARS coronavirus are assessed by means of vaccination with inactivated 
vaccine (chapter 2.3) or recombinant spike protein (chapter 2.4) in ferrets and macaques, and the 
pathology of challenge virus infection in immunized animals is compared to that in non-immunized 
animals.

Chapter 3 describes the pathology of and vaccine development for different influenza viruses in 
different laboratory animal species. Influenza virus infection is described in cynomolgus macaques 
(chapter 3.1), ferrets (chapter 3.2, 3.4, 3.5 and 3.6), and cats (chapter 3.3). A good model for 
pneumonia from seasonal human influenza virus infection is developed by modifying the  
ferret model (chapter 3.4). The dynamics of influenza virus infection over time and location in the 
respiratory tract is described in ferrets infected by different influenza viruses (chapter 3.5).  
Preventive measures against severe disease caused by pH1N1 are assessed by vaccination with  
MF59 adjuvanted seasonal and pandemic influenza vaccines in ferrets (chapter 3.6). 

Chapter 4 concludes with summarizing the results of the performed experiments, comparing this 
to the human situation, and discussing the differences and similarities between the pathology and 
the pathogenesis of SARS coronavirus and influenza virus infection in humans and laboratory 
animals.
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Abstract
Acute lung injury (ALI) and acute respiratory distress syndrome (ARDS), caused by influenza 
A virus H5N1 and severe acute respiratory syndrome coronavirus (SARS-CoV), supposedly 
depend on activation of the oxidative-stress machinery that couples to innate immunity, 
resulting in a strong pro-inflammatory host response. Inflammatory cytokines, such as 
interleukin 1β (IL-1β), IL-8 and IL-6, play a major role in mediating and amplifying ALI/
ARDS by stimulating chemotaxis and activation of neutrophils. To obtain further insight into 
the pathogenesis of SARS-CoV-associated ALI, we compared SARS-CoV infection in two 
different non-human primate species, cynomolgus macaques and African green monkeys.  
Viral titers in the upper and lower respiratory tract were not significantly different in SARS-
CoV-infected macaques and African green monkeys. Inflammatory cytokines that play a major 
role in mediating and amplifying ALI/ARDS or have neutrophil chemoattractant activity, such 
as IL-6, IL-8, CXCL1, and CXCL2, were, however, induced only in macaques. In contrast, 
other pro-inflammatory cytokines and chemokines, including osteopontin and CCL3, were 
up-regulated in the lungs of African green monkeys to a significantly greater extent than in 
macaques. Because African green monkeys developed more severe ALI than macaques, with 
hyaline membrane formation, some of these differentially expressed pro-inflammatory genes 
may be critically involved in development of the observed pathological changes. Induction of 
distinct pro-inflammatory genes after SARS-CoV infection in different non-human primate 
species needs to be taken into account when analysing outcomes of intervention strategies in 
these species.

Introduction
Acute lung injury (ALI) and acute respiratory distress syndrome (ARDS), major causes of respira-
tory failure with high morbidity and mortality, are observed under multiple pathogenic conditions, 
among which are sepsis, gastric acid aspiration, and infections with influenza A virus H5N1 and 
severe acute respiratory syndrome coronavirus (SARS-CoV).133,159  Increased permeability of the 
alveolar-capillary barrier, resulting in pulmonary edema, hypoxia, and influx of neutrophils observed 
under these conditions, may be followed by a fibroproliferative phase with alveolar hyaline mem-
branes and various degrees of interstitial fibrosis that may ultimately progress or resolve.160  
The onset of severe lung injury supposedly depends on activation of the oxidative-stress machinery 
that is coupled with innate immunity and activates transcription factors, such as NF-κB, resulting 
in a pro-inflammatory host response.159 As similar ARDS symptoms, triggered by different stimuli, 
can be observed in multiple species, a common ARDS “injury pathway” has been proposed.159 

 Inflammatory cytokines, such as interleukin 1β (IL1β), IL8 and IL6, play a major role in this path-
way, mediating and amplifying ALI/ARDS by stimulating chemotaxis and activation of neu-
trophils.133,160 

SARS-CoV infection in humans causes lower respiratory tract disease, and 20 to 30% of patients 
develop severe inflammation of the lung, characterised by ARDS.17,161 Children younger than 12 
years of age are relatively unaffected by the disease,162-164 whereas elderly patients have a poor 
prognosis, with mortality rates of up to ~50%.17,161 The pulmonary damage is thought to be caused 
by a disproportionate immune response, with elevated levels of cytokines such as CXCL10, CCL2, 
IL-6, IL-8, IL-1β, and gamma interferon (IFN-γ).56-58,60,165-167
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Although a wide range of animals can be infected with SARS-CoV, among them rodents (mice 
and hamsters), carnivores (ferrets and cats), and non-human primates (macaques and African green 
monkeys), none of the current animal models has fully reproduced all features of SARS.168,169 SARS-
CoV-infected adult mice show no clinical signs of disease, although viral titers peak early after 
infection and reach relatively high levels in the respiratory tract, and the infection results in mild 
inflammatory changes in the respiratory tract. Aged mice and mice infected with certain adapted 
SARS-CoV variants do show signs of clinical disease and significant pathological changes in the 
lungs, which correlate with higher virus titers and/or a stronger host response, with differential 
expression of IL-6, CCL3, CXCL10, IL-1β, and tumor necrosis factor alpha (TNF-α).63,169-171  
SARS-CoV infection of non-human primates results in multiple foci of diffuse alveolar damage 
(DAD), with flooding of the alveoli with edema fluid and influx of macrophages, neutrophils,  
and lymphocytes and extensive loss of epithelium from alveolar and bronchial walls.7,168,172 Analysis 
of gene signatures in SARS-CoV-infected macaques revealed induction of a strong innate immune 
response characterized by the induction of antiviral signaling pathways and the stimulation of various 
pro-inflammatory cytokine genes, including IL-1β, CCL2, IL-6, IL-8, and CXCL10.173,174  
Aged macaques develop more severe pathology upon SARS-CoV infection than young adult 
macaques, which could be explained by stronger innate host responses with an increase in differential 
expression of genes associated with inflammation, including IL8.174 These data are in line with 
previous observations in ALI/ARDS caused by multiple non-viral pathogenic conditions.133,160

Despite intensive studies of the pathogenesis of SARS-CoV, the molecular mechanisms of virus-
induced acute lung injury are still largely uncharacterized. Aging is a predisposing factor for severe 
SARS-CoV-associated disease, and young adults show only mild symptoms and pathology upon 
infection. Previous studies in SARS-CoV infected young adult African green monkeys revealed a 
more severe course of the infection than in young adult macaques.75 To determine which pathogenic 
pathways operate in these two related non-human primate host species upon SARS-CoV infection, 
comparative host genomic analyses of SARS-CoV-infected young adult African green monkeys and 
macaques were performed. The observed commonalities and differences provide new insights into 
SARS-CoV pathogenesis and virus-induced acute lung injury.

Materials and methods
Animal studies
Approval for animal experiments was obtained from the Institutional Animal Welfare Committee. 
Four cynomolgus macaques (Macaca fascicularis) and 4 African green monkeys (Chlorocebus 
aethiops), 3 to 5 years old with active temperature transponders in the peritoneal cavity,  
were inoculated with 5 x 106 50% tissue culture infective doses (TCID50) of SARS-CoV strain 
HKU39849 suspended in 5 ml phosphate-buffered saline (PBS). Four milliliters was applied 
intratracheally, 0.5 ml intranasally, and 0.25 ml on each conjunctiva, as described previously.6,7,172-174 
The four SARS-CoV-infected young adult cynomolgus macaques have been described previously.174 
For reverse transcriptase (RT)-PCR and immunohistochemistry, data from previously SARS-CoV-
infected aged cynomolgus macaques were used.174 Two young adult macaques and African green 
monkeys (age range, 3 to 9 years old) were mock (PBS) infected. Animals were checked daily for 
clinical signs. Just before infection and at days 2 and 4 post infection, animals were anesthetized 
with ketamine and oral, nasal, and rectal swabs were taken and placed in 1 ml Dulbecco’s  
modified Eagle’s medium supplemented with 100 IU penicillin/ml and 100 μg of streptomycin/ml 
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(virus transport medium). The swabs were frozen at -70°C until RT-PCR analysis was performed. 
The animals were euthanized 4 days after infection by exsanguination under ketamine anesthesia. 

Necropsies were performed according to a standard protocol. For semiquantitative assessment of 
gross pathology, the percentage of affected lung tissue from each lung lobe was determined at 
necropsy and recorded on a schematic diagram of the lung, and the area of affected lung tissue was 
subsequently calculated (gross pathology score).  One lung from each monkey was inflated with 
10% neutral-buffered formalin by intrabronchial intubation and suspended in 10% neutral-buffered 
formalin overnight. Samples were collected in a standard manner (from the cranial, medial, and 
caudal parts of the lung), embedded in paraffin, cut at 3 μm, and used for titration (see below) 
immunohistochemistry (see below) or stained with hematoxylin and eosin (HE). The lung, liver, 
spleen, kidney, intestine, trachea, and tracheobronchial lymph node HE sections were examined by 
light microscopy.

For semiquantitative assessment of SARS-CoV infection-associated inflammation in the lung, 
two HE-stained slides per animal (cranial and caudal lobes) were examined for inflammatory foci 
by light microscopy using a 10x objective. Each focus was scored for size (1, smaller than or equal 
to area of 10x objective; 2, larger than area of 10x objective and smaller than or equal to area of 2.5x 
objective; 3, larger than area of 2.5x objective) and degree of inflammation (1, low density of 
inflammatory cells; 2, intermediate density of inflammatory cells; 3, high density of inflammatory 
cells). The cumulative scores for the inflammatory foci provided the total score per animal. Sections 
were examined without knowledge of the identity of the animals. 

Three lung tissue samples (one from the cranial part of the lung, one from the medial part and one 
from the caudal part) were homogenized in 2 ml virus transport medium, using Polytron PT2100 
tissue grinders (Kinematica). After low-speed centrifugation, the homogenates were frozen at -70 
°C until they were inoculated on Vero E6 cell cultures in 10-fold serial dilutions. The identity of the 
isolated virus was confirmed as SARS-CoV by RT-PCR of the supernatant.172

Immunohistochemistry
Serial 3-μm lung sections were stained using mouse anti-SARS nucleocapsid IgG2a (clone  
Ncap4; Imgenex; 1:1 600), mouse anti-osteopontin (clone AKm2A1; Santa Cruz), rabbit anti- 
ACE2 (angiotensin 1-converting enzyme 2) (ab15348; Abcam), or isotype control antibodies (clones 
11711 and 20102; R&D), according to standard protocols.7,172 Quantitative assessment of SARS- 
CoV antigen expression in the lungs was performed as described previously.172 For phenotyping  
(to confirm cell types), we used a destaining-restaining technique.175 Briefly, the red precipitate 
(aminoethylcarbazole [AEC]) used for visualization of osteopontin antigen staining was dissolved 
in graded 100% to 70% alcohols. To detach the primary antibody and red immunohistochemistry 
signals, slides were soaked in eluting buffer (5ml 0.1 M HCl, 95 ml 0.1 M NaCl containing 1 M 
glycine) for 2 hours. The sections were treated for two 5-min intervals by heating them in citric acid 
buffer, pH 6.0, to denature any undetached primary antibody. The slides were then incubated with 
mouse anti-human CD68 (clone KP1; DAKO) 1/200 in PBS/0.1% bovine serum albumin (BSA) for 
1 hour at room temperature. After being washed, the sections were incubated with horseradish 
peroxidase-labeled goat-anti-mouse IgG1 (Southern Biotech) 1/100 in PBS/0.1% BSA for 1 hour at 
room temperature. Peroxidase activity was revealed by incubating slides in 3,3’-diaminobenzidine-
tetrachlorhydrate (DAB) (Sigma) for 3 to 5 minutes, resulting in a brown precipitate, followed by 
counterstaining with hematoxylin. 
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RNA-extraction and quantitative RT-PCR
RNA from 200 μl of swabs was isolated with the Magnapure LC total nucleic acid isolation kit 
(Roche) external lysis protocol and eluted in 100 μl. SARS-CoV RNA was quantified on the ABI 
prism 7700, with use of the Taqman Reverse Transcription Reagents and Taqman PCR Core 
Reagent kit (Applied Biosystems), using 20 μl isolated RNA, 1x Taqman buffer, 5.5 mM MgCl2, 
1.2 mM deoxynucleoside triphosphates (dNTPs), 0.25 U Amplitaq gold DNA polymerase, 0.25 
U Multiscribe reverse transcriptase, 0.4 U RNAse-inhibitor, with 200 nM primers, and 100 nM 
probe specific for the SARS-CoV nucleocapsid protein gene.173,174 The amplification parameters 
were 30 min at 48ºC, 10 min at 95ºC, and 40 cycles of 15 s at 95ºC, and 1 min at 60ºC. RNA 
dilutions isolated from a SARS-CoV stock were used as a standard. Average results (± SEM) for 
macaque (n = 4) and African green monkey (n = 4) groups were expressed as SARS-CoV 
equivalents per ml swab medium. 

Lung tissue samples (0.3 to 0.5 g) were taken for RT-PCR and microarray analysis in RNA-later 
(Ambion, Inc.). RNA was isolated from homogenized post mortem tissue samples using Trizol 
Reagent (Invitrogen) and the RNeasy mini kit (Qiagen). cDNA synthesis was performed with ~1 
μg total RNA and Superscript III RT (Invitrogen) with oligo(dT), according to the manufacturer’s 
instructions. Semiquantitative RT-PCR was performed as described previously to detect SARS-
CoV mRNA and to validate cellular gene expression changes as detected with microarrays of 
SPP1, CCL3, and CCL20 (Applied Biosystems; Hs00167093_m1; Rh02788104_gH ; Rh02788116_
m1), and  IL-8, IL-6, and IFN-β.173 Differences in gene expression are represented as the fold 
change in gene expression relative to a calibrator and normalized to a reference, using the 2-ΔΔCt 
method.176 GAPDH (glyceraldehydes-3-phosphate dehydrogenase) was used as an endogenous 
control to normalize quantification of the target gene. The samples from the mock-infected 
macaques or African green monkeys were used as a calibrator. Average results (± SEM) for groups 
were expressed as the fold change compared to PBS-infected animals.176 

Statistical analysis
Data (RT-PCR, gross pathology and histology scores for SARS-CoV-infected animals) were com-
pared using Student’s t-test. Differences were considered significant at P < 0.05. 

RNA labeling, microarray hybridization, scanning and data preprocessing
Pooled total RNA (2.4 μg ) from one to three separate lung pieces per animal, with substantial 
SARS-CoV replication (> 105 fold change), was labeled using the One-Cycle Target Labeling 
Assay (Affymetrix) and hybridized onto Affymetrix GeneChip Rhesus Macaque Genome Arrays 
(Affymetrix) according to the manufacturer’s recommendations. Image analysis was performed 
using Gene Chip Operating Software (Affymetrix). Microarray Suite version 5.0 software 
(Affymetrix) was used to generate .dat and .cel files for each experiment. Data were normalized 
using a variance stabilization algorithm (VSN).177 Transformed probe values were summarized 
into one value per probe set by the median polish method.178 Primary data are available at http://
www.virgo.nl in accordance with proposed minimum information about a microarray experiment 
(MIAME) standards.

Microarray data analysis
Principal component analysis (PCA) was performed on a single normalized data set, including all 
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African green monkey and cynomolgus macaque samples. For PCA, 1 147 probe sets were included 
that deviated ≥ 1.5-fold from the geometrical mean (absolute values) for at least one of the samples. 
Differentially expressed mRNA transcripts were identified using LIMMA (version 2.12.0).179 
Correction for multiple testing was achieved by requiring a false discovery rate (FDR) of 0.05, 
calculated with the Benjamini-Hochberg procedure.180 To understand the gene functions and the 
biological processes represented in the data and to obtain differentially expressed molecular and 
cellular functions, Ingenuity Pathways Knowledge Base (http://www.ingenuity.com/) was used. Heat 
maps of pro-inflammatory pathways were generated using complete linkage and Euclidian distance 
in Spotfire DecisionSite for Functional Genomics version 9.1 (http://www.spotfire.com/) and 
Ingenuity Pathways Knowledge Base (http://www.ingenuity.com/), using log (base 2)-transformed 
expression values, with minimum and maximum values of the color range of –4 and 4, 
respectively. 

Results
Clinical signs and gross pathology in SARS-CoV-infected African green monkeys
Cynomolgus macaques develop pathology upon SARS-CoV infection, and the severity is associated 
with aging.174 In this study, we compared SARS-CoV infection in two related non-human primate 
host species, young adult cynomolgus macaques and African green monkeys, focussing on the 
latter. Four young adult African green monkeys were infected with SARS-CoV HKU39849, and 
as a control, two were PBS-infected. During the 4-day experiment, all animals remained free of 
clinical symptoms. Their body temperatures, measured by transponders in the peritoneal cavity, 
demonstrated a rhythmic pattern, with temperatures fluctuating between 35°C at night and 39°C 
during the day, prior to infection (Figure 1A). Between days 1 and 2 after SARS-CoV infection, 
an increase in body temperatures was recorded during the night in all animals. In addition, some 
African green monkeys showed an increase in body temperature up to 40°C during the first two 
days after SARS-CoV infection (Figure 1A). Even at days 3 and 4 post infection, elevated 
temperatures were still observed in some African green monkeys. At gross necropsy, four days post 
infection (dpi), the lungs of African green monkeys, showed (multi)focal pulmonary consolidation 
(Figure 1B-C). The consolidated lung tissue was gray-red, firm, level, and less buoyant than normal. 
Strikingly, one animal had severe lesions, with up to 30% of total lung tissue affected (Figure 1B). 
Four young adult cynomolgus macaques infected with SARS-CoV HKU39849 and two PBS-
infected cynomolgus macaques were used for comparative analyses.174 In contrast to infected African 
green monkeys, no increase in body temperature of up to 40°C during the first two days after 
SARS-CoV infection was observed in macaques.174 Between days 1 and 2 after SARS-CoV infection, 
an increase in body temperatures was recorded during the night in three out of four animals.174 
Temperatures returned to normal from day 3 post infection onwards.174 The lungs of young adult 
macaques showed small, patchy, macroscopic lesions (Figure 1C).174 

Histopathology in SARS-CoV-infected African green monkeys
The lesions in the lungs of African green monkeys consisted of acute exudative DAD characterized 
by thickened alveolar septa with infiltration of moderate numbers of neutrophils and macrophages, 
lymphocytes and plasma cells, and necrosis with karyolysis, karyorrhexis, and loss of cellular 
detail (Figure 2A). Multifocally, moderate hypertrophy and hyperplasia of type II pneumocytes 
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was observed (Figure 2A-B). A variable amount of eosinophilic proteinaceous fluid (edema and 
exudate) with fibrin and eosinophilic hyaline membrane formation (Figure 2A-C), few syncytia, 
moderate numbers of foamy alveolar macrophages, neutrophils, and erythrocytes (hemorrhage) 
were seen in alveolar lumina. Mild necrosis, hypertrophy and hyperplasia of bronchiolar epithelium 
were encountered (Figure 2A). Peribronchiolar, peribronchial, and perivascular infiltrations of 
moderate numbers of lymphocytes, plasma cells, macrophages, and neutrophils with mild to 
moderate edema were seen (Figure 2A). There was a mild to moderate proliferation of the 
bronchus-associated lymphoid tissue (BALT), with focal nodular lymphocytic proliferation with 
formation of follicles with additional exocytosis of neutrophils in the tracheal epithelium (Figure 
2A). A mild multifocal lymphoplasmacytic tracheo-bronchoadenitis, characterized by a multifocal 
mild infiltration of lymphocytes, macrophages, plasma cells, and neutrophils in and surrounding 
the bronchial seromucous glands with mild necrosis of the epithelium, was observed in all African 

Figure 1. African green monkeys (AGM) 
are more prone to develop SARS-CoV-
associated disease than young adult 
macaques. (A) Fluctuations in body 
temperatures measured by transponders 
in the peritoneal cavity in three out of four 
SARS-CoV-infected AGM. Temperatures 
are shown from day 6 prior to infection until 
four days post infection. The arrow indicates 
day zero, when animals were infected. The 
black horizontal lines mark the average 
range of temperature fluctuations prior 
to infection. (B) Macroscopic appearance 
of lung tissue of SARS-CoV infected AGM 
at day 4 post infection, with dark-red 
consolidation. (C) Schematic diagrams of 
the lungs showing gross pathology lesions 
of SARS-CoV-infected young adults AGM 
and macaques. 
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green monkeys (Figure 2A). Two animals showed evidence of multifocal mild lymphoplasmacytic 
pleuritis consisting of a mild multifocal distention of the pleura with infiltration of few lymphocytes, 
plasma cells, macrophages, neutrophils, and mild edema. The lymphoid organs were activated, 
with proliferation of the tracheobronchial lymph node and spleen, characterized by increased 
numbers of neutrophils and histiocytes, and distinct germinal centers in the lymphoid follicles. 
No significant lesions were seen in other tissues examined or in the tissues of negative-control 
animals. The histopathologic lesions in the respiratory tract of SARS-CoV-infected cynomolgus 
macaques were largely similar in character as described for the African green monkeys.174 However, 
hyaline membrane formation was not observed, and the lesions in macaques were significantly 
less severe and extensive than those in African green monkeys (Figure 3A), which corroborated 
the gross pathology scores (Figure 3B). 

Virus replication and tropism in SARS-CoV-infected African green monkeys
SARS-CoV mRNA levels were detected in throat (Figure 4A), and nasal (Figure 4B) swabs of  
African green monkeys on 2 and 4 dpi and in rectal swabs on 4 dpi (data not shown). In  
addition, virus replication in the lungs was demonstrated by RT-PCR and titration, and 

Figure 2. Histologic analyses of 
lungs from SARS-CoV-infected 
African green monkeys (AGM). 
(A) Alveoli of PBS-infected (right) 
and SARS-CoV infected (left) 
AGM showing diffuse alveolar 
damage, characterized by disten-
sion of alveolar walls with influx 
of inflammatory cells, necrosis, 
type II pneumocyte hyperplasia, 
intra-alveolar edema  and hyaline 
membrane formation. The bron-
chioles of PBS-infected (right) and 
SARS-CoV infected (left) AGM 
show infiltration of inflammatory 
cells, intraluminal edema fluid, 
and hypertrophy and hyperplasia 
of bronchiolar epithelium. The 
trachea of PBS-infected (right) 
and SARS-CoV infected (right) 
AGM with multifocal lymphoplas-
macytic tracheo-bronchoadenitis 
with infiltration of inflammatory 
cells surrounding the bronchial se-
romucous glands in the SARS-CoV 
infected group. (B and C) Lesions 
of SARS-CoV infected AGM are 
shown in more detail, with hyaline 
membrane formation (B) and type 
II pneumocyte hyperplasia (C). 
HE, x20 and x40.
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immunohistochemistry revealed SARS-CoV antigen expression in the lungs of African green 
monkeys, within or directly adjacent to areas with lesions (Figure 4C and D). In alveoli of African 
green monkeys, cells that resembled type I and type II pneumocytes and rarely alveolar macrophages 
expressed SARS-CoV antigen (Figure 5A). SARS-CoV antigen was not detected in bronchioles or 
bronchi but was observed in ciliated epithelial cells in the trachea of two African green monkeys 
(Figure 5A). The differences in the percentage of SARS-CoV infected cells in the lungs or virus 
titers in the throat, nose and lungs of African green monkeys and macaques were not statistically 
significant (Figure 4). SARS-CoV, however, was not detected in ciliated epithelial cells in the 
trachea on 4 dpi in young adult macaques (Figure 5A) or in rectal swabs. In both PBS-infected 
African green monkeys and macaques, we could show ACE2 expression, which is the receptor for 
SARS-CoV, in cells morphologically resembling type II epithelial cells (Figure 5B). Significant 
differences between ACE2 expression in African green monkeys and macaques could not be 
observed. Overall, African green monkeys displayed more severe pathology than macaques upon 
infection with SARS-CoV, which correlated with a broader range of cell types infected at 4 dpi, 
but not with the extent of virus replication.

Host response to SARS-CoV in African green monkeys and macaques
To understand why SARS-CoV-infection in African green monkeys results in more severe pathology 
than in young adult macaques, we generated genome-wide mRNA expression profiles from lung 
tissue with substantial SARS-CoV replication (Figure 6A). Principal-component analysis was 

Figure 3. African green monkeys display 
more severe pathology than macaques. (A) 
Histology scores of the lungs of African 
Green Monkey (AGM) and macaque groups 
were determined and averaged (plus SEM). 
(B) Gross pathology scores of AGM and 
macaque groups were determined by visual 
inspection of the lungs during necropsy and 
averaged (plus SEM).
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performed on a single normalized data set of African green monkey samples, together with macaque 
samples. This unsupervised method clearly separated SARS-CoV-infected lung mRNA expression 
profiles from PBS control expression profiles for both species. In addition, the infected and uninfected 
expression profiles of the two species also separated well. Species- and infection-related expression 
profile differences coincided with principal component 1 and 2, respectively (Figure 6B). These 
results show that species-associated mRNA expression profile differences are maintained upon 
SARS-CoV infection, suggesting that African green monkeys and macaques respond differently to 
SARS-CoV infection.

	 To analyze the host response to infection in African green monkeys and macaques in more 
detail, mRNA transcripts differentially expressed between infected and uninfected lung samples 
were identified using the ANOVA-like method LIMMA179 for both species separately. To obtain a 
maximum view of infection-induced host response differences between African green monkeys 
and macaques, the microarray data for the two species were normalized separately. Infected African 
green monkeys expressed 556 gene transcripts differentially from PBS-infected animals. These 
differentially expressed genes were analyzed within the context of molecular pathways, using a 
functional analysis approach of biologically related genes (Ingenuity). The most significantly 
regulated molecular/cellular functions in African green monkeys compared to PBS-infected animals 

Figure 4.  Viral replication levels in the respiratory tract of SARS-CoV-infected African green monkeys (AGM) 
and macaques. (A and B) SARS-CoV replication in the throats (A) and noses (B) of SARS-CoV-infected AGM 
(black bars) and macaques (white bars) at day 2 and 4 post infection as determined by real-time RT-PCR. Viral 
RNA levels are displayed as TCID50 equivalents (eq.)/ml swab medium (plus SEM). (C) Average fold change 
in SARS-CoV mRNA levels (plus SEM) in the lungs of African green monkeys and macaques compared to 
PBS-infected animals as determined by real-time RT-PCR and depicted on a log scale. In addition, SARS-CoV 
titration of lung homogenates is shown in TCID50 per gram lung tissue. (D) Quantitative assessment of SARS-
CoV infected cells in the lungs of African green monkeys and macaques depicted as a percentage of SARS-CoV-
positive fields (plus SEM).
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were associated with a pro-inflammatory response and included cellular growth and proliferation, 
cell death, cell movement, and cell-to-cell signalling (Figure 7A). Upon analysis of the gene 
transcripts within the context of biological pathways using Ingenuity Knowledge Base, the top gene 
interaction network in African green monkeys showed a strong antiviral response with differentially 
expressed type I interferon-stimulated genes and genes associated with the induction of type I 
interferons (Figure 7B), including ISG15, ISG20, DDX58, DHX58, IFI/IFITs, MX1, MX2, IRF7, 
IRF9, OAS1 and OAS2. In addition, this network contained NF-κB (Figure 7B), a transcription 
factor implicated in pro-inflammatory host responses and development of ALI/ARDS.159,181,182 
Differential expression of genes associated with acute lung injury, inflammation, and/or hypoxia 
signalling in African green monkeys included C3AR1, CEBPD, CCL2, CCL3, IL1RN, TIMP1, 
CDKN1A, SPARC, VEGFA, SPP1, CSF1, CSF3R, CD86, KIT, CCL8, CXCL10, PML, SP100, 
and SOD2. Some of these genes are also upregulated in SARS patient sera or in patients with 
ARDS.60,133 Young adult SARS-CoV-infected macaques expressed 475 gene transcripts differentially 
from PBS-infected animals. These genes were associated with the same molecular/cellular functions 
as observed in African green monkeys, with similar numbers of differentially expressed genes per 
function (Figure 7A). Analysis of the gene transcripts in the context of biological pathways revealed 
differential expression of genes in both antiviral and pro-inflammatory responses (Figure 7C).  
These data suggest that both African green monkeys and macaques display similar types of responses 
upon infection, with strong induction of antiviral and pro-inflammatory pathways, which has been 
described for SARS-CoV-infected cynomolgus macaques previously but based on regulation of a 
different array of individual genes within the antiviral and pro-inflammatory pathways.173,174 

Figure 5. Lungs of Afri-
can green monkeys and cy-
nomolgus macaques showing 
SARS-CoV (A) and ACE2 
(B) antigen expression in the 
alveoli and/or trachea from 
SARS-CoV and PBS-infected 
animals, respectively. Immu-
noperoxidase counterstained 
with hematoxylin, x20.
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As the principal component analysis suggested that the host response to SARS-CoV infection 
was different in African green monkeys and macaques, the gene expression profiles of SARS-CoV-
infected African green monkeys and macaques (n = 4) were directly compared using LIMMA (8 
samples normalized in a single set). A total of 1 607 gene transcripts were differentially expressed. 
Upon analysis of these 1 607 gene transcripts within the context of biological processes and 
pathways using Ingenuity Pathways Knowledge Base, this subset of genes showed indications of 
an innate host response to viral infection. Among the top significantly differentially regulated (P 
< 0.005) functional categories were inflammatory disease, cell movement, and cell-to-cell signalling 
and interaction, which included genes like CCL20, CXCL1, CXCL2, DEFB1, IL1RL1, IL1RN, 
MMP7, MMP9, IL-8, SERPINE1, SPP1, TFPI2, and VCAM1, which were either up- or 
downregulated depending on the gene (Figure 8A to C), indicating that they are upregulated either 

Figure 6. Global gene expres-
sion profiles of individual Afri-
can green monkeys (AGM) and 
macaques. (A) Average fold 
change in SARS-CoV mRNA 
levels (plus SEM in the lungs of 
AGM and macaques compared 
to PBS-infected animals as de-
termined by real-time RT-PCR 
and depicted on a log scale. (B) 
PCA of transciptional profiling 
data. Each combination of let-
ters and numbers (Am44, Am45, 
Mm1, Mm2, Am40, Am41, 
Am42, Am43, Mm17, Mm18, 
Mm20, Mm22) represents an 
individual PBS- or SARS-CoV-
infected animal plotted in two 
dimensions using their projec-
tions onto the first two principal 
components, species and infec-
tion. The colored circles repre-
sent the groups of PBS-infected 
and SARS-CoV-infected AGM 
and macaques. The first two 
principle components account 
for 48% and 25% of variation in 
the data, respectively.
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Figure 7. Innate host response to SARS-CoV 
infection in African green monkeys (AGM). 
(A) Numbers of differentially expressed genes 
in AGM and macaques with functions in, for 
example, cellular growth and proliferation, cell 
movement, cell death, or cell-to-cell signaling and 
interaction obtained from Ingenuity Pathways 
Knowledge Base. (B) AGM present a “top” 
network, with genes involved in the antiviral 
response and pro-inflammatory response. A 
network is a group of biologically related genes 
that is derived from known relationships present 
in the Ingenuity Pathways Knowledge Base. 
The diagram represents the interactions, both 
direct (solid lines) and indirect (dashed lines), 
between differentially expressed genes and gene 
products identified on day 4 post infection in 
AGM. Red indicates upregulated genes, whereas 
downregulated genes are depicted in green. (C) 
Macaques also present a “top” network with 
genes involved in the antiviral response and pro-
inflammatory response. The diagram represents 
the interactions, both direct (solid lines) and 
indirect (dashed lines), between differentially 
expressed genes and gene products identified on 
day 4 post infection in macaques. Red indicates 
upregulated genes, whereas downregulated 
genes are depicted in green. 
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in African green monkeys or macaques. These data suggest that both host species and SARS-CoV 
infection are factors involved in determining transcription of cellular genes and that significant 
differences exist in the pro-inflammatory host response to SARS-CoV infection, corresponding to 
the host species. 

In order to understand the host responses in the context of host species, we directly compared 
lung samples from PBS-infected African green monkeys (n = 2) and macaques (n = 2). LIMMA 
analysis revealed that 2 198 gene transcripts were differentially expressed (change, ≥ 2-fold; P < 
0.05), with categories such as inflammatory disease, cell death, cell movement, and cellular growth 
and proliferation among the top significantly differentially regulated functions (P < 0.005). Of the 
2 198 differentially expressed genes, 917 were also differentially expressed in the direct comparison 
of SARS-CoV-infected African green monkeys and macaques, but they did not include genes for 
cytokines/chemokines, such as CCL20, CCL3, and SPP1. Our data indicate that significant 
differences exist in the basal gene expression levels of African green monkeys and macaques, which 
may partly explain why differences in pathology were observed after SARS-CoV infection.

Figure 8. Innate host responses to SARS-CoV infection in African green monkeys (AGM) and macaques. 
(A to C) Gene expression profiles showing differentially expressed genes involved in development of ARDS 
(A), NF-κB target genes (B), and cytokines/chemokines (C) of AGM and macaques compared to their PBS 
controls and from the direct contrast of SARS-CoV-infected AGM and macaques (AGM-Mac). Gene sets were 
obtained from Ingenuity Pathways Knowledge Base and changed ≥ 2-fold (absolute) in at least one of AGM or 
macaque groups as compared to their respective PBS-infected controls. The data presented are error-weighted 
fold change averages for four animals per group. The genes shown in red were upregulated, those in green 
downregulated, and those in gray were not significantly differentially expressed in infected animals relative to 
PBS-infected animals (log [base 2]-transformed expression values; the minimum and maximum values of the 
color range were –4 and 4). 
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To obtain more insight in the differences in the host responses to SARS-CoV infection of African 
green monkeys and macaques, mRNA expression profiles for specific molecular pathways of  
infected animals of both species were compared to their PBS controls but also directly against each 
other. Heat maps were generated for differentially regulated genes involved in ARDS (Figure 8A), 
NF-κB signaling (Figure 8B), and cytokine/chemokine signaling (Figure 8C), which indicated that 
the host responses to infection with respect to these pathways in African green monkeys and 
macaques are different. Surprisingly, inflammatory cytokines that play a major role in mediating 
and amplifying ALI/ARDS or have neutrophil chemoattractant activity, such as IL-6, IL-8, CXCL1, 
and CXCL2,133,181,183 were differentially expressed in macaques, but not in African green monkeys 
(Figure 8C). Taqman analysis confirmed that IL-6 and IL-8, key players in ALI/ARDS, were 
differentially expressed at significantly lower levels in African green monkeys than in young adult 

Figure 9. Quantitative RT-PCR confirmation of cytokine/chemokine mRNA levels.  Quantitative RT-PCR for 
IL-8 (A), IL-6 (B), IFN-β (C), SPP1 (D), CCL3 (E), and CCL20 (F) was performed on one to three separate 
lung samples per animal with substantial virus replication. The data presented are error-weighted (plus SEM) 
averages of the fold change in SARS-CoV-infected African green monkeys and macaques as compared to their 
respective PBS-infected controls. 
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macaques (Figure 9A and B), in contrast to the IFN-β levels, which were not significantly different 
(Figure 9C). Moreover, in the direct comparison of the microarray data of SARS-CoV-infected 
African green monkeys with macaques, IL-8, CXCL1, and CXCL2 were also differentially expressed 
(Figure 8A to C). These observations suggest that classical pathways known to be involved in 
development of ALI/ARDS are differently regulated in these two non-human primate species. From 
previous studies, we know that in aged cynomolgus macaques, IL-8 gene expression is further 
upregulated (Figure 9A)174 and correlated with significantly more severe pathology. Because African 
green monkeys showed even more pathology than young adult macaques, other pathogenic pathways 
besides the induction of genes such as IL-6 and IL-8 are most likely involved in the observed 
pathological changes.159,174

Interestingly, CCL3, SPP1, and CCL20 were induced strongly in African green monkeys, but not 
in young adult macaques (Figure 8A to C and 9D to F). This observation was corroborated by the 
direct comparison of SARS-CoV-infected African green monkeys with macaques, which showed 
that CCL20 and SPP1 were differentially expressed (Figure 8B-C). It is notable that both these genes 
were also statistically significantly upregulated in aged macaques compared to young adult macaques 
(Figure 9D-F).174 CCL3 is involved in the acute inflammatory state in the recruitment and activation 
of polymorphonuclear leukocytes, whereas CCL20 is strongly chemotactic for lymphocytes but 

Figure 10. Osteopontin expression 
in macrophages in SARS-CoV-
infected African green monkeys. The 
same lung sections of SARS-CoV-
infected African green monkeys 
were stained for expression of 
osteopontin (A) or CD68 (B), 
a marker for macrophages. 
Immunoperoxidase counterstained 
with hematoxylin, x20.
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Table 1.  Gene accession numbers

Symbol Accession number

ABCB1 NM_001032887

AGER XM_001114900

ALOX5 XM_001102354

AQP4 XM_001086526

BCL2A1 XM_001109281

C3AR1 XR_013068

C4A XM_001119226

CCL11 NM_001032874

CCL2 NM_001032821

CCL20 AF449274.1

CCL24 XM_001109757

CCL3 AF457195.1

CCL8 NM_001032851

CCR1 NP_001286

CD24 XM_001090225

CD274 NP_054862

CD38 XR_012961

CD86 XM_001111935

CDK6 NP_001138778

CDKN1A XM_001116894

CEBPD XR_013007

CFB XM_001113705

CFLAR XM_001096860

CHI3L1 XM_001103739

CLC XM_001087874

CLEC4E XM_001118423

CSF1 NP_000748

CXCL1 NP_001502

CXCL1 /// CXCL3 AF449280.1

CXCL10 NP_001556

CXCL11 NP_005400

CXCL14 XM_001088271

CXCL2 NP_002080

CXCL9 NP_002407

DARC  XM_001117200

F3 XM_001104233

Symbol Accession number

FPR1 NP_001180235

GBP1 XM_001085311

GBP2 NP_004111

HBE1 NM_001164428 

IL10RA XM_001092736

IL15RA NM_001079517 

IL1RN XM_001091493

IL4I1 XM_001115731 

IL6 NM_001042733 

IL8 NP_000575

IRF7 NM_001136100 

CMKOR1 XM_001083694

MDK XR_012413

MX1 NM_001079693 

NQO1 NP_000894

PLAUR XM_001106634 

PPBP XM_001102705

PSMB9 XR_011310

PSME2 XM_001112445

PTGDS XR_011937

PTX3 XM_001103515

SLC3A2 XR_011769

SOD2 NP_000627

SPARC NP_003109

SPP1 XM_001093307

STAT3 NP_003141

TAP1  XM_001115506

TCIRG1 XM_001103418

TFEC XM_001101140

TFPI XR_014703

THBS1 XM_001093770

TIMP1 NM_001032939

TNFAIP3 XM_001096105 

TNFRSF21 NP_055267

TNFSF13B XM_001082119 
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weakly attracts neutrophils. Osteopontin, encoded by SPP1, has been implicated in a broad range of 
disease processes, including chronic obstructive pulmonary disease, asthma, multiple sclerosis, 
rheumatoid arthritis, and cardiovascular disease.184,185 Osteopontin has both matrix protein-like and 
cytokine-like properties and is expressed by different cell types of the immune system.184,185  
To determine which cell types are responsible for the osteopontin expression, immunohistoche
mical detection of the protein was performed on lung sections of SARS-CoV-infected African 
green monkeys (Figure 10). SARS-CoV-infected African green monkeys showed marked staining 
of osteopontin in the alveoli in areas with lesions. Strong expression of osteopontin was observed 
in infiltrating cells, and staining with an antibody directed against CD68 indicated that the infiltrat-
ing cells that expressed osteopontin were mainly macrophages (Figure 9). Similar staining was 
performed on the lungs of young adult and aged macaques, also showing that mainly macro-
phages were stained for osteopontin expression (data not shown). The immunohistochemistry 
data, however, do not allow a quantification of the amounts of osteopontin expression in the dif-
ferent species. 

Discussion
The acute onset of severe lung injury supposedly depends on activation of the oxidative-stress 
machinery that is coupled with innate immunity and activates transcription factors, resulting in a 
pro-inflammatory host response.159 Pro-inflammatory cytokines, such as IL-1β, IL-8, CXCL2, and 
IL-6, play a major role in mediating and amplifying ALI/ARDS by stimulating chemotaxis and 
activation of neutrophils.133,160,181 Our previous studies with regard to SARS-CoV-associated ALI/
ARDS in young adult and aged macaques are in line with these observations. The acute phase of 
SARS is characterized by infiltration of inflammatory cells, edema, the formation of hyaline 
membranes, and proliferation characterized by type II pneumocyte hyperplasia.168,174 In addition, 
severe pathology in macaques was associated with an increased expression of pro-inflammatory 
cytokines, including CXCL10, CCL2, IL-6, and IL-8, which was also observed in human SARS 
cases.56-58,60,165-167,174 Although great advances have been made in understanding ALI/ARDS disease 
processes, the different molecular mechanisms that control the outcome are still poorly understood. 
By comparing and contrasting SARS-CoV infection in different but related host species (African 
green monkeys and cynomolgus macaques), we can now further delineate host factors involved in 
disease outcome. 	

The nature of acute lung injury observed after SARS-CoV infection in young adult African green 
monkeys is in general similar to the pathology observed after SARS-CoV infection in young adult 
macaques.174 Moreover, virus replication levels were not significantly different between the two 
species. SARS-CoV-infected African green monkeys, however, developed more severe pathology 
with hyaline membranes, than young adult macaques, for which hyaline membranes were not 
observed.174 African green monkeys seem to be the only animal species that shows relatively severe 
pathology when infected with SARS-CoV infection as young adult. These data are in line with 
previous observations in SARS-CoV-infected African green monkeys.75 Comparative gene 
expression analyses in African green monkeys and macaques upon SARS-CoV infection revealed 
that both antiviral and pro-inflammatory pathways are strongly induced upon infection. However, 
many individual genes within these pathways are differently induced by African green monkeys 
and macaques. To our surprise, inflammatory cytokines that play a major role in mediating and 
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amplifying ALI/ARDS or have neutrophil chemoattractant activity, such as IL-8, IL-6, CXCL1, 
and CXCL2,133,181,183 were upregulated in young adult macaques, but not in African green monkeys. 
Aged macaques display an even stronger pro-inflammatory host response to infection than young 
adult macaques, with significantly increased expression of inflammatory genes, among which IL-8, 
suggesting that exacerbated expression of pro-inflammatory cytokines may result in development 
of severe pathology.174 Thus, the host response in African green monkeys upon SARS-CoV infection 
is not similar to the host response in young adult or aged macaques.

Although induction of classical pro-inflammatory mediators, such as IL-8 and IL-6, known to 
be involved in development of ALI/ARDS, was not observed, other pro-inflammatory cytokines 
and chemokines, including SPP1, CCL20, and CCL3, were up-regulated to a significantly larger 
extent in African green monkeys than in young adult macaques. Previous studies revealed that 
CCL3 plays a critical role in promoting lung inflammation and fibrosis, that significantly elevated 
levels of CCL3 were observed in mice infected with highly pathogenic influenza A virus as com-
pared to mice infected with low pathogenic virus, and that CCL3 has been associated with fatal 
outcomes in human H5N1 influenza A virus infections.134,186-188 Osteopontin is involved in the de-
velopment of various inflammatory diseases, including multiple sclerosis, rheumatoid arthritis, and 
atherosclerosis.184,189-192 Moreover, osteopontin has been recognized as a key cytokine involved in 
immune cell recruitment and type 1 (Th1) cytokine expression, and it plays a role in development 
of lung fibrosis.184,193,194 In addition, osteopontin regulates infiltration and activation of fibroblasts, 
considered the main mediators of tissue fibrosis.195 Both in murine lung fibrosis and idiopathic 
pulmonary fibrosis, osteopontin is among the most prominently expressed cytokines,184 and oste-
opontin is strongly expressed by alveolar macrophages in the lungs of acute respiratory distress 
syndrome patients.196 This observation was underscored by our finding that osteopontin was main-
ly expressed in infiltrating macrophages in SARS-CoV-infected African green monkeys. The SPP1 
promoter is responsive to many agents, including cytokines, growth factors, hormones and angi-
otensin II.184,197 The latter is of interest as angiotensin II is a component of the renin-angiotensin 
system and promotes disease pathogenesis, induces lung edema and impairs lung function.198 ACE2, 
the SARS-CoV receptor, cleaves angiotensin II and is a negative regulator of the system. In mice, 
it was shown that recombinant SARS-CoV spike protein downregulates ACE2 expression and 
thereby promotes lung injury.199 These data provide a potential link between SARS-CoV infection, 
SPP1 gene expression, and lung injury. Given the fact that both SPP1 and CCL20 genes were up-
regulated in aged SARS-CoV-infected macaques,174 activation of these genes does not seem to be 
restricted per se to African green monkeys and may be involved in the exacerbated SARS-CoV 
disease in aged macaques. 

Several recent studies have provided evidence for a critical role of macrophages in SARS. 
Depletion of alveolar macrophages before inoculation with a mouse-adapted version of SARS-CoV 
results in enhanced T-cell responses and protection of BALB/c mice from lethal infection.200,201 
Moreover, SARS-CoV-infected STAT1-/- mice exhibited dysregulation of T-cell and macrophage 
differentiation, leading to development of alternatively activated macrophages that mediate a pro-
fibrotic environment, suggesting that macrophage dysregulation causes formation of pre-fibrotic 
lesions in the lungs of SARS-CoV-infected mice.202 Based on our comparative analysis of SARS-
CoV-associated acute lung injury in African green monkeys and macaques, we hypothesize that what 
is viewed as ARDS, consisting of infiltration of inflammatory cells, edema, the formation of hyaline 
membranes, and type II pneumocyte hyperplasia, may be caused by regulation of the transcription 
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of a different array of pro-inflammatory genes. Besides a common ARDS “injury pathway” with 
neutrophil influx and expression of IL-1β, IL-8, and IL-6, other pathways that can amplify ARDS 
may exist.159 Possibly, a prominent influx of macrophages expressing pro-inflammatory cytokines, 
such as osteopontin, may play a role in development of ALI/ARDS as well. In this respect it is 
notable that an influx of neutrophils and macrophages was observed in SARS-CoV-infected aged 
macaques on 4 dpi,188 whereas it seemed that mainly macrophages were infiltrating in the lungs in 
African green monkeys. 

The fact that closely related non-human primates show intrinsic differences in the host response 
to virus infection is not unprecedented. African green monkeys infected with simian immunodefi-
ciency virus (SIV) do not develop chronic immune activation and AIDS, in contrast to humans in-
fected with human immunodeficiency virus or macaques infected with SIV.203-206 The non-pathogen-
ic SIV infections differ from pathogenic infections by their benign clinical course, maintenance of 
peripheral CD4+ T-cell counts at normal levels, absence of chronic immune activation by controlling 
levels of type I interferon, and preservation of normal levels of mucosal T helper type 17 cells.203-206 
One may speculate that the evolutionary adaptations in the innate immune system that allow co
existence of primate lentiviruses with the host without causing AIDS, also result in a different host 
response to other acute viral infections, such as observed for SARS-CoV infection in African green 
monkeys. Alternatively, both in macaques and African green monkeys, SARS-CoV antigen was 
detected in tracheal and bronchiolar epithelial cells early on days 1 or 2 post infection (reference 32 
and our own unpublished observations). African green monkeys, however, may display more severe 
pathology than macaques upon infection with SARS-CoV as a consequence of the broader range of 
cell types infected at day 4 post infection. Studies in mice revealed that differences in tropism are 
associated with outcome of the SARS-CoV infection.63

Our studies provide evidence that the use of (closely) related host species reveals valuable in
sights in virus-host interactions.207 If our assumption that different injury pathways can lead to 
development of ALI/ARDS is correct, it is important to realize that interventions that ameliorate 
pathology by modulating the host response in one host species may be ineffective in another species. 
Osteopontin induction by mediators of acute inflammation, such as TNF-α, IL-1β, angiotensin II, 
and NF-κB,197 may be sensitive to the inhibitory action of type I IFN208 and partly explain why type 
I interferon treatment of aged SARS-CoV-infected macaques resulted in mitigation of pathology.174 
Ultimately, these studies need to be extended to the human host in order to identify markers of host 
susceptibility and severity of disease that enable the rational design of multipotent biological 
response modifiers to combat ALI/ARDS induced by different agents.
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Abstract
The pathology of severe acute respiratory syndrome-coronavirus (SARS-CoV) infection in  
cats and ferrets is poorly described and the distribution of angiotensin-converting enzyme  
2 (ACE2), a receptor for SARS-CoV, in the respiratory tracts of these species is unknown.  
We observed SARS-CoV antigen expression and lesions in the respiratory tracts of 4 cats and 
4 ferrets at 4 days post inoculation and ACE2 expression in the respiratory tracts of 3 cats and 
3 ferrets without infection. All infected cats and ferrets had diffuse alveolar damage associated 
with SARS-CoV antigen expression. A novel SARS-CoV-associated lesion was tracheo-
bronchoadenitis in cats. SARS-CoV antigen expression occurred mainly in type I and II 
pneumocytes and serous cells of tracheo-bronchial submucosal glands of cats and in type II 
pneumocytes of ferrets. ACE2 expression occurred mainly in type I and II pneumocytes, 
tracheo-bronchial goblet cells, serous epithelial cells of tracheo-bronchial submucosal glands 
in cats, and type II pneumocytes and serous epithelial cells of tracheo-bronchial submucosal 
glands in ferrets. In conclusion, the pathology of SARS-CoV infection in cats and ferrets 
resembles that in humans except that syncytia and hyaline membranes were not observed. The 
identification of tracheo-bronchoadenitis in cats has potential implications for SARS 
pathogenesis and SARS-CoV excretion. Finally, these results show the importance of ACE2 
expression for SARS-CoV infection in vivo: whereas ACE2 expression in type I and II 
pneumocytes in cats corresponded to SARS-CoV antigen expression in both cell types, 
expression of both ACE2 and SARS-CoV antigen in ferrets was limited mainly to type II 
pneumocytes.
 

Introduction
Severe acute respiratory syndrome (SARS) emerged in the human population in November 2002 
and spread rapidly across Asia, Europe, and North America in subsequent months.14 Although the 
causative virus, SARS-coronavirus (SARS-CoV),5-7,19 was eradicated from the human population by 
July 2003, its progenitors are likely still present in animal reservoirs10 and could again cross the 
species barrier into humans. In total, SARS caused 774 deaths out of more than 8 000 people with 
confirmed infection. Because the pathogenesis of SARS in humans is poorly understood, it is  
difficult to develop preventive and therapeutic strategies against this disease.14

The primary lesion of SARS in humans is diffuse alveolar damage (DAD), indicating injury to 
the alveolar septa.31,32,37,209,210 This lesion corresponds in part to the cell types in the respiratory tract 
in which SARS-CoV antigen has been detected: alveolar epithelial cells (primarily type II 
pneumocytes), bronchial epithelial cells, and alveolar macrophages.14,36,52,211,212 Cases of longer 
duration (more than 10 days) demonstrated features of organizing-phase or late stage DAD.37,210

Angiotensin-converting enzyme 2 (ACE2) has been identified as a receptor for the attachment to 
and uptake of SARS-CoV in host cells.45 The distribution of ACE2 in human tissues corresponds 
largely to the cell types in which SARS-CoV replication has been observed: in addition to type II 
pneumocytes and bronchial epithelial cells, ACE2 expression has been observed in type I pneumo-
cytes and endothelial cells as well as smooth muscle cells of blood vessels, but not alveolar macro-
phages.51,213

Since the appearance of SARS, several animal models have been developed for SARS-CoV infec-
tion in humans: SARS-CoV infection in macaques,6 marmosets,214 mice,171,215 golden Syrian ham-

201289 proefschrift Judith van den Brand.indd   47 13-11-2012   09:37:12



Chapter 2  |  SARS coronavirus infection in animal models 

48

sters,216 rats,217 cats and ferrets.69 Subbarao and Roberts reviewed the advantages and disadvan-
tages of the above animal models.169 The limitations of rodents such as hamsters and young inbred 
mice are that they do not show illness169 and their lung structure differs from that of the human 
lung;218 the limitations of non-human primates are availability, cost, and housing.169 SARS-CoV 
infections in cats and ferrets do not show these limitations and may therefore be valuable as animal 
models.

Previous experiments showed that domestic cats and ferrets were susceptible to SARS-CoV 
infection and that they were able to transmit the virus efficiently to previously uninfected sentinel 
animals that were housed with them.69 The acute pulmonary lesions seen in those species were 
reported to be similar to those in humans and macaques, but were not described.69,219 Chronic lesions 
in ferrets euthanized at 23 days after infection were bronchial and bronchiolar hyperplasia as well 
as peribronchiolar and perivascular lymphocytic cuffing.220,221 However, the pathology and viral 
distribution in cats and ferrets with acute SARS-CoV infection are poorly understood. 

Our goal was to describe the pathology of acute SARS-CoV infection in cats and ferrets and to 
determine the expression of ACE2 in the respiratory tracts of these species. Therefore, we 
experimentally infected cats and ferrets with SARS-CoV and examined respiratory tract tissues at 
4 days post inoculation (dpi) by histopathology, immunohistochemistry, and immunofluorescence.  

Materials and Methods
Virus preparation
Strain HKU 39849 of SARS-CoV was passaged 4 times on Vero 118 cells cultured in Iscove’s 
Modified Dulbeco’s Medium (Bio Whitaker, Walkersville, MD, USA). After centrifugation at 270 
g for 5 min, 1 ml samples were made from the supernatant and from the pelleted cells, which were 
resuspended in 5 ml medium. The titer of this virus stock was 1 x 106 median tissue culture 
infectious dose (TCID50) per ml. All cell cultures were done under biosafety level 3 conditions.

Experimental protocol
The experiments were performed under biosafety level 3 conditions at the Erasmus MC in  
Rotterdam under an animal study protocol approved by the Institutional Animal Welfare Committee. 
Specified pathogen-free cats and ferrets were purchased from commercial breeders (Harlan, 
Indianapolis, IN, USA and Schimmel, Uddel, The Netherlands, respectively), maintained in standard 
housing and provided with commercial food pellets and water ad libitum until the start of the 
experiment. Before infection, they were examined clinically and determined to be healthy by a 
registered veterinarian and were placed in negative-pressurized glove boxes. Four cats and 4 ferrets 
were inoculated intratracheally in 1-5 seconds under ketamine anesthesia with 106 TCID50 of SARS-
CoV. The animals were checked daily for clinical signs. At 4 dpi they were euthanized by 
exsanguination under ketamine anesthesia. Three cats and 3 ferrets were not inoculated and were 
used as negative controls. 

Pathologic examination
The animals were necropsied according to a standard protocol by opening the thoracic and abdominal 
cavities and the skull and examining all major organs, including the brain. Samples were collected 
for histologic examination and were stored in 10% neutral-buffered formalin (lungs after inflation 
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with formalin), embedded in paraffin, sectioned at 4 μm, and stained with hematoxylin and eosin 
(HE) for examination by light microscopy. Selected lung sections also were stained with periodic 
acid Schiff (PAS) for detection of mucoid substances. The following tissues were examined by light 
microscopy: lung (cranial, middle, and caudal lobes of one lung), liver, spleen, kidney, trachea, 
urinary bladder, mesenteric lymph node, stomach (ferrets only), pancreas, duodenum, jejunum, 
ileum, and tracheo-bronchial lymph node. Semiquantitative assessment of SARS-CoV infection-
associated inflammation in the lung was performed as reported earlier:172 each slide was examined 
for inflammatory foci at 10x objective, and each focus was scored for size (1: smaller or equal than 
area of 10x objective, 2: larger than area of 10x objective and smaller than area of 2x objective, 3: 
larger than area of 2x objective) and severity of inflammation (1: mild, 2: moderate, 3: marked). 
Slides were examined without knowledge of the identity of the animals. The cumulative scores for 
the inflammatory foci provided the total score per animal. 

Immunohistochemistry
Immunohistochemical examination on all tissues as examined by using light microscopy was 
performed as reported previously,7 except that mouse anti-SARS-nucleocapsid IgG2a (clone Ncap4, 
Imgenex, San Diego, CA, USA) (0.3 μg/ml) and goat anti-mouse IgG2a (SouthernBiotech, 
Birmingham, AL, USA) were used as primary and secondary antibodies, respectively. Omission of 
the primary antibody or replacement of the primary antibody by an irrelevant mouse IgG2a antibody 
(clone 20102, R&D, Abingdon, UK) (0.3 μg/ml) were included as negative controls in each staining. 
The same tissues as mentioned above from non-infected cats and ferrets were used as negative 
controls. Lung sections from an experimentally inoculated ferret euthanized on 1 dpi were used as 
positive controls. Semiquantitative assessment of SARS-CoV antigen expression was performed as 
reported earlier:172 25 arbitrarily chosen 20x objective fields of lung parenchyma in each lung section 
were examined by using light microscopy for the presence of SARS-CoV antigen expression,  
without the knowledge of the identity of the animals. The cumulative scores for each animal  
were expressed as number of positive fields per 100 fields. 

For double staining of SARS-CoV antigen and PAS positive material, staining for SARS-CoV 
antigen was performed as described above with the following modifications. Antigen retrieval was 
performed at 100 °C for 15 min with citric acid buffer, pH 6.0. Sections were cooled for 20 min on 
ice in the same buffer. To allow double staining, mouse anti-SARS-nucleocapsid IgG1 (Ncap17, 
Imgenex) (1.25 μg/ml) and biotin-labeled goat anti-mouse IgG1 (SouthernBiotech) were used as 
primary and secondary antibodies, respectively. After incubation with the secondary antibody, the 
labeled biotin was coupled to avidin-biotin-HRP complexes (DAKO, Heverlee, Belgium) for 1 hour 
at room temperature. Peroxidase activity was revealed by incubating slides in 3,3’–diamino
benzidine-tetrachlorhydrate (DAB) (Sigma, St Louis, MO, USA) for 3 to 5 min, resulting in a brown 
precipitate. After washing in PBS, slides were stained with PAS according to standard methods.

For detection of ACE2, tissue sections were pre-treated as described above and incubated with a 
rabbit polyclonal antibody to ACE-2 (Abcam, Cambridge, UK) (5 μg/ml) or rabbit IgG control 
(R&D) (5 μg/ml) in PBS/0.1% body surface aera (BSA) for 1 hour at room temperature. After 
washing with PBS, sections were incubated with HRP-labeled goat-anti-rabbit IgG (DAKO) in 
PBS/0.1% BSA for 1 hour at room temperature. Peroxidase activity was revealed by incubating 
slides in 3-amino-9-ethylcarbazole (AEC) (Sigma) for 10 min and counterstaining with 
hematoxylin.
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To identify the ACE2 expression at the time of infection, we used the 3 non-infected cats and 3 
non-infected ferrets, since spike protein binding during SARS-CoV infection results in down 
regulation of ACE2 expression.199 For comparison of ACE2 expression and histological architecture 
of the tracheal submucosal glands among cats, ferrets and humans, archival human tracheal tissues 
of 3 individuals, without histologic lesions or evidence of respiratory tract infection at the time of 
death, also were stained with PAS and tested for ACE2 expression. 

Immunofluorescence
For double staining of SARS-CoV antigen and keratin, 3-μm-thick, formalin-fixed, paraffin-
embedded tissue sections were pre-treated as described above. Autofluorescence in the sections 
was blocked by incubation with 0.3 M glycine for 10 min. Sections were washed with PBS/0.05% 
Tween 20 and incubated with mouse IgG1 against human pankeratin AE1/AE3 (Neomarkers, 
Fremont, CA, USA) (8 μg/ml) for 1 hour at room temperature in the dark. After washing with PBS, 
sections were incubated with mouse IgG1 against SARS-CoV (clone Ncap17, Imgenex) (1.25 μg/
ml) for 1 hour at room temperature in the dark. The pankeratin antibody was labeled with Zenon 
Alexa Fluor 488 Mouse IgG1 labeling kit (cat no. Z25090, Molecular Probes, Invitrogen, Breda, 
The Netherlands), according to the manufacturer’s protocol. The SARS-CoV antibody was labeled 
by using a Zenon Alexa Fluor 594 Mouse IgG1 labeling kit (cat no. Z25007, Molecular Probes). 
The slides were mounted by using Vectashield, Hard Set with 4,6-diamidino-2-phenylindole (DAPI) 
(Vector, Burlingame, CA, USA).

Statistical analysis
One-way analysis of variance was used for comparing the scores of pulmonary lesions and viral 
antigen expression. Differences were considered significant at P <0.05.

Results
Clinical findings
The cats showed no clinical signs such as lethargy or dyspnea. The ferrets, however, became 
lethargic from 2 dpi onward, and one of these ferrets (No. 3) died at 4 dpi.

Gross examination
All 4 cats had multifocal pulmonary consolidation characterized by red, firm, level areas of 
approximately 1 cm in diameter in the cranial and medial lobes. Cat No. 4 had multifocal 
consolidation in all lung lobes. All 4 ferrets also had multifocal pulmonary consolidation similar to 
that in the cats, except that the foci were smaller, ranging from 0.1 to 1 cm in diameter, and were 
localized mainly in the caudal lobes. Ferret No. 2 also had dark red and enlarged mesenteric lymph 
nodes, and ferret No. 3 had a dark red, friable liver and a mottled, red-and-pink spleen. Other organs 
of the cats and ferrets showed no significant lesions.

Histology
The primary damage from SARS-CoV infection was seen in the respiratory tract in both cats and 
ferrets and was comparable in character and severity. In the cats, histologic lesions were seen in the 
lung, tracheo-bronchial submucosal glands, spleen, tracheo-bronchial and mesenteric lymph nodes, 
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and Peyer’s patches. In the lung, all cats had multifocal, mild to moderate, exudative DAD 
characterized by cellular debris in the alveolar lumen and epithelial cells with karyorrhexis, 
karyopyknosis and loss of cellular detail (multifocal necrosis), sparse type II pneumocyte 
hyperplasia, and infiltration with few neutrophils in the alveolar septa (Figure 1). In the lumina  
of terminal bronchioles and adjacent alveoli, there were few alveolar macrophages and neutrophils 
(Figure 1). In the tracheo-bronchial submucosal glands, all cats had multifocal mild to moderate 

Figure 1. Respiratory tract; histologic (HE) and immunohistochemical staining for SARS-CoV antigen and 
ACE2 (IHC) in SARS-CoV infected cats and control cats. Detailed descriptions can be found in the text. (a) 
Trachea cat. Moderate lymphoplasmacytic tracheoadenitis. (b) Trachea cat. SARS-CoV antigen expression in 
epithelial cells of submucosal glands. Immunoperoxidase with hematoxylin counterstain (IHC). (c) Trachea 
control cat. ACE2 expression in epithelial cells of mucosa and submucosal glands. (d) Bronchus cat. Moderate 
lymphoplasmacytic bronchoadenitis. (e) Bronchus cat. SARS-CoV antigen expression in epithelial cells of 
submucosal glands. (f) Bronchus  control cat. ACE2 expression in epithelial cells of mucosa and submucosal 
glands. (g) Bronchiole cat. Mild lymphoplasmacytic and neutrophilic bronchiolitis. (h) Bronchiole cat. Lack of 
SARS-CoV antigen expression. (i) Bronchiole control cat. ACE2 expression in epithelial cells of mucosa.  (j) 
Alveoli cat. Mild DAD. (k,l) Alveoli cat. SARS-CoV antigen expression in type I (k) and II (l) pneumocytes. (m,n) 
Alveoli control cat. ACE2 expression in type I (m) and II (n) pneumocytes. 
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tracheo-bronchoadenitis (Figures 1, 2 and 3). This was characterized by multifocal epithelial necrosis 
in submucosal glands and by infiltration with moderate numbers of plasma cells and lymphocytes 
and with few macrophages and neutrophils in surrounding connective tissue. With PAS staining, 
these submucosal glands displayed narrow, empty lumina, a high proportion of serous cells compared 
to mucous cells, and mild granular PAS staining in mucous cells (Figure 3), which was also seen in 
non-infected cats. In cats Nos. 1 and 3, the spleen had moderate lymphoid hyperplasia, while tracheo-
bronchial and mesenteric lymph nodes and Peyer’s patches had both mild to moderate lymphoid 
hyperplasia and moderate to marked sinusoidal histiocytosis. No significant lesions were seen in 
other tissues examined or in the tissues of negative control cats.

In the ferrets, histologic lesions were seen in the lung, liver, spleen, and tracheo-bronchial lymph 
nodes. In the lung, all ferrets had multifocal, mild to severe, subacute, exudative DAD, character-
ized by variable numbers of alveolar macrophages and neutrophils, mixed with proteinaceous 
exudate in alveolar and bronchiolar lumina (Figure 4). The alveolar septa were moderately thickened 
with infiltrating neutrophils, macrophages and multifocal moderate epithelial necrosis. There was 
multifocal hyperplasia and hypertrophy of type II pneumocytes and bronchiolar epithelial cells. 
There was hyperplasia of bronchus-associated lymphoid tissue, and additionally, ferret No. 3 had 
lymphoid aggregates around pulmonary blood vessels. Overall, the severity of pulmonary lesions 
in the ferrets and cats showed no significant differences (F =0.48, P =0.51) (Figure 5). In the liver, 
all ferrets had mild diffuse hepatic lipidosis, while ferret No. 3 also had mild diffuse hepatic con-
gestion and hemorrhage. The spleen and tracheo-bronchial lymph nodes of all ferrets showed mild 
lymphoid hyperplasia. In contrast to the cats, no significant lesions were seen in the tracheo-

Table 1.  Expression of ACE2 and SARS-CoV antigen in the respiratory tract of cats, ferrets and humans with 
SARS
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Cat ACE2 +++ +++ + ++ ++ ++ +++ +++ ++ +++ +++ ++ ++

SARS-CoV +++ +++ + + - + - +++ + - +++ - -

Ferret ACE2 - +++ + ++ ++ ++ - +++ ++ - +++ ++ ++

SARS-CoV - +++ + - - - - - - - - - -

Human ACE2213 ++ +++ + ++ ++ ++ - +++ ++ - +++ ++ ++

SARS-CoV14,36,52 - +++ + - - - - - - - - - -

NOTE: Abundance of ACE2 or SARS-CoV antigen expression: +++ = abundant; ++ = occasional; + = rare; 
- = absent.
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bronchial submucosal glands of the ferrets (Figure 3). PAS staining of these glands (in both in-
fected and non-infected animals) showed wide lumina filled with PAS-positive material, a low 
proportion of serous cells compared to mucous cells, and intense, diffuse PAS-expression in mucous 
cells (Figure 3). No significant lesions were seen in other tissues examined or in the tissues of 
negative control ferrets.

In human tissues, the tracheal and bronchial submucosal glands had an almost equal mixture of 
serous and mucous cells. The lumina varied in size, and some were filled with large amounts of 
PAS-positive material.

SARS-CoV antigen expression
The cell types expressing SARS-CoV antigen, visible as diffuse red staining of the cytoplasm, 
differed between cats and ferrets (Table 1, Figures 1 and 4). In cats, SARS-CoV antigen expression 
was limited to the respiratory tract and the intestine. In the respiratory tract of all cats, SARS-CoV 
antigen expression was seen mainly in type I pneumocytes, type II pneumocytes, and serous cells 
of the tracheo-bronchial submucosal glands (Figure 1); occasionally in alveolar macrophages; and 
rarely in tracheal, bronchial, and (Cat No. 3 only) bronchiolar ciliated epithelial cells. The identity 
of SARS-CoV-antigen-positive type I and type II pneumocytes was based on their morphology 
(flat and cuboidal, respectively) and confirmed by double staining with pankeratin to exclude 

Figure 2. Bronchus cat. Histo-
logic staining of a bronchus in 
a cat infected with SARS-CoV. 
Moderate lymphoplasmacytic 
bronchoadenitis with mild necro-
sis of glandular epithelial cells. 
HE. Inset: Higher magnification 
of a submucosal gland with loss 
of epithelial cells.
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macrophages (Figure 6). The identity of SARS-CoV-antigen-positive serous cells in the tracheo-
bronchial submucosal glands was based on the central to paracentral round nucleus and finely 
granular cytoplasm. It was confirmed by double staining with PAS: serous cells showed no or only 
weak staining with PAS, in contrast to intense staining of mucous cells also present in these  
glands (Figure 3). In the other tissues, a few enterocytes in the ileum had expression of SARS-CoV 
antigen, but only in the intestine of cat No. 2.

In all ferrets, SARS-CoV antigen expression was limited to the respiratory tract, where it was seen 
mainly in type II pneumocytes (Figure 4), and rarely in type I pneumocytes and alveolar macro-
phages. Again, the identity of SARS-CoV-antigen-positive type I and type II pneumocytes was 
determined by their morphology and double staining with pankeratin (Figure 6). Neither ferrets nor 
cats had viral antigen expression in the other tissues. Virus antigen expression was present in positive 
tissue controls and absent in negative tissue as well as isotype and omission controls.

The expression of SARS-CoV antigen in the respiratory tract of both cats and ferrets was usually 
associated with the presence of histologic lesions. The level of SARS-CoV antigen expression in 
the lungs of ferrets and cats showed no significant differences (F =1.34, P =0.29) (Figure 5).

ACE2 expression
Expression of ACE2, visible as diffuse red staining of the cytoplasm and cell membrane, differed 
between the respiratory tract of cats and ferrets (Table 1, Figures 1 and 4). In cats, strong ACE2 
expression was seen mainly in tracheal and bronchial goblet cells, serous epithelial cells of tracheo-
bronchial submucosal glands, and type I and type II pneumocytes; moderate expression was seen in 
tracheal, bronchial, and bronchiolar ciliated cells, bronchiolar non-ciliated cells and mucous cells 

Figure 3. Bronchus. Histologic (HE), histochemical (PAS) and immunohistochemical staining (SARS) of bronchi 
comparing cats and ferrets infected with SARS-CoV. (a) Cat. Moderate lymphoplasmacytic bronchoadenitis 
with mild necrosis of glandular epithelial cells. (b) Cat. Few PAS-positive cells in bronchial submucosal glands 
and scant mucus in acinar lumina. (c) Cat. SARS-CoV antigen expression in serous glandular epithelial cells. 
Double staining with PAS and immunoperoxidase. (d) Ferret. No lesions in bronchial submucosal glands. (e) 
Ferret. Many PAS-positive cells in bronchial submucosal glands and abundant mucus in acinar lumina. (f) 
Ferret. Lack of SARS-CoV antigen expression.
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of the tracheo-bronchial submucosal glands (Figure 1); and weak expression was seen in alveolar 
macrophages. In addition, strong ACE2 expression was seen in endothelium and smooth muscle of 
pulmonary blood vessels. In ferrets, the pattern of ACE2 expression resembled that in cats, except 
that it was absent in type I pneumocytes and in tracheal and bronchial goblet cells (Figure 4). In 
human trachea, the ACE2 expression was stronger in serous cells than in mucous cells of mucosa 
and submucosal glands.

Figure 4. Respiratory tract. Histologic (HE) and immunohistochemical staining for SARS-CoV antigen (IHC) 
and ACE2 in SARS-CoV-infected ferrets and control ferrets. Detailed descriptions can be found in the text. (a) 
Trachea ferret. No lesions. (b) Trachea ferret. Lack of SARS-CoV antigen expression. Immunoperoxidase with 
hematoxylin counterstain (IHC). (c) Trachea control ferret. ACE2 expression in epithelial cells of mucosa and 
submucosal glands. (d) Bronchus ferret. No lesions. (e) Bronchus ferret. Lack of SARS-CoV antigen expression. 
(f) Bronchus control ferret. ACE2 expression in epithelial cells of mucosa and submucosal glands. (g) Bronchiole 
ferret. Mild lymphoplasmacytic and neutrophilic bronchiolitis. (h) Bronchiole ferret. Lack SARS-CoV antigen 
expression. (i) Bronchiole control ferret. ACE2 expression in epithelial cells of mucosa.  (j) Alveoli ferret. DAD 
with intraluminal protein. (k) Alveoli ferret. SARS-CoV antigen expression in type II pneumocytes. (l) Alveoli 
control ferret. ACE2 expression in type II pneumocytes.
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Figure 5. Semi-quantitative scoring 
of histologic lesions (white bars) and 
SARS-CoV antigen expression (black 
bars) in the lung. These scores did not 
differ significantly between cats and 
ferrets.

Figure 6. Alveoli. Immunofluorescence double staining for SARS-CoV antigen and pankeratin in cats and ferrets 
infected with SARS-CoV antigen. (a) Cat. Type I pneumocyte with SARS-CoV antigen expression (red). (b) Cat. 
Type I pneumocyte with pankeratin expression (green). (c) Cat. Type I pneumocyte with co-localization of SARS-
CoV antigen and pankeratin (orange). (d) Cat. Type II pneumocyte with SARS-CoV antigen expression (red). (e) 
Cat. Type II pneumocyte with pankeratin expression (green). (f) Cat. Type II pneumocyte with co-localization of 
SARS-CoV antigen and pankeratin (orange). (g) Ferret. Type II pneumocyte with SARS-CoV antigen expression 
(red). (h) Ferret. Type II pneumocyte with pankeratin expression (green). (i) Ferret. Type II pneumocyte with 
co-localization of SARS-CoV antigen and pankeratin (orange).
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Discussion
The localization, character, and severity of respiratory tract lesions from acute SARS-CoV infection 
in cats and ferrets show both similarities to and differences from those in acute human cases.32,34,36,37,210 
First, the localization of the lesions in cats and ferrets is similar to that in humans: in all three 
species, the lesions affect mainly the alveoli and bronchioles. A clear difference is SARS-CoV-
associated tracheo-bronchoadenitis, which we observed in cats, but has not been reported in humans. 
Second, the character of the lesions in alveoli and bronchioles of cats and ferrets shows some 
similarities to that of humans. In all three species, these lesions are characterized by necrosis and 
subsequent hyperplasia of alveolar and bronchiolar epithelium, infiltration by neutrophils, and 
increased numbers of alveolar macrophages. In humans and ferrets, proteinaceous exudate was 
seen in alveolar and bronchiolar lumina. A notable difference is the lack of syncytia in the pulmo
nary lesions of cats and ferrets, whereas this feature is considered characteristic for the disease in 
humans. Third, the severity of the lesions in cats and ferrets shows the most marked difference 
from that in humans. The pulmonary lesions in cats and ferrets are multifocal, in contrast to the 
more diffuse lesions in humans. Also, cats and ferrets lack fibrin exudation and hyaline membrane 
formation, both of which are features of severe damage to the alveolar septum, while these features 
are commonly reported for human SARS. However, these differences in severity are largely a re
flection of the fact that pathologic reports of human SARS are generally limited to fatal cases, 
which only comprise about 10% of the total number of confirmed cases.14 It is likely that many 
people who recovered from SARS had less severe respiratory tract lesions. Overall, this compari
son suggests that SARS-CoV infections in cats and ferrets are suitable animal models to study the 
pathogenesis and pathology of human SARS in general. However, in their present form they do 
not replicate the lesions of fatal cases of human SARS. Adapting this virus to cats and ferrets might 
increase its pathogenicity as has been done for mice.170

Tracheo-bronchoadenitis caused by SARS-CoV infection is a novel finding, with potentially 
important implications for SARS pathogenesis and SARS-CoV excretion. Pathogenesis of SARS 
could be affected because the mucus produced by tracheo-bronchial submucosal glands is an 
important part of the mucociliary escalator that removes foreign material from the airways. 
Inflammation of these glands could reduce the efficiency of this defense system, thereby increasing 
the risk of lower respiratory tract infection by SARS-CoV and concurrent pathogens. Excretion of 
SARS-CoV might increase as a result of SARS-CoV infection of the tracheo-bronchial submucosal 
glands: virus secreted by these glands into the trachea and bronchi is more likely to be expectorated 
than virus produced lower in the respiratory tract. 

The susceptibility of tracheo-bronchial submucosal glands to SARS-CoV infection shows clear 
host species differences, which may be relevant for human infection. Although the glands of both 
cats and ferrets expressed ACE2, only cat glands became infected and inflamed (Figures 1 and 2). 
One explanation may be that ferret glands lack a cofactor for SARS-CoV replication, as discussed 
above. Another explanation may be species differences in the histologic architecture of the tracheo-
bronchial submucosal glands. The glands of ferrets had a higher proportion of mucous cells and 
more mucus in the acinar lumina than those of cats (Figure 3), and this may have inhibited the at-
tachment of SARS-CoV to target cells. Therefore, we hypothesize that SARS-CoV infects mainly 
serous cells. To our knowledge, SARS-associated tracheo-bronchoadenitis has not been reported in 
humans. However, the expression of SARS-CoV antigen in the tracheal and bronchial submucosal 
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glands of fatal human cases52 suggests that inflammation of these glands may be an as-yet-unrepor
ted feature of human SARS that requires further attention. 

This study shows the importance of ACE2 expression for SARS-CoV infection in vivo. This is 
based on our observation that SARS-CoV antigen expression occurred only in ACE2-positive cells 
(Table 1, Figures 1 and 4). SARS-CoV S1 protein is reported to bind efficiently to both ferret and 
feline ACE2.222,223 The importance of ACE2 expression is illustrated well by differences that we 
observed between cats and ferrets at the level of the alveoli: whereas cat type I pneumocytes 
abundantly expressed both ACE2 and SARS-CoV antigen, the absence of ACE2 expression in ferret 
type I pneumocytes corresponded with the absence of expression of SARS-CoV antigen (Figures 1 
and 4). However, it must be realized that co-localization of ACE2 and SARS-CoV antigen expression 
is consistent with, but not proof of, a functional relationship. Also, several ACE2-positive cell types 
did not express SARS-CoV antigen (Table 1). Possible reasons for this could be that other receptors 
besides ACE2 are required for SARS-CoV attachment to the host cell, as is also described in 
humans.46,224-226 For example, recent in vitro studies have shown that the presence of cathepsin L is 
required for productive SARS-CoV infection.49,227 Alternatively, SARS-CoV may infect other cell 
types at an earlier or later stage of infection. 

Alveolar macrophages in both cats and ferrets demonstrated weak expression of ACE2 and sparse 
expression of SARS-CoV antigen. This presence of SARS-CoV antigen indicates either virus 
infection of alveolar macrophages or, as is suggested for humans,46,211 phagocytosis of viral antigen 
produced in other cells.

In conclusion, our study shows that SARS-CoV infections in cats and ferrets are suitable models 
for studying the pathology and pathogenesis of human SARS. We also have identified tracheo-
bronchoadenitis in cats as a novel SARS-CoV-induced lesion, which could potentially occur in 
human SARS and affect the pathogenesis and virus excretion of this disease. Finally, we have shown 
in vivo that ACE2 expression is important for SARS-CoV infection and subsequent development of 
lesions in the respiratory tract. 
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Abstract
The pathogenesis of lower respiratory tract disease from the pandemic 2009 H1N1 (pH1N1) 
influenza A virus is poorly understood. Therefore, either pH1N1 virus or a seasonal human 
H1N1 influenza A virus was inoculated into cynomolgus macaques as a non-human primate 
model of influenza pneumonia, and virological, pathological, and microarray analyses were 
performed. Macaques in the pH1N1 group had virus-associated diffuse alveolar damage  
involving both type I and type II alveolar epithelial cells and affecting an average of 16% of 
the lung area. In comparison, macaques in the seasonal H1N1 group had milder pulmonary 
lesions. pH1N1 virus tended to be re-isolated from more locations in the respiratory tract and 
at higher titers than seasonal H1N1 virus. In contrast, differential expression of mRNA tran-
scripts between pH1N1 and seasonal H1N1 groups did not show significant differences.  
The most up-regulated genes in pH1N1 lung samples with lesions belonged to the innate  
immune response and pro-inflammatory pathways and correlated with histopathological  
results. Our results demonstrate that the pH1N1 virus infects alveolar epithelial cells and 
causes diffuse alveolar damage in a non-human primate model. Its higher pathogenicity  
compared with a seasonal H1N1 virus may be explained in part by higher replication in  
the lower respiratory tract.

Introduction
The newly emerged influenza A virus of subtype H1N1 was declared pandemic as of June 11, 2009, 
and as of November 22 more than 622,482 confirmed cases had been reported world-wide (http://
www.who.int/csr/don/2009_11_27a/en/index.html). The pandemic (H1N1) 2009 influenza virus 
(pH1N1 virus), probably originating from a swine reservoir,96 has caused at least 7 826 confirmed 
deaths, mostly with a clinical diagnosis of atypical pneumonia or acute respiratory distress 
syndrome.256 Influenza viruses may vary substantially in the human disease they cause.106,125 The 
pathogenesis of pH1N1 virus infection in the human respiratory tract is largely unknown, as is the 
resultant damage compared with that caused by seasonal influenza viruses, which are well-adapted 
to their human host.

To establish a non-human primate model of influenza pneumonia, we inoculated either the pH1N1 
virus or a seasonal human H1N1 influenza A virus (seasonal H1N1 virus) into cynomolgus macaques 
and performed virological, pathological, and microarray analyses. The cynomolgus macaque is a 
suitable species to model human pneumonia from infection by respiratory viruses, including  
HMPV,257 SARS virus,172 and influenza viruses.148,258-260

Materials and methods
Virus preparation

Influenza virus A/Netherlands/602/09 (pH1N1 virus) was isolated from a patient who had traveled 
from Mexico to the Netherlands and was the first laboratory-confirmed case of pH1N1 virus infection 
in the Netherlands. This virus was cultured from a nasopharyngeal swab in 11-day-old embryonated 
chicken eggs and subsequently passaged once in Madin-Darby Canine Kidney (MDCK) cells.  
The sequence of the virus that was used for inoculation of macaques was identical to that of the 
clinical isolate. This virus differs in 8 amino acid positions from influenza virus A/California/4/2009 
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(P100S, T214A and I338V in HA, I108V and V407I in NA, T373I in NP, P224S and M581L in PA; 
GISAID accession numbers EPI178246-250, EPI178467, EPI178290 and EPI178291). None of the 
differences map to known pathogenicity markers of influenza A virus. In fact, A/Netherlands/602/2009 
is more representative (i.e., more consensus-like) than A/California/4/09; most amino acid changes 
in A/Netherlands/602/2009 compared with A/California/4/2009 were also found in the majority  
of sequenced strains in the database. The only unique sequence changes in A/Netherlands/602/2009 
are I108V and V407I in neuraminidase, which can be considered conservative changes, not  
previously associated with virulence. Until now, the pH1N1 viruses have shown low genetic diversity 
and we consider the isolate used to be representative of the currently circulating pH1N1 virus.  
The seasonal H1N1 influenza virus A/Netherlands/26/07 (seasonal H1N1 virus) was isolated from 
a patient during the 2006-2007 influenza season and was subsequently passaged 3 times in MDCK 
cells.

Experimental protocol
Experiments were performed under biosafety level 3 conditions under an animal study protocol 
approved by the Institutional Animal Welfare Committee. Two weeks prior to infection, temperature 
loggers (DST micro-T ultra small temperature logger; Star-Oddi) that recorded the body temperature 
every 15 min, were placed in the peritoneal cavity of cynomolgus macaques under ketamine and 
domitor (medetomidine hydrochloride) anesthesia. Two groups of 4 macaques were inoculated with 
1 x 107 median tissue culture infectious dose (TCID50) of seasonal H1N1 virus or pH1N1 virus in 5 
ml of phosphate buffered saline (PBS) (4 ml intra-tracheally and 1 ml intra-nasally) under ketamine 
and domitor anesthesia. Swabs were collected daily from macaques under ketamine anesthesia from 
nose and throat and placed in 1 ml of transport medium.261 All macaques were euthanized 4 days 
after inoculation by exsanguination under ketamine anesthesia and were necropsied according to a 
standard protocol. Randomly collected lung tissue sections from 4 PBS (sham) inoculated age-
matched cynomolgus macaques were used as control samples for below analyses.

Virus titration
Virus titers were determined in nose, throat and rectum swabs, and in the tissues collected during 
necropsy: nasal turbinate, tonsil, tracheobronchial lymph node, trachea, bronchus, lung, spleen, 
liver, kidney, jejunum, colon, duodenum, heart, eyelid, pancreas and brain. Tissue samples were 
weighed and subsequently homogenized with a FastPrep homogenizer (MP Biomedicals Europe, 
Illkirch, France) in 3 ml of transport medium. For lung, 4 samples of lung tissue collected from 
standard locations (cranioventral, craniodorsal, caudoventral and caudodorsal) in the right lung 
were pooled for each animal. Virus titrations were performed by end-point titration in MDCK 
cells. MDCK cells were inoculated with 10-fold serial dilutions of homogenized tissues, nose, 
throat, or rectum swabs. One hour after inoculation, cells were washed once with PBS and grown 
in 200 μl of infection media, consisting of EMEM (Lonza, Breda, The Netherlands) supplemented 
with 100 U/ml penicillin, 100 μg/ml streptomycin, 2 mM glutamine, 1.5mg/ml sodium bicarbonate 
(Cambrex), 10 mM Hepes (Lonza), non-essential amino acids (MP Biomedicals Europe) and 20 
μg/ml trypsin (Cambrex). Three days after inoculation, the supernatants of infected cell cultures 
were tested for agglutinating activity using turkey erythrocytes as an indicator of infection of the 
cells. Infectious titers were calculated from 5 (homogenized tissues) or 4 (swabs) replicates by 
the method of Spearman-Karber.262
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Histopathological examination and immunohistochemistry
Samples for histological examination were stored in 10% neutral-buffered formalin (lungs after 
inflation with formalin), embedded in paraffin, sectioned at 4 μm, and stained with hematoxylin and 
eosin (HE) for examination by light microscopy. Selected lung sections also were stained with 
periodic acid-Schiff (PAS) for detection of mucoid substances. The following tissues were examined 
by light microscopy: left lung (cranial, medial and caudal lobe), nose, nasal turbinates, nasal septum, 
larynx, trachea, bronchi, tracheobronchial lymph node, eyelid, tonsil, heart, liver, spleen, kidney, 
pancreas, duodenum, jejunum, colon, adrenal gland, and brain. 

Semiquantitative assessment of influenza A virus-associated inflammation in the lung was 
performed as reported earlier.172 Briefly: each slide was examined for inflammatory foci at 10x 
objective, and each focus was scored for size and severity of inflammation in different areas of the 
lung. For the size of the inflammatory focus in the alveoli we used 1, smaller or equal than area of 
10x objective; 2, larger than area of 10x objective and smaller than area of 2x objective; 3, larger 
than area of 2x objective. For the severity of inflammation we scored 1, mild (few inflammatory 
cells); 2, moderate (moderate numbers of inflammatory cells and/or mild necrosis and edema with 
erythrocytes); 3, marked (many inflammatory cells and/or necrosis and edema with inflammatory 
cells). Slides were examined without knowledge of the identity of the animals. The cumulative s 
cores for the inflammatory foci provided the total score per animal.

Sequential slides were used for detection of influenza A virus nucleoprotein in tissues as described 
before.259 Endogenous peroxidase was blocked with 3% hydrogen peroxide. Lung sections from a 
domestic cat with experimental avian H5N1 influenza virus infection were used as positive controls. 
Semiquantitative assessment of influenza virus antigen expression in the lungs was performed as 
follows: for assessment of alveoli, 100 arbitrarily chosen 20x objective fields of lung parenchyma 
in all lung sections were examined by light microscopy for the presence of influenza virus antigen 
expression without the knowledge of the identity of the animals. The scores for each animal were 
presented as number of positive fields per 100 fields (%).

For detection of pankeratin in lung tissues of a pH1N1 infected macaque, 3-μm formalin-fixed, 
paraffin-embedded sections were deparaffinized and rehydrated to distilled water. Antigen retrieval 
was performed at 100°C for 15 minutes with citric acid buffer pH 6.0. Slides were cooled for 20 
minutes on ice in the same solution. After washing with PBS endogenous peroxidase was blocked 
with 3% hydrogen peroxidase. The slides were briefly washed with 0.05% PBS Tween 20 and 
incubated with a mouse IgG1 antibody against human pankeratin AE1/AE3 (Neomarkers, Fremont, 
CA) (2 μg/ml) or mouse IgG1 isotypecontrol (R&D Systems Europe, Abingdon, UK ) (2 μg/ml) in 
PBS/0,1% BSA for 1 hour at room temperature. After washing, sections were incubated with 
horseradish peroxidase labeled goat-anti-mouse IgG1 (Southern Biotech) (5 µg/ml) in PBS/0,1% 
BSA for 1 hour at room temperature. Horseradish peroxidase activity was revealed by incubating 
slides in 3-amino-9-ethylcarbazole (AEC) (Sigma) for 10 minutes, resulting in bright red precipitate, 
followed by counterstaining with hematoxylin. 

Microarrays 
One sample of lung tissue without macroscopically visible pathologic changes (non-lesional) and—
if present—1 sample of lung tissue with macroscopically visible pathologic changes (lesional) were 
randomly selected from the right lung of each animal. Lesional lung samples for microarray were 
only available from 1 of 4 macaques infected with seasonal H1N1 virus because of the limited area 
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of lung affected. Also, 1 of 4 non-lesional lung samples from macaques infected with pH1N1 virus 
was not retained for analysis. Lung tissue samples were collected in RNAlater (Ambion), and total 
RNA was isolated and purified using Trizol Reagent (Invitrogen) and the RNEasy mini kit (Qiagen), 
respectively. RNA was subsequently labeled using the One-Cycle Target Labeling kit (Affymetrix) 
and hybridized onto Affymetrix GeneChip Rhesus Macaque Genome Arrays (Affymetrix), according 
to the manufacturer’s recommendations. Image analysis was performed using Gene Chip Operating 
Software (Affymetrix). Data was preprocessed for background correction and normalized using 
variance stabilization.177 Transformed probe values were summarized into 1 value per probe set by 
the median polish method (part of the Robust Multiarray Averaging [RMA] method). Probe set wise 
comparisons between the experimental conditions were performed by limma,179 which is similar to 
analysis of variance. Correction for multiple testing was achieved by requiring a false discovery rate 
(FDR) of 0.05, calculated with the Benjamini-Hochberg procedure. Further downstream processing 
and interpretation of data including cluster analysis, visualization and pathway analysis was  
performed using Spotfire DecisionSite 9.1 for Functional Genomics (Spotfire Inc) and Ingenuity 
Pathways Knowledge Base (Ingenuity Inc). Hierarchical cluster analysis (single linkage) was 
performed with a set of transcripts identified as being differentially regulated in at least 1 of the 6 
direct comparisons with a FDR ≤ 0.05 and 2log-fold change ≥ 1 threshold.

Statistical analysis 
Data were compared using the Mann-Whitney test (affected lung area, histopathology score, 
percentage virus-infected cells, virus titers in different postmortem tissues). Differences were 
considered significant at P < 0.05.

Results
Upon experimental inoculation with the pH1N1 virus, viral loads in throat swabs increased 
progressively in the pH1N1 group between 1 and 4 days post inoculation (dpi), when the mean titer 
was 2.8 log TCID50 per ml (Figure 1A). In contrast, viral loads peaked on 2 dpi at a lower level of 
1.6 log TCID50 per ml in the seasonal H1N1 group. Virus was detected sporadically in nasal swabs 
of animals from both groups and could only be demonstrated in rectal swabs of 1 animal in each 
group at 4 dpi. The body temperature in the pH1N1 group peaked at 1 dpi and decreased in the 
following two days (Figure 1B). The body temperature in the seasonal H1N1 group followed a 
similar trend, but peaked at about 0.3 °C lower. One of the macaques from the pH1N1 group was 
lethargic at 4 dpi.

On necropsy at 4 dpi, the macaques in the pH1N1 group had focal or multifocal pulmonary 
consolidation and enlarged tracheobronchial lymph nodes. No lesions were seen in the extra-
respiratory tissues. Histologically, pulmonary consolidation corresponded with diffuse alveolar 
damage (DAD) (Figures 2 and 3). This DAD was characterized by flooding of highly proteinaceous 
fluid into alveolar lumina (Figures 2 and 3) with rare PAS-positive hyaline membranes (Figure 3), 
necrosis of alveolar epithelial cells, and accumulation of many neutrophils and alveolar macrophages 
(Figures 2 and 3). Necrosis of alveolar epithelial cells was demonstrated by a partial loss of 
pankeratin-expressing pneumocytes. Other lesions were moderate bronchiolitis, characterized by 
epithelial necrosis and peribronchiolar infiltration with moderate numbers of macrophages and 
lymphocytes, and few plasma cells, neutrophils and eosinophils. There were mild bronchitis and 
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tracheitis, with epithelial necrosis and moderate numbers of neutrophils, macrophages and 
lymphocytes and a few plasma cells and eosinophils in the lamina propria and submucosa. In  
addition, there was a mild rhinitis, characterized by mild epithelial necrosis and a few neutrophils, 
macrophages and lymphocytes, and there were rare plasma cells and eosinophils in the lamina 
propria. The macaques in the seasonal H1N1 group had significantly fewer extensive pulmonary 
lesions than in the pH1N1 group (Figure 4). The alveoli had no flooding with edema fluid, only  
mild necrosis and fewer inflammatory cells. These inflammatory cells were a few neutrophils, 
macrophages, lymphocytes, and plasma cells that were located predominantly in the alveolar  
septa. Neither group had histological lesions in any of the extra-respiratory tissues.

By immunohistochemistry, all 4 macaques in the pH1N1 group expressed influenza virus antigen 
in alveolar epithelial cells, both type I pneumocytes (77 of 100 positive cells counted) and type II 
pneumocytes (23 of 100 positive cells counted), in or at the edges of the alveolar lesions (Figure 2). 
Except for a few epithelial cells in larynx and nasal septum of one macaque, influenza virus antigen 
expression was absent in other tissues in the pH1N1 group. There was no expression of influenza 
virus antigen in any tissues of the seasonal H1N1 group (Figure 2). Neither lesions nor expression 
of influenza virus antigen were observed in sham-inoculated macaque lungs (Figure 2). The  
macaques in the seasonal H1N1 group had significantly fewer severe pulmonary lesions  
(Figure 2), lacking edema fluid, with less necrosis and fewer inflammatory cells.

Virus was isolated from the respiratory tract and tonsils, whereas other tissues tested negative. In 
the pH1N1 group, virus was isolated from all 4 macaques, and positive tissues were nose, trachea, 
bronchus, lung, and tonsil. In the seasonal H1N1 group, virus was isolated from 2 of 4 macaques, 
and positive tissues were nose, lung, and tonsil. Viral titers, particularly in the lungs, tended to be 
higher in the pH1N1 group than in the seasonal H1N1 group (Figure 4).

Microarray analysis followed by hierarchical clustering of messenger RNA (mRNA) expression 
profiles revealed 3 clusters: samples of sham-infected lungs (controls), samples of lungs without 
lesions (non-lesional), and samples of lungs with lesions (lesional) (Figure 5). Cluster analysis did 
not separate samples of the pH1N1 and the seasonal H1N1 groups. Limma analysis179 identified 
almost 3,000 mRNA transcripts differentially expressed between pH1N1 lesional and control  
samples (FDR ≤ 0.05 and a 2log-fold change ≥ 1) and about 600—which largely overlapped—
between non-lesional (both pH1N1 and seasonal H1N1) and control samples (Figure 6A).  
About 1,500 transcripts between lesional and non-lesional (both pH1N1 and seasonal H1N1) samples 
were differentially expressed, but only 3 between non-lesional samples of the pH1N1 and seasonal 
H1N1 groups (data not shown). Collectively, cluster and limma analyses showed that lung samples 

Figure 1. (A) Pharyngeal 
viral loads (mean ± standard 
deviation) in the pH1N1 
(black circles) (n = 4) and 
seasonal H1N1 groups (white 
circles) (n = 4). Horizontal 
dotted line indicates detection 
limit. (B) Body temperature 
(mean ± standard deviation) 
in the pH1N1 (black circles) 
and seasonal H1N1 groups 
(white circles).
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with the same gross pathology exhibited virtually identical mRNA expression profiles, lesional 
samples differing significantly from non-lesional ones.

The top 35 upregulated genes in pH1N1 lesional samples mostly belonged to innate immune 
response and proinflammatory pathways (Figure 6B) and correlated with histopathology. For  
example, the high mRNA expression for CCL2, CCL3, CCL8, CXC10, IL8, and CXCL1— 
known chemoattractants for neutrophils and monocytes—corresponded with the abundance of  
these cell types in lesional samples (Figure 2). Pathway analysis (Ingenuity) of the differentially 
expressed genes showed profiles (Figure 7) similar to those observed previously in macaque  
influenza virus infections.263

Discussion
We here show that the pH1N1 virus is found throughout the respiratory tract of macaques with a 
predilection for the lung, infecting alveolar epithelial cells and causing diffuse alveolar damage 
(Figure 2). Furthermore, we show by semi-quantitative analysis that pH1N1 virus causes signifi-
cantly more severe pulmonary lesions than seasonal H1N1 virus in macaques (Figure 4). This  
corresponds with an earlier study where qualitatively more severe lung lesions were observed in 
macaques infected with an early U.S. isolate of pH1N1 virus, A/California/04/09, than in those  
infected with a recent human H1N1 virus.264 Samples for microarray analysis were obtained at 1 

Figure 2. Lung. Histologic 
and immunohistochemical 
staining for virus antigen 
in pH1N1- and seasonal 
H1N1-infected macaques 
and control macaques. First 
row: Alveoli of a macaque 
infected with pH1N1 show 
alveolar edema and infil-
tration by neutrophils and 
macrophages in alveolar 
lumina (HE) and influenza 
virus antigen expression in 
type I (arrow) and type II 
(arrow head) pneumocytes 
(IHC; Immunoperoxidase 
with hematoxylin counter-
stain). Second row: Alveoli 
of a macaque infected with 
seasonal H1N1 show no 
edema and fewer inflam-
matory cells and lack of in-
fluenza virus antigen. Third 
row: Alveoli of a negative 
control macaque. 
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time point post infection only and, unfortunately, lesional lung samples could only be collected from 
1 animal inoculated with seasonal H1N1 virus and 3 animals with pH1N1 virus. Given this limita-
tion, similar mRNA expression profiles between the more severely affected lungs in the pH1N1 
virus infection and those in the seasonal H1N1 virus infection (Figure 5) do not suggest an intrinsi-
cally different molecular pathogenesis. Instead, the more severe pulmonary lesions are associated 
with more abundant virus in the lower respiratory tract by immunohistochemistry (Figure 4).

Diffuse alveolar damage, as observed in the macaques infected with the pH1N1 virus, is the 
pathological correlate of acute respiratory distress syndrome,265 as diagnosed clinically in people 
who died with pH1N1 virus infection.256 The character of the lesions and the cell types targeted in 
the alveoli of the macaques is qualitatively similar to those found at autopsy of people dying from 
rapidly progressive pneumonia during the influenza pandemics of 1918, 1957, and 1968.106

Interestingly, the predilection of the pH1N1 virus to infect type I pneumocytes of cynomolgus 
macaques corresponds more to the attachment pattern of avian influenza viruses than of human 
influenza viruses. In virus histochemistry studies, we found that avian influenza viruses attach mainly 
to type I pneumocytes in the macaque lung, whereas human influenza viruses show little or no 
attachment at all.124,125,125 A possible explanation for this apparent discrepancy is given by a recent 
carbohydrate microarray study.266 In this study, 2 pH1N1 viruses bound not only to the majority of 
α-2-6-linked sialyl sequences -“human-type” oligosaccharide receptors—but also to a considerable 
range of α-2-3-linked sialyl sequences—“avian-type” oligosaccharide receptors. This was in contrast 
to a seasonal human H1N1 virus, which bound exclusively to α-2-6-linked sialyl sequences.  
This suggests that pH1N1 virus is able to attach both to human-type and to avian-type oligosaccha

Figure 3. (A) Lung of a macaque infected with pH1N1. Alveolar edema and 
accumulation of inflammatory cells. HE. (B) Lung of a macaque infected 
with pH1N1. Alveolar lumina with edema, fibrin, and accumulation of 
inflammatory cells, and alveolar septa with necrosis and infiltration of 
inflammatory cells. HE. (C) Lung of a macaque infected with pH1N1. PAS-
positive hyaline membranes in the alveolar lumina (arrow heads). PAS. (D) 
Lung of a macaque infected with pH1N1. Loss of alveolar epithelium in a 
part of the alveolus, demonstrated by partial loss of pankeratin staining (red). 
Horseradish peroxidase with hematoxylin counterstain.
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ride receptors and may explain, at least in part, the higher virus replication and severity of lesions 
in macaque lungs than observed with seasonal H1N1 virus infection.

The pH1N1 virus causes milder clinical signs and lesions in cynomolgus macaques than either 
avian H5N1 virus148,259 or 1918 H1N1 virus.267 By histopathology, this was shown mainly by less 
extensive edema, inflammation, and necrosis in the lung parenchyma. These differences mirror those 

Figure 4. (A) The percentage affected area, histological score, and virus-infected 
cells (mean ± standard deviation) in the lungs of the pH1N1 (black bars) and 
seasonal H1N1 groups (white bars). The histological score was based on the size 
and severity of inflammatory foci in different areas of the lung. Virus-infected 
cells were calculated as the percentage of microscope fields showing influenza 
virus antigen expression. * P = 0.04 and 0.03, respectively. (B) Viral loads in 
respiratory tract tissues of the pH1N1 (black bars) and seasonal H1N1 groups 
(white bars) (mean ± standard deviation). Horizontal dotted line indicates 
detection limit. This differs per tissue because of variation in sample weights.

Figure 5. Cluster analysis of gene 
expression profiles from lesional 
and nonlesional lung samples 
from macaques infected with 
pH1N1 virus or seasonal H1N1 
virus. Hierarchical clustering of 
15 gene expression profiles reveals 
3 clusters. Normalized absolute 
hybridization signals ranged from 
24 (green) to intermediate (28, 
black) and peaked at 213 (red).
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of case fatality rates in humans from these respective infections.268,269 Changes in the pathogenicity 
of the pH1N1 virus as it further adapts to its new human host need to be followed closely, because 
adaptation may involve increased or decreased pathogenicity. Increased pathogenicity may have 
occurred during the 1918-1919 influenza pandemic, when a first wave of mild disease was succeed
ed by one with higher disease impact and mortality.270 Decreased pathogenicity may occur if the 
pH1N1 loses its ability to bind to α-2-3-linked sialosaccharides and therefore has less ability to infect 
the lower part of the respiratory tract.266

Figure 6. (A) Limma analy-
sis shows more up-regulat-
ed (red) or down-regulated 
(green) mRNA transcripts 
between pH1N1 lesional 
samples and control sam-
ples than between non-
lesional (both pandemic 
and seasonal H1N1) sam-
ples and control samples. 
Transcripts that are not 
differentially regulated are 
represented in black. (B) 
The 35 most up-regulated 
genes in lesional samples 
of the pH1N1 group com-
pared to control samples 
often belong to pathways 
of innate immune response 
and inflammation. Only a 
small proportion of these 
genes were up-regulated in 
non-lesional samples from 
the pH1N1 or seasonal 
H1N1 groups. Differential 
expression levels (2log) for 
these genes ranged from 0 
(black) to 4.5 (red).

Figure 7. Top 12 most significant (largest p value < 10-6) and relevant differentially expressed molecular 
pathways for pH1N1 lesional samples (Ingenuity Pathways Knowledge Base). The y-axis depicts the fraction 
(ratio) of the genes assigned to a particular pathway that were differentially regulated (limma analysis, FDR 
≤ 0.05, 2log-fold change ≥ 1). The dark, intermediate, and light blue bars refer to the comparative pathway 
analysis of pH1N1 lesional samples, pH1N1 non-lesional samples, and seasonal H1N1 non-lesional samples 
with control samples.
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The absence of influenza virus antigen expression in the trachea and bronchi of the pH1N1 group 
contrasts with the results in ferrets infected with the same virus, where tracheal and bronchial 
epithelial cells showed abundant influenza virus antigen expression.152 One possible explanation is 
differences in pattern of virus attachment between these 2 species: human influenza viruses attach 
more abundantly to tracheal and bronchial epithelium of ferrets than of macaques.125 Another  
possible explanation is the different route of inoculation in the 2 experimental infections: intranasal 
in ferrets versus intratracheal in macaques.

The absence of influenza virus antigen expression in respiratory tract tissues of the seasonal  
H1N1 group is likely due to the lower virus titers that were present in the respiratory tract samples 
from animals inoculated with seasonal H1N1 virus, compared to the pH1N1 virus inoculated animals 
(Figure 4). The lack of virus antigen expression in tissues where virus was cultured may be due to 
the low quantity of viral antigen present that is below the detection limit of the immunohistochemical 
method. Recent pathogenesis studies in ferrets revealed comparable results in which pH1N1 virus 
could be detected in the trachea and lung 3 dpi, whereas no virus could be detected in these organs 
in animals that were inoculated with seasonal H1N1.152

We show here that the pH1N1 virus infects alveolar epithelial cells in a non-human primate  
model, resulting in diffuse alveolar damage that correlates with the clinical observations of acute 
respiratory distress syndrome in fatal human cases. Comparison with macaques infected by a seasonal 
human influenza virus, which is well adapted to its human host, shows that the newly emerged H1N1 
virus causes more severe lung damage, which is associated with the presence of more virus in the 
lung parenchyma.
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Abstract
The newly emerged influenza A H1N1 virus (pH1N1 virus) is causing the first influenza 
pandemic of this century. Three influenza pandemics of the previous century caused variable 
mortality, which largely depended on the development of severe pneumonia. However, the 
ability of the pH1N1 virus to cause pneumonia is poorly understood. Therefore, the pH1N1 
virus was inoculated intra-tracheally into ferrets. Its ability to cause pneumonia was 
compared with that of seasonal influenza H1N1 virus and highly pathogenic avian influenza 
(HPAI) H5N1 virus by clinical, virological, and pathological analyses. Our results showed 
that the pH1N1 virus causes pneumonia in ferrets intermediate in severity between that of 
seasonal H1N1 virus and HPAI H5N1 virus. The pH1N1 virus replicated well throughout 
the lower respiratory tract and more extensively than did both seasonal H1N1 virus (which 
replicated mainly in the bronchi) and HPAI H5N1 virus (which replicated mainly in the 
alveoli). High loads of pH1N1 virus in lung tissue were associated with diffuse alveolar 
damage and mortality. Therefore, the pH1N1 virus may be intrinsically more pathogenic for 
humans than is seasonal H1N1 virus.

Introduction
A new influenza A virus of the subtype H1N1 (pH1N1 virus) that first emerged in Mexico at the 
beginning of 2009 is the first pandemic human influenza virus of the 21st century. Studies have 
concluded that this virus probably originated from a domestic swine reservoir on the basis of its 
genetic signature.96,271 On 11 June 2009, the World Health Organization declared phase 6 of the  
global pandemic alert level.272 As of 25 August 2009, more than 182.166 cases, including 1799 
deaths, in 177 countries have been officially reported.256 

The main concerns about a new influenza pandemic are the disease burden and associated  
mortality it may cause. These are largely due to pneumonia resulting from extension of the viral 
infection to the lower respiratory tract. The initial lung damage may be complicated by concomitant 
or subsequent bacterial pneumonia, which has been shown to be a major cause of mortality during 
the Spanish flu in 1918, before the use of antibiotics.273 In the current outbreak of pH1N1, bacterial 
co-infection was registered in only 20% of the cases investigated.274 In contrast to the damage 
caused by the virus infection to the tracheo-bronchial epithelium in uncomplicated influenza, 
damage to the alveolar epithelium has severe consequences for the gas exchange function of the 
respiratory tract. It allows fluid from the alveolar capillaries to flood the alveolar lumina, causing 
severe, and in some cases fatal, respiratory dysfunction.119

On the basis of the observed relatively low case fatality rate in humans, it is assumed that the 
virulence of the pH1N1 virus is low. However, it is acknowledged that these Figures are uncertain 
because of too limited data.275 Therefore, the potential of the pH1N1 virus to cause lower respiratory 
tract disease in humans is still poorly understood. In a previous publication, we used intranasal 
inoculation of influenza virus into ferrets mainly to model the transmission of the pH1N1 virus in 
humans.152 Here, we use intra-tracheal inoculation of influenza virus into ferrets as a model of 
influenza pneumonia in humans. This intra-tracheal route of inoculation is an appropriate model of 
infection in humans, which is commonly thought to occur through inhalation of infectious droplets 
or airborne droplet nuclei.276 We have used this route of inoculation successfully in previous studies 
involving both ferrets277 and macaques278 to model viral pneumonia. Our results showed that the 
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severity of pneumonia caused by the pH1N1 virus was intermediate between that caused by seasonal 
H1N1 virus and by HPAI H5N1 virus.

Materials and Methods
Virus preparation
Three viruses were used: the pandemic (H1N1) 2009 influenza virus (A/Netherlands/602/2009), 
isolated from a specimen of a human patient who had recently visited Mexico; seasonal H1N1 
influenza virus (A/Netherlands/26/2007), isolated from a patient during the 2006-2007 influenza 
season, and HPAI H5N1 virus (A/Indonesia/5/2005) as described earlier.152 

Study design
For the survival study, groups of 3 ferrets (seasonal H1N1 virus) or 6 ferrets (pH1N1 and HPAI 
H5N1 viruses) with a temperature logger in the peritoneal cavity were inoculated intra-tracheally 
with each of these three viruses at each of the following doses in a 3-ml volume: 104, 106, and 108 
median tissue culture infective dose (TCID50). After inoculation, they were monitored daily for 
clinical signs until maximally 7 days post inoculation (dpi).277 For the pneumonia study, groups of 
3 ferrets (seasonal H1N1 virus) or 6 ferrets (pH1N1 and HPAI H5N1 viruses) were inoculated intra-
tracheally with 106 TCID50 and euthanized at 4 dpi or earlier when they were moribund before that 
time point. Necropsies were performed, and samples were obtained from both respiratory and extra-
respiratory tissues for virological, pathological, and immunohistochemical analyses.

Ferrets
The experiments were performed under biosafety level 3 conditions at the Netherlands Vaccine 
Institute under an animal study protocol approved by the Institutional Animal Welfare Committee. 
Thirteen-month-old purpose-bred ferrets that were seronegative for antibody against circulating 
influenza viruses and Aleutian disease virus were maintained in standard housing and provided with 
commercial food pellets and water ad libitum until the start of the experiment. All ferrets were  
female (body weight, 815 to 1110 g) except for one male each in the pH1N1 virus and seasonal 
H1N1 virus groups of the pneumonia study (body weight, 1150 and 1290 g, respectively).  Two 
weeks before infection, the animals were anesthetized using a cocktail of ketamine (Nimatek; Eurovet 
Animal Health BV) and domitor (Orion Pharma), and a temperature logger (data storage tag micro-T 
ultra small temperature logger; Star-Oddi) was placed in the peritoneal cavity. This device recorded 
the body temperature of the animals every 15 min.

Pathology
Three animals from every group were euthanized by exsanguination under ketamine anesthesia at 
4 or 7 dpi, and necropsies were performed according to a standard protocol. The trachea was clamped 
off so that the lungs would not deflate upon opening the pleural cavity, which allowed visual 
estimation of the area of affected lung parenchyma. Samples for histological examination were  
stored in 10% neutral-buffered formalin (lungs after inflation with formalin), embedded in paraffin, 
sectioned at 4 μm, and stained with hematoxylin and eosin (HE) for examination by light microscopy. 
The following tissues were examined by light microscopy: left lung (cranial and caudal lobe), nasal 
turbinate, nasal septum, larynx, trachea, bronchus, tracheo-bronchial lymph node, eyelid, tonsil, 
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heart, liver, spleen, kidney, pancreas, duodenum, jejunum, colon, adrenal gland, and brain. Samples 
were obtained from the lungs in a standardized way, not guided by changes as seen in the gross 
pathology.

Semiquantitative assessment of influenza virus-associated inflammation in the lung was performed 
as reported elsewhere for the alveoli.172 For the degree of inflammation in the bronchi and 
bronchioles, we used: (1) < 10% of the bronchial and bronchiolar epithelium inflamed, (2) 10%- 
50% of the bronchial and bronchiolar epithelium inflamed, and (3) > 50% of the bronchial and 
bronchiolar epithelium inflamed. For the severity of inflammation in the bronchi and bronchioles, 
we scored (1) peribronchial and peribronchiolar infiltrates, (2) mild necrosis and moderate numbers 
of inflammatory cells with scant exudates, and (3) marked necrosis and large numbers of 
inflammatory cells with abundant exudate. Microscopy slides were examined without knowledge 
of the identity of the animals. The cumulative scores for size and severity of inflammation provided 
the total score per animal.

Immunohistochemical analysis
For detection of influenza A virus antigen, tissues were stained with a primary antibody against the 
influenza A nucleoprotein as described elsewhere.259 Semiquantitative assessment of influenza virus 
antigen expression in the lungs was performed as reported elsewhere for the alveoli.172 For the  
bronchi and bronchioles, the percentage of positively staining bronchial and bronchiolar epithelium 
was estimated on every slide, and the average of the 4 slides was taken to provide the score per 
animal. For phenotyping of alveolar epithelial cells we used a destaining-restaining technique 
described elsewhere.175

 
Virology
Virus titers were determined by virus isolation in Madin-Darby canine kidney (MDCK) cells. Upon 
necropsy, samples of about 0.1 g of the cranial, median and caudal lobe of the right lung and of  
the accessory lobe from each animal were collected (total average weight of about 0.4-0.5 g/animal), 
pooled and homogenized with a FastPrep homogenizer (MP Biomedicals) in 3 ml transport  
medium. Quadruplicate 10-fold serial dilutions of these samples were cultured on MDCK cells.279  
Samples were obtained from the lungs in a standardized way, not guided by changes as seen in the 
gross pathology.

Statistical analysis
We used 1-way analysis of variance (ANOVA) and Tukey’s multiple comparisons of means to 
compare body temperature, relative lung weight, lung virus titer, percentage of affected lung 
parenchyma, and histological and immunohistochemical scores at different levels of the lower 
respiratory tract for comparing the scores of pulmonary lesions and viral antigen expression. 
Differences were considered significant at P <0.05.

Results
The cumulative mortality rate of ferrets inoculated with the pH1N1 virus increased progressively 
from 0% at a dose of 104 TCID50 to 80% at a dose of 108 TCID50 and was intermediate between the 
cumulative mortality rate with seasonal H1N1 virus and that for infection with HPAI H5N1 virus 
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(Figure 1). On the basis of these data, the estimated median lethal dose was about 104 TCID50 for 
the HPAI H5N1 virus, about 107 TCID50 for the pH1N1 virus, and > 108 TCID50 for the seasonal 
H1N1 virus. Because the inoculation dose of 106 TCID50 allowed the best discrimination in 
cumulative mortality rate between the 3 viruses, we performed additional comparative clinical, 
pathological, and virological studies on ferrets inoculated with this dose.

Clinical signs were observed in all ferrets inoculated with 106 TCID50 of the pH1N1 virus from 1 
dpi onwards; these signs included lethargy, loss of appetite, dyspnea, and raised body temperature 
(Figure 2A). In contrast, the seasonal H1N1 virus group showed no obvious clinical signs at any 
time point after inoculation.  The body temperature in the pH1N1 virus group was significantly 
higher than that in the seasonal H1N1 virus group at 1 (P = 0.02) and 2 dpi (P = 0.04, Tukey test). 
The HPAI H5N1 virus group showed more severe clinical signs than did the pH1N1 virus group, 
and all ferrets died or were euthanized because of their moribund state by 3 dpi. The increase in 
body temperature of the HPAI H5N1 virus group was comparable to that in the pH1N1 virus group 
at 1 dpi; at later time points, it decreased due to the progressively moribund state of the ferrets.  
The mean loss in body weight ± standard deviation was 14% ± 5.3 % in the pH1N1 virus group and 
8% ± 5.6 % in the seasonal H1N1 virus group at 4 dpi. Sneezing was not observed in any of  
the ferrets.

Figure 1. Cumulative mortality 
rates of ferrets inoculated with 
different influenza viruses. 
Ferrets were intratracheally 
inoculated with seasonal H1N1 
(n = 3), pH1N1 (n = 6) or HPAI 
H5N1 (n = 6) influenza viruses 
at a dose of 104 (A), 106 (B) or 
108 (C) TCID50. Cumulative 
mortality for pH1N1 virus was 
intermediate between that for 
seasonal H1N1 virus and that for 
HPAI H5N1 virus.
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At necropsy on day 4 p.i., the relative lung weights (Figure 2B) and the lung virus titers (Figure 
2C) of the pH1N1 virus group were intermediate between those of the seasonal H1N1 virus and 
those of the HPAI H5N1 virus group. The relative lung weights among the 3 virus groups were 
significantly different (P = 0.001, ANOVA, F = 18.1), with the relative lung weight of the HPAI 
H5N1 virus group significantly higher (P = 0.006, Tukey test) than that of the pH1N1 virus group. 
Lung virus titers among the 3 virus groups were significantly different (P = 0.001, ANOVA, F = 
17.4), with lung viral titer of the pH1N1 virus group significantly higher (P = 0.05, Tukey test) than 
that of the seasonal H1N1 virus group.

All ferrets inoculated with the pH1N1 virus had multifocal or coalescing pulmonary lesions, which 
were dark red, raised, and firmer than normal (Figure 3). The percentage of lung parenchyma 
affected by this consolidation among the 3 virus groups was significantly different (P = 0.0003, 
ANOVA, F = 42.5). The percentage of affected lung parenchyma in the pH1N1 virus group (range: 
20%-70%) was intermediate between that of the seasonal H1N1 virus group (range: 0%-10%; P = 
0.002, Tukey test) and that of the HPAI H5N1 virus group (80%-100%; P = 0.01, Tukey test).

On histopathological examination, the alveoli of both the pH1N1 virus group and the HPAI  
H5N1 virus group showed diffuse alveolar damage (Figures 3 and 4A), whereas the alveoli of the 
seasonal H1N1 virus group did not. This lesion was characterized by flooding of alveolar lumina 
with alveolar macrophages, neutrophils, and erythrocytes, mixed with fibrin, edema fluid, and 

Figure 2. Body temperatures, rel-
ative lung weights and lung viral 
titers of ferrets inoculated with 
different influenza viruses. The 
ferrets were intratracheally inoc-
ulated with seasonal H1N1 (n = 
3), pH1N1 (n = 6) or HPAI H5N1 
(n = 6) influenza viruses at a dose 
of 106 TCID50. The increase in 
body temperature (A), the rela-
tive lung weight (B), and the lung 
viral titer (C) of the pH1N1 virus 
group were intermediate between 
those of the seasonal H1N1 and 
the HPAI H5N1 virus groups.
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cellular debris. The alveolar walls were thickened and had necrosis of the lining epithelium and 
multifocal type 2 pneumocyte hyperplasia. Qualitatively, the alveolar parenchyma of the pH1N1 
virus group had more infiltration by inflammatory cells, whereas that of the HPAI H5N1 virus group 
had more necrosis and edema. 

The bronchiolar epithelium of the pH1N1 virus group had multifocal necrosis with moderate 
infiltrates of neutrophils and multifocal peribronchiolar infiltration of moderate numbers of 
macrophages, lymphocytes and few neutrophils and plasma cells. In the bronchiolar lumina, there 
were moderate numbers of macrophages, neutrophils, and erythrocytes, mixed with fibrin, edema 
fluid, and cellular debris. Few bronchi had peribronchial infiltrates with moderate numbers of 
lymphocytes and macrophages, and few plasma cells; in the bronchial lumina were moderate 
amounts of cellular debris, fibrin, edema and few neutrophils. In the HPAI H5N1 and seasonal 
H1N1 virus groups, the bronchiolar and bronchial lesions were less severe overall than those in 
the pH1N1 virus group.

Quantitative histological scoring showed that the alveolar lesions in the pH1N1 virus group were 
intermediate in severity between those of the seasonal H1N1 virus group and those of the HPAI 
H5N1 virus group, and that the bronchiolar lesions in the pH1N1 virus group were the most severe 
of all three groups (Figure 5). The histological scores among the 3 virus groups differed significantly 

Figure 3.  Macroscopy, histopathology (HE) and immunohistochemistry (IHC) in the lungs of ferrets inoculated 
with different influenza viruses. The severity of macroscopic lung lesions (top row) in the pH1N1 virus group 
was intermediate between that in the seasonal H1N1 and the HPAI H5N1 virus groups. The pH1N1 virus 
group showed moderate influenza virus expression (IHC) in bronchi, bronchioles, and alveoli, associated with 
histological lesions (HE) characterized by inflammatory cell infiltrates and epithelial necrosis. In contrast, 
the seasonal H1N1 virus group showed minimal influenza virus expression and histological lesions. In the 
HPAI H5N1 virus group, there was more abundant influenza virus antigen expression in the alveoli associated 
with more severe histological lesions, but less abundant influenza virus antigen expression in the bronchi and 
bronchioles, associated with milder histological lesions. IHC with 3-amino-9-ethylcarbazole substrate and 
hematoxylin counterstain. 

201289 proefschrift Judith van den Brand.indd   106 13-11-2012   09:37:46



3.2  |  Pandemic H1N1 influenza virus infection in ferrets

107

3.2

for the alveoli (P = 0.02, ANOVA, F = 6.6), bronchioles (P = 0.003, ANOVA, F = 11.7), and  
bronchi (P = 0.002, ANOVA, F = 14.2). The HPAI H5N1 virus group had significantly higher 
histological alveolar scores than did the pH1N1 virus group (P = 0.02, Tukey test). The pH1N1 
group had higher histological bronchiolar scores than did the HPAI H5N1 group (P = 0.003, Tukey 
test) and the seasonal H1N1 group (P = 0.02, Tukey test). Both the pH1N1 group (P = 0.002, Tukey 
test) and the seasonal H1N1 group (P = 0.02, Tukey test) had significantly higher histological 
bronchial scores than did the HPAI H5N1group.

On immunohistochemical analysis, influenza virus antigen expression was visible as diffuse-to-
granular red staining, which usually was stronger in the nucleus than in the cytoplasm (Figure 3). 
Influenza virus antigen expression was closely associated with the presence of histological lesions 
at different levels of the lower respiratory tract. In the pH1N1 virus and HPAI H5N1 virus groups, 
influenza virus antigen expression was seen predominantly in type 1 and 2 pneumocytes (Figures 
4B and C), alveolar macrophages, bronchiolar epithelial cells, and bronchial epithelial cells. In the 
seasonal H1N1 virus group, influenza virus antigen expression was seen in the same cell types, but 
was rare at any level of the lower respiratory tract. Quantitative scoring showed that influenza virus 
antigen expression in the pH1N1 virus group was high at all 3 levels of the lower respiratory tract 
(alveoli, bronchioles, and bronchi) (Figure 5). This contrasted to the influenza virus antigen expres-
sion in the HPAI H5N1 virus group, which was highest in alveoli, and lower in bronchioles and 
bronchi; and with that in the seasonal H1N1 virus group, which was most prominent in bronchi, but 
low at all 3 levels. The immunohistochemical scores among the 3 virus groups differed signifi-
cantly for the alveoli (P < 0.0001, ANOVA, F = 217) and bronchi (P = 0.01, ANOVA, F = 8.0).  

Figure 4. Diffuse alveolar damage 
in a ferret inoculated with pH1N1 
virus. (A) The alveolar architecture is 
obliterated by thickening of alveolar 
septa and flooding of alveolar 
lumina with alveolar macrophages, 
neutrophils, and erythrocytes, mixed 
with fibrin, edema fluid, and cellular 
debris. HE. (B)  Influenza virus 
antigen expression in nucleus and 
cytoplasm of type 1 pneumocytes. 
IHC: Immunohistochemistry with 
3-amino-9-ethylcarbazole substrate 
and hematoxylin counterstain. (C) 
Keratin expression in cytoplasm 
of identical cells that expressed 
influenza virus antigen (shown in 
panel B), confirming epithelial origin 
of infected cells. IHC.
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The pH1N1 virus group had significantly higher immunohistochemical scores than the seasonal 
H1N1 virus group for alveoli (P < 0.00001, Tukey test) and bronchi (P = 0.01, Tukey test), and 
significantly higher immunohistochemical bronchial scores than did the HPAI H5N1 virus group (P 
= 0.03, Tukey test). None of the ferrets in the seasonal H1N1 virus and pH1N1 virus groups had 
significant lesions or influenza virus antigen expression in extra-respiratory tissues, which is a hall-
mark of infection of ferrets with HPAI H5N1 virus A/Indonesia/5/2005.280,281

Discussion
To cause a major pandemic, a newly emerging influenza virus needs to be not only efficiently trans-
missible among humans, but also must be able to cause severe pneumonia. The former has been 
demonstrated by epidemiological analysis of its spread in the human population, which provided 
R0 estimates in the range of 1.4-1.6, comparable with lower R0 estimates obtained from previous 
pandemics.275 This was corroborated by our previous study, which showed ferret-to-ferret transmis-
sion of pH1N1 virus was equally efficient as that of a seasonal H1N1 virus upon intranasal inocula-
tion.152,282

Here we show that the pH1N1 virus is not only efficiently transmissible but is also able to cause 
severe pneumonia in ferrets. With other factors held constant, the pH1N1 virus causes pneumonia 
that is intermediate in severity between that caused by seasonal H1N1 virus and that caused by  
HPAI H5N1 virus. The pH1N1 virus shares with HPAI H5N1 virus the ability to replicate well in 
epithelial cells in the lower respiratory tract and to cause diffuse alveolar damage. Our results 
correspond with those of Itoh et al.264 who found that ferrets inoculated intranasally with pH1N1 
influenza virus showed more severe bronchopneumonia than those inoculated with a recent seasonal 
H1N1 virus. 

	 Because the pattern of influenza virus attachment to the lower respiratory tract is similar for 
ferrets and humans,125 and because influenza-associated disease in ferrets resembles that in  

Figure 5. Histological and immunohistochemical scoring in the lungs of ferrets inoculated with different 
influenza viruses. Histological scoring of samples stained with hematoxylin-eosin (HE) showed that the alveolar 
lesions in the pH1N1 virus group were intermediate in severity between those of the seasonal H1N1 virus group 
and the HPAI H5N1 virus group, and that the bronchiolar lesions in the pH1N1 virus group were the most 
severe of all 3 groups. Immunohistochemical (IHC) scoring showed that influenza virus antigen expression in 
the pH1N1 virus group was high in alveoli, bronchioles, and bronchi. In the HPAI H5N1 virus group, the scores 
were highest in alveoli, and lower in bronchioles and bronchi. In the seasonal H1N1 virus group, scores were 
low at all 3 levels.
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humans,283 a similar pattern of infection and associated disease by the pH1N1 virus may also be 
expected to occur in human’s. This is corroborated by the clinical characterization of patients with 
confirmed fatal infection with pH1N1 virus, for whom acute respiratory distress syndrome was the 
most frequent diagnosis.274

The warning from this study—with the caveat that no animal model is able to capture all aspects 
of the human disease—is the intrinsic ability of the pH1N1 virus to cause more severe pneumonia 
than seasonal H1N1 virus. This fact needs to be taken into account in ongoing pandemic preparedness 
planning. Furthermore, regular evaluation of the severity of the pneumonia caused by the pH1N1 
virus in this ferret model will provide valuable information about possible changes in virulence as 
this newly emerged virus further adapts to its human host.
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Abstract
To demonstrate that pandemic (H1N1) 2009 virus may cause respiratory disease in cats, we 
intratracheally infected cats. Diffuse alveolar damage developed. Seroconversion of sentinel 
cats indicated cat-to-cat virus transmission. Unlike in cats infected with highly pathogenic 
avian virus (H5N1), extrarespiratory lesions did not develop in cats infected with pandemic 
(H1N1) 2009 virus. 

Introduction
Soon after pandemic (H1N1) 2009 virus (pH1N1) emerged in North America, infections in domes-
tic cats were reported.283,284 Infection with highly pathogenic avian influenza (HPAI) virus (H5N1) 
leads to severe and often fatal diffuse alveolar damage (DAD) and systemic virus spread in 
cats.144,285,286 In contrast, seasonal human influenza viruses do not cause disease in cats.287 To elucidate 
the pathogenesis of pH1N1 infection in cats, we studied 8 laboratory cats intratracheally infected 
with this virus.  

Materials and Methods
Pandemic (H1N1) 2009 virus (A/Netherlands/602/2009) was isolated from a 3-year-old girl from 
the Netherlands who had mild influenza after she visited Mexico in early 2009. Virus was cultured 
in embryonated chicken eggs and passaged once in Madin-Darby Canine Kidney (MDCK) 
cells.152 

We used 2 groups (4 cats/group) of four 16-week-old, purpose-bred, specific pathogen free, 
European shorthair cats that were seronegative for hemagglutinin-inhibition (HI) antibodies against 
pandemic (H1N1) influenza 2009 virus and circulating seasonal influenza A viruses. These cats were 
intratracheally infected with a 106.0 tissue culture infectious dose (TCID50) of pH1N1. A third group 
of 3 sentinel cats were housed with these 2 infected groups (1 group with 1 and 1 group with 2) from 
2 days post infection (dpi) onward. Serum samples were obtained on 0, 4, 7, and 21 dpi and stored 
at -20°C until tested for HI antibodies against pH1N1.288

All 11 cats were monitored daily for clinical signs, and body temperature was measured at 15-min 
intervals. Nasal, pharyngeal, and rectal swab specimens were obtained daily from all cats. After 
being anesthetized with ketamine, all cats were euthanized by exsanguination. Cats in groups 1 and 
2 were euthanized at 4 dpi and 7 dpi, respectively. Sentinel cats were euthanized at 21 dpi. Experi
ments were performed under BioSafety Level 3 by using protocols approved by our Institutional 
Animal Welfare Committee. 

Necropsies were performed according to a standard protocol. Lung, nasal turbinate, nasal septum, 
larynx, trachea, bronchus, tracheobronchial lymph node, nictitating membrane, tonsil, heart, liver, 
spleen, kidney, pancreas, duodenum, jejunum, colon, adrenal gland, brain, and olfactory bulb sam
ples were obtained, were fixed in formalin, and processed to obtain sections for staining with 
hematoxylin and eosin (HE).

For detection of viral antigen, tissue sections were stained with viral nucleoprotein-specific 
antibody.287 Alveolar epithelial cells were phenotyped by using a destaining-restaining technique.175 
After organ samples were weighed and stored at -80°C, pH1N1 virus was quantified by limiting 
dilution virus isolation in MDCK cells.278 
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Results
Cats in groups 1 and 2 infected with pH1N1 showed mild-to-moderate clinical signs (lethargy, 
appetite loss, rapid and labored breathing, and protruding nictitating membrane) after 1 or 2 dpi 
onwards. Average body temperatures increased after 1 dpi, showed a maximum increase of ≈1.5°C 
by 2 dpi, and returned to baseline values within 4-5 dpi (Figure 1). Sentinel cats showed no clinical 
signs. Two cats in group 1 (2 pharyngeal samples) and 2 cats in group 1 and 1 cat in group 2  
(1 pharyngeal sample) had low virus titers during 1-4 dpi (≤ 101.8 TCID50 /g). Nasal swab samples 
from all sentinel cats and pharyngeal and rectal swab specimens from 2 cats were virus positive by 
reverse transcription-PCR (cycle threshold ≥35) 2-6 days after first contact with infected cats. No 
virus was isolated from these swab specimens.

On 4 dpi, high virus titers were found in lungs, bronchi, and tracheas from4 infected cats (105.5-6.3, 
102.9-4.6 and 103.1-3.8 TCID50 /g, respectively). The tonsils from 2 cats, intestines from 1 cat, and the 
spleen from 1 cat also had high virus titers (103.0 and 104.2, 101.6, and 101.6 TCID50 /g, respectively). 
On 7 dpi, virus was detected in lung from 1 cat and trachea from 1 cat (103.0 and 101.6 TCID50 /g, 
respectively). Infectious virus (101.2-2.2 TCID50 /g) was found in liver, intestine, brain, adrenal glands, 
and nictitating membranes of individual cats. The olfactory bulb of 1 cat was virus positive (103.0 
TCID50 /g). No other organs from any cats were virus positive (Table).

No serum HI antibodies (titer < 20) were found in group 1 cats on 4 dpi. All group 2 cats had 
serum HI antibodies (titers 30-120) on 7 dpi. One sentinel cat was seropositive on 15 dpi (titer 40); 
all cats were positive on 21 dpi (titer 80). 

All infected cats showed multifocal or coalescing pulmonary consolidation, ranging from 30 to 
50 % on 4 dpi and from 10 to 30 % on 7 dpi (Figure 2). All tracheobronchial lymph nodes were 
enlarged 3-5x. Palatine tonsils were enlarged ≈2x on 7 dpi. All sentinel cats showed mild multifocal 
consolidation; 5-10% of lung parenchyma was affected. Two cats had tracheo-bronchial lymph nodes 
enlarged 2-5x. 

Histopathologic analysis (Figure 2) identified pulmonary consolidation indicative of DAD.  
Alveolar and bronchiolar lumina showed edema and contained variable numbers of macrophages, 
neutrophils, and erythrocytes mixed with fibrin and cellular debris. Alveolar walls were thickened 
and showed necrosis of lining epithelium and type II pneumocyte hyperplasia. Bronchiolar walls 

were moderately infiltrated by neutrophils 
and had multifocal epithelial necrosis and 
multifocal peribronchiolar moderate infiltra-
tion by macrophages and lymphocytes and 
few neutrophils and plasma cells. Bron-
chial lumina harbored few neutrophils and 
scant edema, fibrin, and cellular debris. 
There were few peribronchial infiltrates 
with a small number of lymphocytes, plas-
ma cells, and macrophages. Lung lesions 
seen on 4 and 7 dpi were comparable except 
for more extensive type II pneumocyte hy-
perplasia on 7 dpi. Tracheobronchial lymph 
nodes and palatine tonsils had severe sinus 
histiocytosis and lymphocytolysis, and  

Figure 1. Average body temperatures of 2 groups of cats 
experimentally infected with pandemic (H1N1) 2009 
virus (groups 1 and 2) and sentinel cats (group 3). 
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moderate infiltration by neutrophils. Histologic changes in lung parenchyma of all sentinel cats were 
consistent with chronic lesions resulting from those seen in the other cats. No lesions were seen in 
other organs of all cats. 

Virus antigen expression was more prominent on 4 dpi than on 7 dpi and was closely associated 
with histologic lesions (Figure 2). Virus antigen expression was seen in many type II pneumocytes, 
few type I pneumocytes, alveolar macrophages, bronchiolar ciliated and non-ciliated epithelial  
cells, and rare bronchial ciliated epithelial cells. Type I and II pneumocytes were identified by double 
staining with cytokeratin. No virus antigen was observed in the sentinel cats.

Discussion
Intra-tracheal infection of domestic cats with pH1N1 resulted in mild-to-moderate clinical signs 

and virus replication throughout the respiratory tract, which caused DAD. The pathogenesis in the 
respiratory tract in cats was similar to that occurring in humans, macaques, and ferrets.106,152,154,263 
Seroconversion of sentinel cats indicated cat-to-cat transmission. 

Unlike infection with seasonal human influenza viruses, infection with pH1N1 causes respira
tory disease in cats. To compare infection of pH1N1 with HPAI virus (H5N1), we used our 
unpublished data for cats intratracheally inoculated with 105.0 TCID50 HPAI virus (H5N1)  
(A/Indonesia/5/2005) at 4 and 7 dpi144 and for sham-infected cats. Histopathologic and 
immunohistochemical findings in lungs of cats infected with these viruses coincided, which indicated 

Table 1.  Immunohistochemic alanalysis and virus isolation on 4 and 7 dpi in respiratory and extra-respiratory 
tissues of cats intratracheally infected with pandemic (H1N1) 2009 virus

No. positivea

IHC analysis Virus isolationb

Tissue 4 dpi 7 dpi 4 dpi 7 dpi

Respiratory

   Lung 4 3 4 1

   Bronchus 2 0 4 0

   Trachea 0 0 4 1

   Nasal turbinates 0 0 2 0

Extra respiratory

   Liver 0 0 0 1

   Intestine 0 0 1 1

   Olfactory bulb 0 0 0 1

   Brain 0 0 0 1

   Spleen 0 0 1 0

   Tonsil 0 0 2 0

   Adrenal gland 0 0 0 2

   Nictitating membrane 0 0 0 2

a Four cats were examined in each day. IHC, immunohistochemical; dpi, days post infection.
b No virus was isolated from the tracheobronchial lymph node, pancreas, heart, or kidney of any cats.
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Figure 2. Macroscopic, histopathologic and immunohistochemical analysis on day 4 of lungs of cats infected 
with highly pathogenenic avian influenza (HPAI) virus (H5N1), pandemic (H1N1) 2009 virus (pH1N1) or 
phosphate-buffered saline (PBS: Sham). Macroscopic analysis of lungs (top row) in cats infected with HPAI 
virus (H5N1) demonstrated multifocal or coalescing consolidation characterized by dark-red, firm, slightly 
raised areas. Multifocal consolidation occurred in the group infected with pH1N1. The sham-infected group 
had no lesions. Lesions of cats infected with HPAI virus (H5N1) (first column) showed severe epithelial necrosis 
in the bronchioles and alveoli (hematoxylin an eosin stain: HE) with intraluminal edema and inflammatory 
cell infiltrates, and associated influenza virus antigen expression (immunohistochemical stain with 3-amino-9-
ethylcarbazole subtrate and hematocylin counterstain: IHC) in bronchiolar and type II alveolar epithelial cells. 
The group infected with pH1N1 (second column) had lesions characterized by inflammatory cell infiltrates in 
bronchioles and alveoli (HE) associated with influenza virus antigen expression in bronchiolar epithelial cells 
and type II alveolar epithelial cells (IHC). The group inoculated with PBS (third column) showed no lesions 
(HE) or expression of influenza virus antigen (IHC). Original magnification, bronchiole x200, alveoli HE x400, 
and alveoli IHC x1000.
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a similar pathogenetic process and increased severity in cats infected with HPAI virus (H5N1). 
However, in contrast to HPAI virus (H5N1), pH1N1 does not cause extrapulmonary lesions in 
infected cats. Our data show that pH1N1 may cause respiratory disease in cats and that human-to-cat 
transmission is the most likely route of infection.  
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Abstract
The primary complication of seasonal influenza in humans is viral pneumonia. A conven-
tional animal model - intranasal inoculation of ferrets with 106 median tissue culture infec-
tious dose (TCID50) of virus - results in disease that is neither consistent nor comparable with 
severe viral pneumonia in humans. Therefore, we modified the experimental procedures  
by increasing the TCID50 to 109 and by inoculating via the intratracheal route, testing  
these procedures with H1N1 strains (A/Bilthoven/3075/1978 and A/Netherlands/26/2007) 
and H3N2 strains (A/Bilthoven/16190/1968 and A/Netherlands/177/2008) of seasonal influ-
enza virus. The ferrets of all groups (n = 3 per virus strain) had clinical signs, increased body 
temperature, virus excretion from day 1, loss of body weight, and increased relative lung 
weight at 4 days post inoculation. All ferrets had severe pulmonary consolidation, and his-
tological examination revealed moderate to severe necrotizing broncho-interstitial pneumo-
nia with severe edema, necrosis of alveolar epithelium, inflammatory infiltrates in alveolar 
septa and lumina, epithelial regeneration, and perivascular and peribronchiolar inflamma-
tory infiltrates. The lesions were associated with the presence of influenza virus antigen in 
respiratory epithelium by immunohistochemistry. Although all 4 virus strains caused pul-
monary lesions of comparable severity, virus isolation in the lungs, trachea, nasal concha, 
and tonsils showed higher mean virus titers in the H1/07 and H3/68 groups than in the H1/78 
and H3/08 groups. In conclusion, above H1N1 and H3N2 strains cause severe pneumonia in 
ferrets by use of the modified experimental procedures and provide a good model for pneu-
monia caused by seasonal influenza A virus infection in humans.

 

Introduction
Seasonal human influenza viruses cause viral pneumonia as a primary complication in the elderly, 
immunosuppressed, and very young.290 In currently used animal models, seasonal influenza virus 
infection does not consistently cause viral pneumonia.152,291,292 Therefore, it is difficult to study the 
pathogenesis of this complication or evaluate preventive or therapeutic measures against it.

Ferrets are commonly used as experimental animals to study the pathogenesis of human influen
za and test vaccines and antivirals against influenza virus infection. Ferrets and humans have 
similarities in their respiratory tract and in their interaction with human influenza viruses.  
Ferrets have similar lung physiology and airway morphology as humans.283 Human influenza  
viruses show a similar pattern of attachment to ferret respiratory tract epithelium.125 Both  
species are susceptible to infection with human influenza viruses.119,283 Both develop similar disease: 
usually upper respiratory tract disease, which is mild, and occasionally pneumonia, which is more 
severe or even fatal.119,283 That human influenza virus infection usually causes only mild disease 
in ferrets is a drawback if one wishes to have an animal model for severe influenza viral 
pneumonia.

Outcome of experimental influenza virus infection can be modified in different ways, including 
route of administration, viral dose, and virus strain. Intranasal inoculation of ferrets with seasonal 
human H1N1 influenza virus causes rhinitis without involvement of the lower respiratory tract,152 
while intratracheal inoculation of the same virus strain causes broncho-interstitial pneumonia.292 

Increasing the dose of viral inoculum from 104 to 108 mean tissue culture infectious dose (TCID50) 
results in a higher mortality rate.292 Influenza virus strains differ in pathogenicity. For example, the 
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strain of H1N1 virus that emerged in 2009 and caused a human pandemic causes more severe disease 
in different species of experimental mammals than  the strain of H1N1 virus that has been circula
ting for decades in the human population.264,292,293

Making use of the above knowledge, we adapted the experimental procedures with the objective 
of establishing a model of human seasonal influenza virus infection that consistently induces 
pneumonia in ferrets. In this model, we used an intratracheal route of inoculation and a high viral 
dose of 109 TCID50. We tested these modified experimental procedures for subtypes H1N1 and 
H3N2 and for both recent and older strains of these subtypes.

Materials and Methods
Study design
We chose for intratracheal inoculation because this method delivers the viral inoculum closer to the 
site of pneumonia than intranasal inoculation. Also, we have shown previously that intratracheal 
inoculation more consistently induces pneumonia in ferrets than intranasal inoculation, both for 
seasonal H1N1 influenza virus292 and for highly pathogenic avian H5N1 influenza virus.294

We chose for an inoculum dose of 109 TCID50 on the basis of a previous study, where we had 
used doses ranging from 104 to 108 TCID50 to inoculate ferrets intratracheally with seasonal H1N1 
influenza virus.292 Because even ferrets inoculated with a dose of 108 TCID50 did not show mortality 
by 7 days postinoculation (dpi), we chose for a 10X higher dose, 109 TCID50, which is the highest 
dose practical for most virus strains by use of current laboratory techniques.

We chose for an H1N1 virus strain (H1/07) and an H3N2 virus strain (H3/08) as representative 
for humans seasonal influenza viruses circulating most recently in the human population. For 
contrast, we chose an H3N2 virus strain (H3/68) that had been isolated soon after this subtype had 
been introduced into the human population in 1967 and an H1N1 virus strain (H1/78) that had been 
isolated soon after this subtype had been re-introduced into the human population in 1977. We 
considered that the older viruses might be more pathogenic in ferrets because they had not had as 
much time to adapt to replication in the mammalian host as more recent viruses.

For each virus (4 groups), a group of 3 ferrets was inoculated intratracheally with 109 TCID50 in 
a 3-ml volume under anesthesia with ketamine (Nimatek, Eurovet Animal Health BV, Bladel, the 
Netherlands) and medetomidine hydrochloride (Domitor, Orion Pharma, Espoo, Finland). From 0 
to 4 dpi, ferrets were monitored daily for clinical signs, and under ketamine/medetomidine 
hydrochloride anesthesia, body weight was measured and pharyngeal swabs were collected.277 At 4 
dpi, necropsies were performed, and samples were taken from respiratory and extra-respiratory 
tissues for virologic, pathologic, and immunohistochemical analyses. The experiments were 
performed under an animal study protocol approved by the Institutional Animal Welfare Committee 
and performed compliant with national and European legislation. All experiments were performed 
under biosafety level 3 conditions at the Netherlands Vaccine Institute.

Virus preparation
Four seasonal influenza viruses were isolated from patients during different influenza seasons:  
H1N1 strains A/Bilthoven/3075/1978 (H1/78) and A/Netherlands/26/2007 (H1/07) and H3N2 strains 
A/Bilthoven/16190/1968 (H3/68) and A/Netherlands/177/2008 (H3/08). The isolates were passaged 
3 times in Madin-Darby Canine Kidney (MDCK) cells and titrated according to standard methods.  
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Subsequently, the viruses were purified and concentrated about 20-fold using sucrose gradient 
centrifugation, reaching an infectious virus titer of 1 x 109 TCID50 per ml.277,279

Ferrets
Twelve 8-month-old purpose-bred female ferrets–seronegative for antibodies against circulating 
influenza viruses H1N1, H3N2, pandemic (H1N1) 2009 and Aleutian disease virus–were maintained 
in standard housing, and provided with commercial food pellets and water ad libitum until the start 
of the experiment. All ferrets were female (body weight, 690-1010 g). Two 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 15 min. 
Changes in body temperature were calculated by subtracting the mean day and night temperature 
measured on 2 successive days in the period before the challenge from the mean day and night 
temperatures post infection. For the relative lung weight of control ferrets the lungs of 22 non-
infected female ferrets were weight, expressed as a percentage of the total body weight.

Pathology
The animals were euthanized by exsanguination under ketamine anesthesia on 4 dpi and necropsied 
according to a standard protocol. The trachea was clamped off so that the lungs would not deflate 
upon opening the pleural cavity, thereby allowing visual estimation of the area of affected lung 
parenchyma. Samples for histologic examination were stored in 10% neutral buffered formalin 
(lungs after inflation with formalin), embedded in paraffin, sectioned at 4 μm, and stained with 
hematoxylin and eosin (HE) for examination by light microscopy. The following tissues were 
examined by light microscopy: left lung (four slides with either cranial or caudal lobe with 
longitudinal or cross section), nasal turbinate, nasal septum, larynx, trachea, bronchus, tracheo-
bronchial lymph node, eyelid, tonsil, heart, liver, spleen, kidney, and brain.

Semiquantitative assessment of influenza virus-associated inflammation in the lung was performed 
as reported earlier:295 For the extent of alveolitis and alveolar damage: 0, 0%; 1, 1-25%; 2, 25-50%; 
3, > 50 %. For the severity of alveolitis, bronchiolitis, bronchitis, and tracheitis: 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: 
0, no; 1, yes. For the extent of peribronchial, peribronchiolar, and perivascular infiltrates: 0, none; 
1, 1-2 cells thick; 2, 3-10 cells thick; 3, more than 10 cells thick. Slides were examined without 
knowledge of the identity of the animals. The cumulative scores for size and severity of inflammation 
of all slides provided the total score per animal. As a control animal for histopathology and 
immunohistochemistry, a ferret was sham inoculated with phosphate buffered saline and euthanized 
at 4 dpi.

Immunohistochemistry
For detection of influenza A virus antigen, tissues were stained with a primary antibody against the 
influenza A nucleoprotein as described previously.259 Alternatively, binding of the primary antibody 
was detected using a peroxidase labeled goat-anti-mouse IgG2a (Southern Biotech, Birmingham, 
AL). Peroxidase activity was revealed using 3-amino-9-ethylcarbazole (AEC) (Sigma, St Louis, 
MO, USA), resulting in a bright red precipitate. In each staining procedure an isotype control was 
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included as a negative control, and a lung section from an experimentally influenza-inoculated cat 
(H5N1) was used as positive control. 

Semiquantitative assessment of influenza virus antigen expression in the lungs was performed  
as reported earlier:295 for the alveoli, 25 arbitrarily chosen fields (20x objective) of lung paren
chyma from 4 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 bronchi and bronchioles, 
the percentage of positively staining bronchial and bronchiolar epithelium was estimated on every 
slide and the average of the 4 slides provided the score per animal: 0, 0%; 1, 1-25%; 2, 25-50%; 3, 
> 50 %. 

 
Virology
After collection on 0, 1, 2, 3 and 4 dpi, pharyngeal swabs were stored at -70°C in the same medium 
as that used for the processing of the lung samples. Quadruplicate 10-fold serial dilutions of lung 
and swab supernatants were used to determine the virus titers in confluent layers of MDCK cells as 
described previously.279

Samples of all lobes of the right lung and the accessory lobe, nasal concha, trachea, tonsil, tracheo-
bronchial lymph node, spleen, brain, third eyelid, liver, kidney, and heart from all animals were 
collected on 4 dpi and stored at -70°C until further processing. The samples were weighed and 
subsequently homogenized with a FastPrep-24 (MP Biomedicals, Eindhoven, The Netherlands) in 
Hank’s balanced salt solution containing 0.5% lactalbumin, 10% glycerol, 200 U/ml of penicillin, 
200 μg/ml of streptomycin, 100 U/ml of polymyxin B sulfate, 250 μg/ml of gentamycin, and 50 U/
ml of nystatin (ICN Pharmaceuticals, Zoetermeer, The Netherlands) and centrifuged briefly before 
dilution. 

Statistical analysis
The one-way analyses (ANOVA) test for multiple comparisons was used to assess differences 
between the virus groups for: body weight, relative lung weight, percentage affected lung tissue, 
histologic scores, immunohistochemical scores, and viral load. A post-test was performed only 
when P < 0.05 (independent t test). Differences were considered significant when P < 0.05.

Results
Clinical findings
The ferrets became lethargic at 2 dpi with loss of appetite, mild dyspnea, and raised body tempera
ture (Figure 1). Sneezing was not observed in any of the ferrets. The body temperature profile after 
inoculation of the ferrets was similar in the different groups with an increase in body temperature 
starting 4 hours after inoculation until 1 dpi with a temperature increase up to 2 ˚C from the base
line. The differences in body temperature and body weight loss among groups (Table 1) were not 
statistically significant.

Gross pathology
At necropsy on 4 dpi, all ferrets had multifocal or coalescing pulmonary consolidation, with dark 
red, raised, and firm areas. The median percentage of lung tissue affected was 40% in all groups 
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(Table 1). The relative lung weights of all ferrets were similar with only small differences between 
the groups. The differences in percentage in lung tissue affected and relative lung weight among 
groups were not statistically significant.

Histopathology
By histopathology (Figure 2), all groups showed a multifocal to diffuse, moderate to severe 
necrotizing broncho-interstitial pneumonia. This lesion was characterized by flooding of alveolar 
lumina with edema fluid, fibrin, and cellular debris mixed with alveolar macrophages, neutrophils, 
and erythrocytes (Figure 2). The alveolar walls were thickened and had necrosis of the lining 
epithelium and multifocal type II pneumocyte hyperplasia. The bronchiolar walls had multifocal 
epithelial necrosis with moderate infiltrates of neutrophils and peribronchiolar multifocal infil
tration of moderate numbers of macrophages, lymphocytes, and few neutrophils and plasma cells. 
In the bronchiolar lumina, there were moderate numbers of macrophages, neutrophils, and 
erythrocytes, mixed with fibrin, edema fluid, and cellular debris (Figure 2). Histopathologic 
changes in the bronchi were similar but less severe (Figure 2). Multifocally, there was moderate 
lymphocytic and suppurative tracheo-bronchoadenitis, tracheitis, and rhinitis. In the other organs, 
there were no significant changes.

Figure 1. Changes in body temperature 
from the baseline in ferrets infected with 
recent and old H1N1 and H3N2 seasonal 
human influenza viruses at 4 dpi.

Table 1.  Ferrets with different recent and old seasonal human influenza viruses

Group Virus Weight loss (%) Affected lung tissue 
(%)

Relative lung weight b 
(%)

Median Range Median Range Median Range

1 H1N1 78 11 8-15 40 30-50 1.2 1.2-2.0

2 H1N1 07 7 6-8 40 40-40 1.2 0.9-1.3

3 H3N2 68 14 5-16 40 30-40 1.3 1.0-1.3

4 H3N2 08 9 7-19 40 40-50 1.3 1.1-1.3
a Per group, n = 3; 4 dpi.
b The relative lung weight is expressed as a percentage of the total body weight. The median relative lung 
weight of control ferrets was 0.6, with a range of 0.5-0.8.
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Semi-quantitative histological scoring of the respiratory tract showed that the alveolar, bronchio
lar, and bronchial lesions were comparable among the viruses (Figure 3A), except for the bronchi 
where the scores were significantly higher in the H3/68 group when compared to the H1/78 (P = 
0.049) and the H3/08 (P = 0.043) group. The differences in histologic scoring of the alveoli and 
bronchioles were not statistically significant.

Immunohistochemistry
By immunohistochemistry, influenza virus antigen expression was visible as diffuse to granular red 
staining, which usually was stronger in the nucleus than in the cytoplasm. Influenza virus antigen 
expression was closely associated with the presence of histologic lesions at different levels of the 

Figure 2. Histology (HE) and immunohistochemistry (IHC) in the lungs of ferrets inoculated with different 
seasonal influenza viruses. Top row: uninfected control ferret. No lesions. Middle row: representative slide of a 
ferret infected with seasonal human influenza virus. Alveoli; in the alveolar lumina there is flooding with edema 
fluid, fibrin, and cellular debris mixed with alveolar macrophages, neutrophils, and erythrocytes. Bronchiole; 
representative slide of a ferret infected with seasonal human influenza virus. There is multifocal epithelial 
necrosis with moderate infiltrates of neutrophils, and in the bronchiolar lumen there are moderate numbers 
of macrophages, neutrophils, and erythrocytes, mixed with fibrin, edema fluid, and cellular debris. Bronchus; 
representative slide of a ferret infected with seasonal human influenza virus. In the bronchial lumen there are 
moderate numbers of neutrophils mixed with fibrin, edema fluid, and cellular debris. Bottom row:  representative 
slide of a ferret infected with seasonal human influenza virus. Alveoli; IHC demonstrated expression of influenza 
virus antigen in a type II pneumocyte. Bronchiole; representative slide of a ferret infected with seasonal 
human influenza virus. IHC demonstrated expression of influenza virus antigen in bronchiolar epithelial cells. 
Bronchus; representative slide of a ferret infected with seasonal human influenza virus. IHC demonstrated 
expression of influenza virus antigen in bronchial epithelial cells.
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lower respiratory tract. Influenza virus antigen expression was seen predominantly in type I and II 
pneumocytes, alveolar macrophages, bronchiolar epithelial cells, and bronchial epithelial cells 
(Figures 8-10). In the nose, variable numbers of epithelial cells expressed viral antigen that was  
more present in the H1/07 and H3/08 groups.

Semi-quantitative scoring showed that, in the alveoli, the expression of viral antigen was 
significantly higher in the H1/07 group (P = 0.005) and the H3/08 group (P = 0.021) than in the 
H1/78 group (Figure 3B). In the bronchioles and bronchi, the differences were not statistically 
different. None of the ferrets had influenza virus antigen expression in extra-respiratory tissues.

Virology
In the pharyngeal swabs of all ferrets there was excretion of virus up to 4 dpi, except for H3/08 
with excretion up to 3 dpi. During the 4 days there was not a clear peak in virus excretion (Figure 
3C). Virus excretion was significantly higher in the H1/78 group when compared to the H3/68 (P 
= 0.049) and H3/08 (P = 0.011) groups. At 4 dpi, in the lungs, the virus titers were significantly  

Figure 3. (A) Histologic scoring of the lungs of ferrets infected with recent and old H1N1 and H3N2 seasonal 
human influenza viruses. Asterisks indicate that values differ significantly between the groups (P = 0.049 and 
P = 0.043, respectively). (B) Immunohistochemical scores of influenza-antigen-expressing cells in the lungs of 
ferrets infected with recent and old H1N1 and H3N2 seasonal human influenza viruses. Asterisks indicate that 
values differ significantly between the groups (P = 0.021 and P = 0.005, respectively). (C) The viral load of 
pharyngeal swabs taken from ferrets infected with recent and old seasonal human influenza viruses from 1 to 4 
dpi. The limits of detection of the assay were assigned a value of 0.75 TCID50/gram tissue. Asterisks indicate 
that values differ significantly between the groups (P = 0.049 and P = 0.011, respectively). (D) The viral load 
of respiratory tissues from ferrets infected with recent and old seasonal human influenza viruses at 4 dpi. The 
limits of detection of the assay were assigned a value of 0.75 TCID50/gram tissue. Asterisks indicate that values 
differ significantly between the groups (P = 0.013 and P = 0.001, respectively).
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higher in the H1/07 and H3/68 groups when compared to the groups infected with H3/08 
(respectively, P = 0.013 and 0.001) (Figure 3D). The differences in virus titers between the other 
tissues and groups were not statistically significant. In the bronchial lymph nodes, the virus titer 
was below the detection limit of 0.75 TCID50 per gram tissue. In non-respiratory organs, 1 ferret 
inoculated with H1/07 virus had virus in the heart (101.6 TCID50/g tissue) and 7 animals had virus 
in the brain: 2 animals in both the H1/07 and H1/78 and all animals in the H3/68 group (range, 
101.0-102.1 TCID50/g tissue). No virus was detected in other tissues.

Discussion
In this study, we show that our experimental procedure of using a seasonal influenza virus 

inoculum of 109 TCID50 via the intratracheal route consistently causes a moderate to severe 
pneumonia in ferrets. Co-localization of histologic lesions with virus antigen expression confirms 
that the lesions are caused by influenza virus infection. The histologic character of the lesions  
in the ferrets – necrotizing broncho-interstitial pneumonia – are comparable to the diffuse alveolar 
damage seen in human fatal cases of pneumonia from seasonal human influenza virus infection.296 
Therefore, this is a suitable animal model for pneumonia caused by seasonal influenza in humans. 
In the meantime, seasonal H1N1 has been replaced by pandemic (H1N1) 2009. Previously we have 
shown that pandemic (H1N1) 2009 caused a more severe pneumonia in ferrets than seasonal H1N1 
influenza virus, but not as severe as highly pathogenic avian influenza virus H5N1.15 

In the present experiment, virus antigen expression was detected in the alveolar epithelial cells 
as well as the bronchiolar and bronchial epithelial cells. In human cases of seasonal influenza infec-
tion, there was rarely virus antigen expression found in the alveolar epithelial cells.109 Possible 
explanations for this difference in antigen expression between humans and ferrets include the direct 
intratracheal inoculation route292,297 with the high doses of virus in the ferrets, the later stage  
of disease at which the lung sample usually is taken in humans,119 the naïve immune status  
for influenza in ferrets when compared to humans, and a possible difference in tropism.

Our results did not show a difference in the severity of the lesions of H1/78 compared to H1/07 
or H3/68 compared to H3/08. This means that this pneumonia model functions as well for recent 
and for older strains of seasonal influenza viruses. The high dose of the inocula seems to overcome 
the differences in disease outcomes among different subtypes of the virus, which is visible in lower 
doses as demonstrated by Svitek et al.291 

The viral titers in the brain of few ferrets, albeit low, did not correlate with the results of histo
pathology and immunohistochemistry. Although we did find a slightly increased number of 
lymphocytes in the meninges and choroid plexus of few ferrets, there was no viral antigen expression 
by immunohistochemistry as a demonstration of virus-infected cells. Therefore, we cannot confirm 
virus replication in the brain. One explanation of the presence of virus in the brain could be that it 
is present in the sample (e.g. in the blood or cerebro-spinal fluid) and not replicating in the neuronal 
tissue. Another explanation is that virus isolation is more sensitive than immunohistochemistry.

In conclusion, we here demonstrate an animal model for pneumonia from seasonal influenza A 
virus infection in humans. Regardless of the virus strain used, the results of clinical, pathologic, and 
virologic analyses were consistent and comparable. This model appears to be suitable for both recent 
and older strains of H1N1 and H3N2 subtypes and should be useful to test vaccines and antiviral 
agents against pneumonia from these virus infections.
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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.

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.119 Pandemic influenza viruses, like the pandemic H1N1 (pH1N1) virus in 
2009, cause sporadic pandemics 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.109 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.106 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.298

The pathogenesis of both human and avian influenza virus infections in ferrets resembles that in 
humans.297 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.125 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.277,283,295,299 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.
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We recently compared the pathogenesis of infections with seasonal human H1N1, pH1N1, and 
HPAI H5N1 virus in ferrets.295 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 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;281,299-304 
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.

Methods
Ethics statement
Animals were housed and experiments were conducted in strict compliance with European guide
lines (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 medetomi
dine 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;305 pandemic (H1N1) 2009 virus (pH1N1) (A/Netherlands/602/ 
2009), isolated from a specimen of a human patient who had recently visited Mexico during the 
pandemic in 2009;152 and HPAI H5N1 virus (A/Indonesia/5/2005) as described earlier.152 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 erythrocytes.306 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 others264 and ourselves.152,292,307 The H5N1 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.292,308 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 1 x 107.4 median tissue culture infectious 
dose (TCID50) per ml for H3N2 virus, and 1 x 107.8 TCID50 for both pH1N1 and H5N1 virus.277,279 
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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 37˚C. 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 -80˚C, 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.292,308 After inoculation, the ferrets received atipamezole hydrochloride (0.5 mg/kg 
Antisedan; Orion Pharma, Espoo Finland) and were monitored daily for clinical signs until maxi
mally 14 dpi.277 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 immunohistochemical 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.283,297 Hundred-and-four eleven-month-old purpose-bred ferrets, seronegative 
for antibodies against circulating 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, 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 
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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.281 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 asses
sed 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 abdominal 
movement. Additionally, we used four eleven-month-old purpose-bred ferrets, seronegative for 
antibodies against circulating 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 immediately 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 histopatholo
gical 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 fol
lowing 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 μm, and stained with hematoxylin and 
eosin (HE) for examination by light microscopy.

Semiquantitative assessment of influenza virus-associated inflammation 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:295 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 100x objective 
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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 μm 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.309

Immunohistochemistry
For detection of influenza A virus antigen, tissues were stained with a primary antibody against the 
influenza A nucleoprotein as described previously.305 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.310 

Semiquantitative assessment of influenza virus antigen expression in the lungs was performed as 
reported earlier:292 for the alveoli, twenty-five arbitrarily chosen, 20x objective, 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 20x objective. 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 1024 X 768 pixels with 0.455 
μm 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 expres
sion (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 medium (EMEM containing bovine serum albumin (fraction V), penicillin, 
streptomycin, amphothericin-B, L-glutamine, sodium bicarbonate and Hepes), aliquotted and stored 
at -70°C. 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 
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homogenized with a FastPrep-24 (MP Biomedicals, Eindhoven, The Netherlands) in influenza 
infection medium (EMEM containing bovine serum albumin (fraction V), penicillin, streptomycin, 
amphothericin-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.279

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 calcu
lated 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=∑(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. 
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Results
Seasonal H3N2
Clinical data and gross pathology
The survival rate was 100 % in all groups. Clinical signs (Table 1, p 160) 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 temperature was slightly raised on 2 dpi (Figure 
1C) and 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, p 160). 

Histopathology and virus antigen expression
By histopathology, 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 epithe
lial necrosis and mild edema in the alveolar lumina. By immunohistochemistry, 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 to 8). Antigen expression in the nose was present from 0.5 
to 4 dpi, while no antigen expression was seen in the tracheal, bronchial, bronchiolar, 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 expression over time are 
described in the supporting information (Supporting information S1, p 155).

Semiquantitative histological scoring (Table 2, p 162) 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, p 164). Additionally, the percentage of 
antigen-expressing tissue and counts of virus antigen expression were absent and negligible, 
respectively (Table 3, p 164).

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, 
p 166). 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 , p 168). 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, 
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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 χ2 = 16.8, df = 1, P < 
0.0001). Excretion of H3N2 was a positive linear function of viral production in the upper regions 
(Table 6, p 170). 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, p 
160). 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 (Figure 1A). 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, p 162). There was a mild splenomegaly from 0.5 to 14 dpi (data not shown). 

Histopathology and virus antigen expression
By histopathology, 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 demonstrated 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. 
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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.
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Bronchial glandular 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, p 155).

Digital scoring demonstrated that the amount of air-containing tissue was comparable for all days 
with averages between 63 and 77 % (Table 3, p 164). 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, p 164).

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.
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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, p 166).

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, p 168). 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 χ2 = 58.9, 
df = 1, P < 0.0001). Excretion of pH1N1 was a positive linear function of viral production in the 
upper regions (Table 6, p 170).

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, p 160). 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, 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).
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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.
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Histopathology and virus antigen expression
By histopathology, there was a mild to moderate multifocal rhinitis with necrosis of the epithe-
lium and mild multifocal tracheitis. In the lungs, there was a moderate multifocal bronchitis and 
bronchiolitis, with intra-epithelial and intraluminal neutrophils, mild to moderate epithelial necro-
sis, 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 intra
luminal infiltration of neutrophils, severe intraluminal edema, and hypertrophy and hyperplasia 
of epithelial cells (Figures 4 to 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.

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. 
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In the nose there was antigen expression from 1 to 4 dpi with highest values on 2 and 3 dpi. Anti
gen 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 mononuclear cells in the  
GALT of the jejunum on 2 and 3 dpi and in the spleen on 4 dpi. No antigen expression was seen  

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.
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in other extra-respiratory tissues. Changes in the histological lesions and antigen expression over 
time are described in the supporting information (Supporting information S1, p 155).

Digital scoring demonstrated that the amount of air-containing tissue was lower than in the  
other virus groups, and decreased over time (Table 3, p 164). Digital scoring for antigen expression 
showed positive values on all time points with highest values on 1 dpi, but with high variation 
(Table 3, p 164).

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-

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.
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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, p 166).

Hematology and comparison of leucocytes in blood and alveolar lumina
The total leucocyte counts were decreased from 1 to 4 dpi (Table 5, p 168). 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 

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.
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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, p 168).

Generalized linear model of viral excretion
The final GLM predicting excretion of the H5N1 included 6 significant predictors (LR χ2 = 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.

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.
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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, p 160) and mild splenomegaly was present on all time points (data 
not shown).

Histopathology and virus antigen expression
By histopathology, 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.

 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, p 155). Digital 
scoring demonstrated that the amount of air-containing tissue was slightly lower on 3 and 4 dpi 
(Table 3, p 164).

Virology
All swabs and tissues were negative in virus titration for influenza virus.

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 (x109/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.
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Hematology and comparison of leucocytes in blood and alveolar lumina
No trends were observed in total leucocyte, segmented neutrophil, mononuclear cell and lympho
cyte counts in the blood, or in comparison of leucocyte counts between blood and alveolar lumina 
(Figure 9 and Table 5, p 168). 

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, p 162): 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, bronchio
les, 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 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 
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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.
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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.
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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.125 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.311 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.125 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),125 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 quanti
tative distinction between the virus groups: they showed clear differences between virus groups from 
2 dpi onwards (Table 7, p 171), with relatively little within-group variation (Figure 2). These para
meters have been used with success before for studies on severe acute respiratory syndrome172 and 
on influenza.292 Immunohistochemistry score for virus antigen expression in the alveoli (Figure 3) 
(Table 7, p 171), alveolar edema score, and alveolar hemorrhage score (Table 2, p 162) 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, p 171). 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, p 171). 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 di
sease, 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, p 162).

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 re-
sponse 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 
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and hemorrhage in the alveolar lumina, which was maximal at 4 to 7 dpi (Table 2, p 162). 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 the alveolar lumina, and virus infection was no longer detectable. The reso-
lution of edema and hemorrhage could be explained on the one hand by the action of alveolar 
macrophages,312 and on the other hand by re-epithelialization of the alveolar walls.313

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 hypertrophy and hyperplasia from 1 dpi onwards (Table 2, p 162). 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-inflammatory cytokine production (e.g., IL-6 
and IL-8) and NO production due to H5N1 infection.314,315 Maines et al.299 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.134 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, p 168). 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, p 168). Such 
a leucopenia has been described previously for H5N1 infection in both humans and ferrets,101,104,281,300 

201289 proefschrift Judith van den Brand.indd   153 13-11-2012   09:38:20



Chapter 3  |  Influenza virus infection in animal models

154

whereas ferrets infected with pH1N1 showed higher leucocyte counts.300 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, p 166). 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 immunohistochemistry, 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 and liver of experimentally inoculated ferrets.308,316,317 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 studies280,281,316,317 
likely occurs by spread from the respiratory tract via the blood.134,144,318 However, the expression of 
H5N1 antigen in olfactory mucosa (Figure 5) together with high virus titres in the olfactory bulb 
(Table 4, p 166) suggest that H5N1 may reach the central nervous system from the nasal cavity via 
the olfactory route, as demonstrated recently by Schrauwen et al.319 This H5N1 infection of the 
central nervous system resulted in clinical disease, judging by the presentation of neurological signs 
(Table 1, p 160). 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, p 166), 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.
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Supporting information S1
Detailed description per virus of histopathologic changes and antigen expression by 
immunohistochemistry.

Seasonal H3N2
On 0.5 dpi, no lesions were seen in the nasal concha and immunohistochemistry showed few cells 
(scored as < 25 % of the total nasal epithelium) expressing viral antigen in the respiratory nasal 
epithelium (Figure 3). In the trachea, bronchi and bronchioles there were few intra-epithelial 
neutrophils and focal mild peribronchiolar and perivascular infiltration (cuffing) of few lymphocytes 
and plasma cells of 1 to 2 cells thick. No antigen expression was seen in the tracheal, bronchial, 
bronchiolar, and tracheo-bronchial glandular epithelium at any time point. The alveoli showed mild 
multifocal alveolitis, characterized by mild infiltration of few neutrophils in the alveolar walls 
(Table 2) and few neutrophils, mononuclear cells (believed to be alveolar macrophages) (Figure 9) 
and a small amount of edema in the alveolar lumina. The extent of the alveolitis was between 0 
and 50 % of the lung tissue present in the slides (Table 2, p 162). Semiquantitative scoring showed 
antigen expression in 0 to 2 % of the type II pneumocytes in the alveoli examined.

On 1 dpi, similar lesions were seen. Additionally, there was a mild rhinitis with infiltration of few 
neutrophils in the respiratory epithelium accompanied by a slight increase in antigen expressing cells 
(in between 25-50 %) and also virus antigen expression in a few cells of the olfactory epithelium 
(Figure 4 and 5). In the alveoli, there was focal mild necrosis of the lining epithelium but no edema 
(Figure 8). One animal had a severe multifocal chronic granulomatous pleuropneumonia that was 
not related to the influenza virus infection.

On 2 dpi, there was a slight decrease in the number of antigen expressing cells in the nose. There 
was a mild broncho-adenitis with infiltration of few neutrophils, macrophages and mild necrosis 
of glandular epithelial cells and a mild increase of the numbers of neutrophils in the alveolar walls 
(Table 2, p 162).

On 3 dpi, there were few to moderate numbers of neutrophils in the nasal respiratory epithelium 
and extending into the lamina propria, with mild interstitial edema and mild necrosis as well as 
regeneration of the epithelium. In the bronchi, there was no broncho-adenitis. In the alveoli, a small 
amount of edema was seen and there were no neutrophils in the alveolar lumina.

On 4 dpi, the severity of the rhinitis increased with moderate numbers of neutrophils, and antigen 
was seen in < 25 % of the epithelium. In the alveoli, the number of neutrophils in the walls slightly 
increased as compared to 3 dpi (Table 2, p 162).

On 7 dpi, there were many neutrophils but no antigen expression in the nose (Figure 3, 4 and 5). 
In the lungs, there was a mild broncho-adenitis.

 	 On 14 dpi, the extent of the lesions in the alveoli was < 25 % with no neutrophils in the alveolar 
lumen and few neutrophils in the alveolar walls.

pH1N1
On 0.5 dpi the lesions were limited to the following sites. The nasal concha showed a mild rhinitis 

with few neutrophils in the nasal epithelium. By immunohistochemistry, there was antigen expres
sion in 25 to 50 % of the single layered nasal respiratory epithelial cells (Figures 3 and 4). In the 
trachea, there was a mild multifocal tracheitis with mild infiltration of neutrophils in the wall and 
lumen (and occasionally in the tracheal glands) that lasted until 14 dpi. The bronchial and bronchiolar 
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epithelium had mild infiltration of few neutrophils. In peribronchiolar and to a lesser extent 
peribronchial and perivascular tissues, there was infiltration of few cells (1 to 2 cells thick), consisting 
predominantly of macrophages and lymphocytes, with few neutrophils and plasma cells. In the 
bronchi, there was antigen expression in < 25 % of the epithelium and in the bronchioles it was be
tween 25 and 50 %. Bronchial glandular epithelial cells expressed virus antigen with often more 
expression in glandular cells than in bronchial epithelial cells. The alveoli showed diffuse alveolar 
damage (DAD) (Figure 8 and 10) that was characterized by an alveolitis with a moderate number 
of neutrophils in the alveolar walls (Table 2, p 162) and occasional neutrophils, few alveolar macro
phages, and few eosinophils in the alveolar lumina (Figure 9). The extent of the alveolar lesions was 
between 25 and 50 % of the pulmonary tissue on the slides. Influenza virus antigen expression was 
closely associated with the presence of histological lesions and was seen predominantly in type II 
pneumocytes and less in type I pneumocytes and alveolar macrophages (Figure 8). Semi-quantitative 
scoring of the alveoli showed that the percentage of antigen expressing cells was high (Figure 3).

On 1 dpi, the numbers of neutrophils in the nose had increased and antigen expression was present 
in > 50 % of the respiratory epithelium and was also seen in the basal and olfactory cells of the 
olfactory epithelium (Figures 3 and 5). The inflammatory infiltrate in bronchial and bronchiolar 
epithelium was increased to many neutrophils, and necrosis of the epithelium that was more pro-
nounced in the bronchioles when compared to the bronchi. There was cellular debris in the bron-
chiolar lumina. There were many inflammatory cells, predominantly macrophages and lymphocytes, 
with few neutrophils and plasma cells, in the bronchiolar epithelium. Peribronchial, peribronchiolar 
and perivascular cuffing was increased to 3 to 10 cells thick, and consisted predominantly of mac-
rophages and lymphocytes, with few neutrophils and plasma cells. Broncho-adenitis was present. 
There was antigen expression in > 50 % of the bronchiolar epithelium and in 25 to 50 % of the 
bronchial epithelium. In the alveolar walls and lumina, there were more neutrophils, and in the 
alveolar lumina there were more mononuclear cells mixed with scant edema fluid, fibrin, erythro-
cytes, and cellular debris. The alveolar walls were thickened, had mild necrosis of the lining epi-
thelium, and mild type II pneumocyte hypertrophy and hyperplasia. There was a mild to severe 
broncho-adenitis. Immunohistochemistry scores showed a peak in the number of antigen express-
ing cells in both upper and lower respiratory tract.

On 2 dpi in the bronchioles, necrosis was more severe, in some locations with complete absence 
of bronchiolar epithelial cells, clearly present denuded basement membranes and large amounts of 
cellular debris mixed with alveolar macrophages, neutrophils, erythrocytes, fibrin and edema fluid 
in the lumina. There was regeneration of bronchiolar epithelial cells with hyperplasia and hypertro-
phy, and moderate broncho-adenitis. Antigen expression in the bronchioles was decreased to between 
25 and 50 %. In the alveoli, the severity of the lesions had increased, with more epithelial necrosis, 
edema, hemorrhage and type II pneumocyte hyperplasia. Semi-quantitative scoring of the alveoli 
showed that the percentage of antigen expressing cells had decreased (Figure 3), possibly due to 
necrosis of antigen-expressing epithelial cells.

On 3 dpi, there was regeneration of the nasal epithelium, characterized by hypertrophy and 
hyperplasia of epithelial cells. In the trachea, there was expression of antigen in epithelial cells. In 
the bronchi and bronchioles, there was more epithelial regeneration, and infiltration with many 
inflammatory cells. In the alveoli, it was remarkable that there were both new lesions with acute 
necrosis and old lesions with type II hyperplasia present; the amount of edema and hemorrhage as 
well as type II hyperplasia were increased. The number of neutrophils in the lumina was slightly 
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decreased but the number of mononuclear cells was increased (Figure 9). By semi-quantitative 
scoring, the percentage of antigen-expressing cells in the alveoli had decreased again (Figure 3).

On 4 dpi, the number of antigen expressing bronchial epithelial cells had decreased to < 25 %. In 
the alveoli, both old and new lesions were present with increased amount of edema, hemorrhage, 
hyperplasia and increased numbers of mononuclear cells (Table 2 p 162 and Figure 8). Antigen 
expression was less than on 3 dpi for all tissues except the alveoli were there were more antigen 
expressing cells (Figure 3).

On 7 dpi, antigen expression in the nose had decreased and was absent in the tracheal epithelium. 
Peribronchial, peribronchiolar and perivascular cuffing was increased to sometimes more than 10 
cells thick. Antigen expression scoring was lower in bronchi and bronchioles, and there was severe 
broncho-adenitis. In the alveoli, there was more edema, hemorrhage, necrosis and type II hyperpla-
sia, often around bronchi and bronchioles. The number of mononuclear cells and neutrophils in the 
lumina showed the highest values (Figure 9). Antigen expression decreased further with only few 
positive cells (Figure 3).

On 14 dpi, there were few inflammatory cells in the nose. In the bronchi and bronchioles, there 
were few inflammatory cells and peribronchial, peribronchiolar and perivascular cuffing was between 
3 to 10 cells thick. The numbers of neutrophils in the alveolar walls and lumina were comparable to 
those on 0.5 dpi, and the number of mononuclear cells in the lumina was decreased (Figure 9). The 
extent of the lesions was between 25 and 50 %. No antigen expression was seen in any of the res-
piratory tissues (Figure 3).

In the tracheo-bronchial lymph nodes, there was mild lymphoid hyperplasia on 0.5 dpi. Addition-
ally, on 4 dpi, there was multifocal accumulation of proteinaceous fluid, histiocytosis and infiltration 
of mononuclear cells in the surrounding tissue, and on 14 dpi there was also severe lymphocytolysis. 
In the tonsils, there was mild lymphoid hyperplasia with few intra-epithelial lymphocytes and neu-
trophils with mild lymphocytolysis on 1 dpi. On 2 and 3 dpi, there were slightly more inflamma-
tory cells, which decreased in number on 4 dpi. On 14 dpi, the tonsillar tissue was again normal. 
Tracheo-bronchial lymph nodes and tonsils did not express virus antigen. In the palatine roof of two 
animals on 7 dpi, there was a severe adenitis of the sero-mucous glands with necrosis of glandular 
epithelial cells, infiltration by many neutrophils, dilatation of glands, and antigen expression in the 
glandular epithelial cells. There was no virus antigen expression in other extra-respiratory tissues.

H5N1
On 0.5 dpi, the nose showed a moderate rhinitis with necrosis of epithelial cells and infiltration of 
a moderate number of neutrophils in the lumen, epithelium, and lamina propria. There was no virus 
antigen expression. In the trachea, there was a mild multifocal tracheitis with infiltration of few 
neutrophils in the wall and lumen, and tracheal glands. By immunohistochemistry, few tracheal 
epithelial cells presented virus antigen (Figure 3). The bronchial and bronchiolar epithelium had 
multifocal infiltration with moderate numbers of neutrophils and mild epithelial necrosis. There 
were peribronchial, peribronchiolar, and perivascular infiltrates (cuffing), 3 to 10 cells thick, con-
sisting of few macrophages, lymphocytes, neutrophils and plasma cells. Bronchial and bronchiolar 
lumina contained small amounts of cellular debris, fibrin, and edema fluid, mixed with few neu-
trophils. Overall, changes in the bronchi were milder than in the bronchioles. There was a focally 
mild broncho-adenitis. By immunohistochemistry, virus antigen expression was present in < 25 % 
of the bronchiolar epithelial cells and not in the bronchial epithelial cells. The alveoli showed DAD 
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(Figure 8) characterized by few neutrophils, eosinophils, and erythrocytes, and a moderate number 
of  mononuclear cells, mixed with scant edema fluid in the alveolar lumina, and a moderate number 
of neutrophils in the alveolar walls (Table 2, p 162). The alveolar walls were mildly thickened and 
showed mild necrosis of epithelial cells and mild epithelial hypertrophy. The extent of the alveolar 
lesions was between 25 and 50 %. Semi-quantitative scoring showed that the extent and severity 
of the lesions was high (Table 2, p 162). Virus antigen expression was closely associated with the 
presence of histological lesions and was seen predominantly in type II pneumocytes (Figure 8), 
and less in type I pneumocytes and alveolar macrophages. Semiquantitative scoring for virus an-
tigen expression in the alveoli was high (Figure 3).

On 1 dpi, the number of inflammatory cells in the nose was decreased. By immunohistochemistry, 
virus antigen expression occurred occasionally in the olfactory epithelium (with cytoplasmic stain-
ing towards the lumen), in respiratory epithelial cells and cells in the lamina propria (presumably 
glandular cells). The extent of the antigen expression was < 25 %. There were moderate to high 
numbers of neutrophils in the bronchiolar walls and lumina with increased epithelial necrosis. The 
number of neutrophils in the alveolar walls was increased with severe epithelial necrosis, and there 
were increased numbers of neutrophils and mononuclear cells with more edema fluid mixed with 
fibrin, necrotic neutrophils, cellular debris, and erythrocytes in the alveolar lumina. Semi-quantita-
tive scoring for virus antigen expression was increased in the trachea and alveoli.

On 2 dpi, virus antigen expression in the nose was between 25 and 50 %. Bronchial epithelium 
showed < 25 % antigen expression. In the bronchioles, there was hypertrophy and hyperplasia of 
bronchiolar epithelium, as well as inflammation. In the alveoli, there was hypertrophy and hyperpla
sia of type II pneumocytes, and slightly fewer neutrophils and mononuclear cells (Table 2, p 162 
and Figure 9). There were high scores for the presence of edema fluid, hemorrhage and type II 
hypertrophy and hyperplasia. 

On 3 dpi the extent of the antigen expression was between 25 and 50 % in the nose and bronchio
les and < 25 % in the bronchi. In the alveoli, there was severe necrosis, and slightly decreased 
numbers of neutrophils and mononuclear cells.

On 4 dpi the extent of the antigen expression in the nose was < 25 %. In the trachea, the scores 
for tracheitis were higher than on previous days. In the bronchioles, there was severe epithelial 
necrosis as well as epithelial hypertrophy and hyperplasia. There was broncho-adenitis with only 
rare antigen expression. In the alveoli, epithelial necrosis was very severe, the number of neutrophils 
in the walls was decreased, and the number of mononuclear cells in the lumina was increased. There 
was severe interstitial and pleural edema and hemorrhage and the extent of the lesions was > 50 %. 
Semiquantitative scoring for antigen expression in the alveoli was decreased. This severe drop in 
antigen expressing cells could be explained by the severe necrosis.

In the tracheo-bronchial lymph nodes, there was mild lymphoid hyperplasia on 0.5 dpi. On 1 dpi, 
there was moderate lymphoid hyperplasia and histiocytosis, multifocal accumulation of proteina-
ceous fluid, infiltration of neutrophils, lymphocytolysis and antigen expressing mononuclear cells 
in the perifollicular area. On 3 dpi additionally there was severe multifocal necrosis and associated 
antigen expression, and on 4 dpi there was lymphoid depletion with decreased numbers of follicles 
and no antigen expression. In the tonsils, there was mild lymphoid hyperplasia with few intra-ep-
ithelial neutrophils and few virus-antigen-expressing cells (macrophage-like) on 2 dpi. On 3 dpi, 
there was multifocal necrosis and many intra-epithelial neutrophils, and antigen expression in few 
mononuclear cells and on 4 dpi there was little necrosis and little antigen expression. In one animal, 
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there was virus antigen expression in squamous stratified epithelium in the tip of the nose on 2 dpi, 
with associated intraepithelial neutrophils and erosion of the epithelium. In the extra-respiratory 
tissues, one animal had few virus antigen expressing mononuclear cells in the sternal lymph node 
on 2 dpi, associated with mild lymphoid hyperplasia, and another animal had virus antigen expres-
sion in endothelial cells of the soft palate on 1 dpi associated with severe necrotizing and neu-
trophilic pharyngitis. Two animals had virus antigen expression in the gut associated lymphoid 
tissue (GALT) of the jejunum on 2 and 3 dpi, and associated lymphoid hyperplasia, mild necrosis, 
multifocal accumulation of proteinaceous material and neutrophils. One animal had few virus 
antigen expressing mononuclear cells in the spleen on 4 dpi, and associated necrosis, protein de-
posits and mild lymphoid depletion.

Control group with inoculum
On 0.5 dpi, there was a mild rhinitis and tracheitis with few inflammatory cells. Almost all animals 
had a mild bronchitis or bronchiolitis with few neutrophils. There was perivascular and peribron-
chiolar cuffing (1-2 cells thick) with few neutrophils, lymphocytes, plasma cells and macrophages. 
In the alveoli, there was a mild focal alveolitis with infiltration of few neutrophils and eosinophils 
in the alveolar septa and in the alveolar lumina occasionally few neutrophils, mononuclear cells and 
eosinophils with small amounts of edema fluid and few erythrocytes. In few animals, there was a 
mild broncho-adenitis with few neutrophils, lymphocytes and plasma cells in the bronchial 
glands.

On 1 dpi, there was a slight increase in the number of eosinophils and slightly more edema fluid 
in the alveoli.

On 2 dpi, perivascular and peribronchiolar cuffing was up to 10 cells thick. One ferret had 
multifocal moderate neutrophilic infiltrates mixed with edema fluid in the alveoli and associated 
terminal bronchioles. This was considered an incidental finding.

On 7 dpi, the number of neutrophils in the alveolar walls was higher than on other days.
No virus antigen expression was seen in any of the tissues. 
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Table 3. Digital histopathology scores in ferrets inoculated with different influenza viruses 

Digital score: median (range)
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en
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n 

co
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ts

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.
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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 
χ2

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 -2.827 1.19 5.6 0.018

Damage in DRRT -3.887 1.72 5.1 0.024

Viral production in DRRT x Damage in DRRT 0.456 0.20 5.0 0.025

Damage in URRT -0.687 0.20 11.8 0.001

Damage in URRT x Viral production in URRT 0.046 0.01 9.2 0.002

Damage in URRT x Viral 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).
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Table 7. Statistical analyses comparing pathology and virology scores among ferrets inoculated with different 
influenza viruses

Significance of the difference (P-value)

Pathology scores Virology scores

C
om

pa
ri

so
n

D
ay

Pe
rc

en
ta

ge
 o

f a
ffe

ct
ed

 lu
ng

 ti
ss

ue

R
el

at
iv

e 
lu

ng
 w

ei
gh

t (
%

)

Ex
te

nt
 a

nd
 se

ve
ri

ty
 o

f a
lv

eo
lit

is 
an

d 
al

ve
ol

ar
 

da
m

ag
e 

(S
co

re
 0

-3
)

Pe
rc

en
ta

ge
 o

f a
ir

 c
on

ta
in

in
g 

sp
ac

e 
in

 
pu

lm
on

ar
y 

tis
su

e 
(D

ig
ita

l s
co

ri
ng

)

V
ir

us
 ti

te
rs

 lu
ng

 ti
ss

ue
 (l

og
10

 T
C

ID
50

 p
er

 
gr

am
)

A
nt

ig
en

 e
xp

re
ss

io
n 

in
 th

e 
al

ve
ol

i b
y 

im
m

un
oh

ist
oc

he
m

ist
ry

 (%
)

Pe
rc

en
ta

ge
 o

f a
nt

ig
en

 e
xp

re
ss

io
n 

 in
 th

e 
al

ve
ol

i 
(D

ig
ita

l s
co

ri
ng

)

N
um

be
r 

of
 a

nt
ig

en
 e

xp
re

ss
io

n 
co

un
ts

 in
 th

e 
al

ve
ol

i (
D

ig
ita

l s
co

ri
ng

)

H3N2 versus pH1N1 0.5 0.739 0.248 0.245 1.000 0.020* 0.019* 0.021* 0.020*

1 0.017* 0.021* 0.019* 0.773 0.021* 0.018* 0.021* 0.018*

2 0.018* 0.021* 0.019* 0.773 0.021* 0.018* 0.018* 0.017*

3 0.013* 0.021* 0.021* 0.386 0.021* 0.017* 0.021* 0.076

4 0.011* 0.021* 0.019* 0.021* 0.020* 0.014* 0.018* 0.026*

7 0.014* 0.021* 0.019* 0.386 0.245 0.014* 0.772 0.439

14 0.017* 0.021* 0.020* 0.564 0.309 1.000 0.508 0.508

H3N2 versus H5N1 0.5 0.036* 0.083 0.020* 0.386 0.020* 0.019* 0.021* 0.020*

1 0.028* 0.083 0.019* 0.021* 0.021* 0.018* 0.021* 0.018*

2 0.009** 0.011* 0.010* 0.019* 0.011* 0.009** 0.010* 0.010*

3 0.019* 0.034* 0.032* 0.034* 0.034* 0.028* 0.034* 0.032*

4 0.019* 0.034* 0.031* 0.077 0.032* 0.019* 0.028* 0.028*

pH1N1 versus H5N1 0.5 0.052 0.083 0.110 0.564 0.021* 0.083 0.386 0.386

1 0.757 1.000 1.000 0.083 0.021* 0.083 0.043* 0.773

2 0.009** 0.019* 0.010* 0.011* 0.831 0.054 0.201 0.032*

3 0.048* 0.034* 0.285 0.034* 0.724 0.032* 0.034* 0.034*

4 0.067 0.034* 0.064 0.034* 0.157 0.593 0.724 0.289

P-values were calculated by using the Mann-Whitney test. * P-value < 0.05. ** P-value < 0.01
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Abstract 
Serum antibodies induced by seasonal influenza or seasonal influenza vaccination exhibit 
limited or no cross-reactivity against the 2009 pandemic swine-origin influenza virus of the 
H1N1 subtype (pH1N1). Ferrets immunized once or twice with MF59-adjuvanted seasonal 
influenza vaccine exhibited significantly reduced lung virus titers but no substantial clinical 
protection against pH1N1 associated disease. However, priming with MF59-adjuvanted seasonal 
influenza vaccine significantly increased the efficacy of a pandemic MF59-adjuvanted influenza 
vaccine against pH1N1 challenge. Elucidating the mechanism involved in this priming principle 
will contribute to our understanding of vaccine- and infection-induced correlates of protection. 
Furthermore, a practical consequence of these findings is that during an emerging pandemic, 
the implementation of a priming strategy with an available adjuvanted seasonal vaccine to 
precede the eventual pandemic vaccination campaign may be useful and life-saving. 

Introduction
The first influenza pandemic of the 21st century caused by the swine-origin influenza virus of the 
H1N1 subtype (pH1N1) emerged in Mexico in 2009 and caused an as-yet-unknown number of 
clinical and fatal cases.320 Due to its rapid spread and the apparent absence of preexisting immunity 
in especially young people, there was an urgent need for a safe and effective vaccine.321 Early in the 
pandemic phase it became clear that seasonal influenza infection or vaccination with seasonal influ-
enza vaccines did not or only marginally induce antibodies that cross-reacted with pH1N1.322,323 The 
vaccines used against seasonal influenza are so-called conventional non-adjuvanted vaccines that 
display suboptimal immunogenicity and reduced protection due to periodic antigenic drifts.324,325 To 
enhance immunogenicity and/or broaden the immune response, there are several options: the use of 
alternative routes for antigen delivery, the administration of higher antigen doses, the selection of 
more conserved vaccine antigens, or the addition of an adjuvant to the vaccine.326 There are several 
adjuvants under development, most of them based on oil-in-water emulsions.

MF59 is such an adjuvant that has been well characterized and is used in a seasonal influenza 
vaccine that has been registered in many European and other countries since 1997. The adjuvant 
is an oil-in-water emulsion that contains 9.75 mg squalene, 1.175 mg polysorbate 80, 1.175 mg 
sorbitan trioleate, sodium citrate dihydrate, and citric acid monohydrate.327 MF59 has been shown 
to potentiate the immunogenicity of seasonal and pandemic vaccines at all ages.328 It was the first 
adjuvant to be shown to successfully allow dose sparing with an H5-based vaccine and to widen 
the breadth of cross-clade neutralization by anti-HA antibodies.327,329 In addition, more recently 
MF59 was shown to expand the repertoire of B-cell epitopes recognized by anti-HA cross-
neutralizing antibodies.330 MF59-adjuvanted swine origin H1N1 vaccine has been widely used in 
many European and other countries during the past pandemic331 and is now utilized for the trivalent 
vaccine for the season 2010-2011 which contains the new H1N1 strain. For all of these reasons, it 
was relevant to ask what contribution MF59 could have given to a potential effect of vaccination 
of seasonal H1N1 on subsequent vaccination with the swine-origin H1N1 vaccine.332

In pre-clinical and clinical studies it thus has been demonstrated that the adjuvant MF59 has an 
antigen-sparing effect and broadens the intra-subtypic antibody response against influenza viruses 
upon vaccination.330,333-335 Therefore, we investigated the potential of an MF59-adjuvanted trivalent 
seasonal influenza vaccine to elicit protection against pH1N1 infection in ferrets, since in this vac-
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cine a virus strain is represented that shares an ancestor with pH1N1.336 Recently, we have shown 
that immunization with an MF59-adjuvanted seasonal influenza vaccine did prime ferrets for the 
protective antibody response induced upon a second immunization with the MF59 adjuvanted pH1N1 
vaccine.332 To obtain a more detailed understanding of the impact of different vaccination strategies, 
we analyzed here to what extent thus-vaccinated ferrets would be protected from pH1N1 replication 
in the upper and lower respiratory tracts and from pH1N1 infection associated disease by evaluating 
the gross pathology and histopathological changes of their lungs.

 

Materials and Methods
Vaccines
In the present study we used commercially available seasonal trivalent vaccine with (sVacMF59) 
and without (sVac) MF59 as an adjuvant. Both vaccines contained envelope subunits (hemagglu
tinin [HA] and neuraminidase [NA]) (15 μg HA) from the influenza viruses A/Brisbane/59/2007 
(H1N1), A/Brisbane/10/2007 (H3N2), and B/Brisbane/60/2008. The subunit vaccine based on 
pandemic influenza virus A/California/4/2009 (H1N1) was used as a prototype pH1N1 vaccine (15 
μg HA), which was also used with (pVacMF59) or without MF59 (pVac) as an adjuvant. The ferrets 
received 0.5 ml of vaccine containing 0.25 ml of antigen and 0.25 ml of MF59. The adjuvant MF59 
and phosphate-buffered saline (PBS) were also used to immunize control animals. 

Viruses
Influenza virus A/Netherlands/602/2009 (A/NL/602/09) (pH1N1) was isolated from a 3-year-old 
child that was the first laboratory-confirmed case of the pandemic influenza virus in the Nether
lands.152 The virus was isolated in embryonated chicken eggs and subsequently passaged once in 
Madin-Darby canine kidney (MDCK) cells. The infectious virus titer (50% tissue culture infective 
dose [TCID50]) was determined as described previously.279 

Ferret studies
Healthy outbred male and female ferrets (Mustela putorius furo) between 6 and 12 months of age 
and seronegative for antibodies against circulating influenza viruses H1N1, H3N2 and pH1N1 by 
hemagglutination inhibition (HI) assay were used. Two weeks prior to the start of the experiment, 
the animals were anesthetized by using a cocktail of ketamine (Alfasan, Woerden, The Netherlands) 
and domitor (Orion Pharma, Espoo, Finland), and a temperature logger (DST micro-T ultra small 
temperature logger; Star-Oddi, Reykjavik, Iceland) was placed in their peritoneal cavities. This 
device recorded body temperature of the animals every 15 min. The animals were maintained in 
standard housing and provided with commercial food pellets and water ad libitum. For the challenge 
inoculation, the animals were placed in BSL-3 isolator units. An independent animal ethics commit
tee of the Erasmus Medical Center (DEC consult) approved the experimental protocol before the 
start of the experiments. 

Immunizations and infection: experiment 1
Three groups of 6 ferrets each were immunized intramuscularly in a 3-week interval regimen. 
Animals received the following immunizations: two doses of MF59, one dose of sVacMF59, or two 
times sVacMF59 (Table 1). At 4 weeks after the last immunization the animals were challenged 
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intratracheally with pH1N1 at a dose of 106 TCID50 in a volume of 3 ml. On days 0, 2 and 4 after 
infection, nose and throat swabs were taken from the animals under anesthesia. At 4 days after 
challenge, the ferrets were euthanized by exsanguination under anesthesia.

Immunizations and infection: experiment 2
For the second experiment 7 groups of 6 animals each received two immunizations at an interval of 
4 weeks with different combinations of vaccines (Table 2). Animals that were primed with adjuvan
ted seasonal vaccine (sVacMF59) were boosted with pandemic vaccine without (pVac) or with 
(pVacMF59) adjuvant (groups 1 and 2). Animals primed with unadjuvanted seasonal vaccine (sVac) 
were boosted with sVac, pVac, or pVacMF59 (groups 3, 4 and 5). The animals in groups 6 and 7 
received a mock vaccination with PBS and subsequently an immunization with pVacMF59 or PBS, 
respectively. A group that would receive PBS and subsequently sVacMF59 was not included in 
experiment 2 since results similar as observed in groups 3 and 7 of experiment 2 could be expected 
by extrapolation of the results from experiment 1.

At 4 weeks after the second immunization the animals were challenged intratracheally with  
pH1N1 at a dose of 106 TCID50. On days 0, 1, 2, 3 and 4 after infection, nose and throat swabs were 
taken from the animals, and on day 4 the animals were euthanized by exsanguination under total 
anesthesia.

Serology
Serum samples collected prior to the 
first and second immunizations and 
prior to infection were stored at 
–20°C. They were tested for the 
presence of anti-HA antibodies using 
an HI assay with 1% turkey 
erythrocytes.289 Subsequently, the 
sera were tested for the presence of 
virus neutralizing antibodies by 
using a micro virus neutralization 
(VN) assay.337 Sera were tested for 
the presence of antibodies reactive 
with influenza viruses A/NL/602/09 
(pH1N1), A/Brisbane/59/2007 

Table 1. Clinical parameters, percentage of lung tissue affected, and relative lung weights of ferrets 4 days after 
infection with pH1N1 in experiment 1

Immunization % Wt loss 
(SD)

Presence of 
Fever

% Affected Lung 
area (SD)

% Relative Lung wta

(SD)

MF59 12.9 (4.2) Yes 36.7 (10.3) 1.67 (0.22)

sVacMF59    (one dose) 14.0 (7.8) Yes 28.3 (7.5) 1.59 (0.30)

sVacMF59 (two doses) 11.4 (2.6) Yes 18.3 (13.3) 1.60 (0.38)
a The relative lung weight is expressed as a percentage of the total body weight.

Table 2.Vaccination parameters in experiment 2a

Group
1st immunization 2nd immunization

Antigen Adjuvant Antigen Adjuvant

1 sVac MF59 pVac

2 sVac MF59 pVac MF59

3 sVac sVac

4 sVac pVac

5 sVac pVac MF59

6 PBS pVac MF59

7 PBS PBS PBS PBS
a Animals were immunized intramuscularly with an interval of 4 
weeks. sVac, seasonal vaccine, subunits (0.25 ml antigen, 15 μg 
HA) from influenza viruses A/Brisbane/59/2007 (H1N1), A/
Brisbane/10/2007 (H3N2) and B/Brisbane/60/2008; pVac, 
pandemic vaccine, subunits (0.25 ml antigen, 15 μg HA) from 
virus strain A/California/04/2009 (pH1N1); MF59, 0.25 ml. 
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(H1N1) and A/Uruguay/716/2007 (H3N2) in the HI assay and in the VN-assay (experiment 2 sera 
only). For this purpose, a reverse genetics virus was used with the HA and NA of the 2009 H1N1 
virus and the remaining six gene segments of influenza virus A/Puerto Rico/8/34 (A/PR/8/34). The 
antibody titers obtained with this virus were comparable with those obtained with the wild-type 
pH1N1 virus (data not shown). The sera of ferrets infected with the homologous strain were used 
as control sera. These sera were also tested against other swine influenza H1N1 viruses: A/swine/
Iowa/15/30, A/swine/Netherlands/25/80, A/Netherlands/386/86 (derived from a zoonotic infection),338 
and influenza H5N1 virus A/Vietnam/1194/04. Post-infection sera from ferrets infected with these 
viruses were used as positive controls.

Virus replication in the upper and lower respiratory tracts
Samples of all lobes of the right lung and the accessory lobe were collected and snap-frozen by us
ing a dry ice-ethanol bath and stored at –70°C until further processing. Lung samples were weighed 
and subsequently homogenized with a FastPrep-24 (MP Biomedicals, Eindhoven, The Netherlands) 
in Hanks balanced salt solution containing 0.5% lactalbumin, 10% glycerol, 200 U of penicillin/ml, 
200 μg of streptomycin/ml, 100 U of polymyxin B sulfate/ml, 250 μg of gentamycin/ml, and 50 U 
of nystatin/ml (ICN Pharmaceuticals, Zoetermeer, The Netherlands) and centrifuged briefly before 
dilution. 

After collection, nose and throat swabs were stored at -70°C in the same medium used for the 
processing of the lung samples. Quadruplicate 10-fold serial dilutions of lung and swab supernatants 
were used to determine the virus titers in confluent layers of MDCK cells as described 
previously.279

Histopathology and immunohistochemistry
The animals were necropsied according to a standard protocol. The trachea was clamped off so that 
the lungs would not deflate upon opening the pleural cavity. This allowed an accurate visual 
quantification of the areas of affected lung parenchyma. Samples for histological examination of the 
left lung and trachea were taken and stored in 10% neutral-buffered formalin (lungs after inflation 
with formalin), embedded in paraffin, sectioned at 4 μm, and stained with hematoxylin and eosin 
(HE) for examination by light microscopy. Samples were taken in a standardized way and not guided 
by changes observed in the gross pathology. Histopathology was described, and semi-quantitative 
assessment of influenza virus-associated inflammation in the lung was performed as described pre
viously (Table 4).292 For the extent of alveolitis and alveolar damage we used the following scoring 
scale: 0, 0%; 1, 1 to 25%; 2, 25 to 50%; 3, > 50 %. The severity of alveolitis was scored as follows: 
0, no inflammatory cells; 1, few inflammatory cells; 2, moderate numbers of inflammatory cells; 3, 
many inflammatory cells. We also scored for presence of: alveolar edema (no = 0, yes = 1), alveolar 
hemorrhage (no = 0, yes = 1), and type II pneumocyte hyperplasia (no = 0, yes = 1). For the severity 
of bronchiolitis, bronchitis and tracheitis we used the following scale: 0, no inflammatory cells; 1, 
few inflammatory cells; 2, moderate numbers of inflammatory cells; 3, many inflammatory cells. 
Finally, the extent of peribronchial, peribronchiolar and perivascular infiltrates we scored as follows: 
0, none, 1, 1 to 2 cells thick, 2, 3 to 10 cells thick, 3, > 10 cells thick. Slides were examined without 
knowledge of the identity of the animals. The cumulative scores for size and severity of inflammation 
provided the total score per animal. 
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Immunohistochemistry
For the detection of influenza A virus antigen, sequential slides were stained with a monoclonal 
antibody (Clone HB65 IgG2a [American Type Culture Collection]) against the nucleoprotein of 
influenza A virus. Goat-anti-mouse IgG2a HRP (Southern Biotech, Birmingham, Alabama, USA) 
was used as secondary antibody. Peroxidase was revealed with a diaminobenzidine substrate, result-
ing in a deep red precipitate in the nuclei of infected cells and a less intense red staining of their 
cytoplasm. The sections were counterstained with hematoxylin. After determining the cell types 
expressing viral antigen, semiquantitative assessment of influenza virus antigen expression in the 
lungs was performed as reported previously.292 For the alveoli, 25 arbitrarily chosen, x20 objective, 
fields of lung parenchyma in each lung section were examined by light microscopy for the presence 
of influenza virus nucleoprotein, without the knowledge of the identity of the animals. The cumula-
tive scores for each animal were presented as number of positive fields per 100 fields. For the 
bronchi and bronchioles, the percentage of positively staining bronchial and bronchiolar epithelium 
was determined on every slide, and the average of the four slides was taken to provide the score per 
animal.

 
Statistical analysis
Differences between groups were analyzed statistically using the Student t test. Differences were 
considered significant at P < 0.05.

Results
Experiment 1: efficacy of MF59-adjuvanted seasonal influenza vaccine 
Ferrets immunized once or twice with sVac-MF59 developed HI antibodies against the seasonal 
H1N1 strain A/Brisbane/59/07 with a geometric mean titer (GMT) of 45 (standard deviation [SD] 
= 6) and 968 (SD = 3), respectively. After a single immunization four of six animals developed 
detectable antibody titers, whereas after two immunizations all animals tested positive. The A/
Brisbane/59/07-specific antibodies did not cross-react with pH1N1 in the HI assay.

Upon infection with pH1N1 virus animals from both vaccinated and the control MF59 groups 
developed clinical signs such as lethargy, loss of appetite, and dyspnea from day 2 onward. All 
animals lost weight after infection ranging from 12.9 (SD = 4.2) to 14.0% (SD = 7.8) and 11.4% 
(SD = 2.6) for the animals immunized with MF59, sVac and sVacMF59 (two immunizations), 
respectively (Table 1). Virus was detected in the nose on 2 days post infection (dpi) in at least one 
of six animals and by day 4 all animals had detectable virus in the nose with GMTs of 105.6 (SD = 
100.6), 104.3 (SD = 101.9) and 104.6 (SD = 100.4) for the three groups, respectively (Figure 1A). All 
animals had detectable virus titers in their throats on day 2 and 4 (Figure 1B). The differences in 
virus titers in the upper respiratory tract between the respective study groups were not statistically 
significant. On 4 dpi virus titers in the lungs of ferrets that had received two immunizations with 
sVac-MF59 were significantly lower (P = 0.003) than those in the MF59 immunized group (Figure 
1C). The reduced virus replication correlated with a reduction in gross pathological changes of the 
lungs (Table 1).

Experiment 2: efficacy of pandemic vaccine and effects of priming and MF59 usage
Serology
After primary immunization with seasonal influenza vaccine or PBS, animals received a second 

201289 proefschrift Judith van den Brand.indd   179 13-11-2012   09:38:25



Chapter 3  |  Influenza virus infection in animal models

180

immunization with seasonal vaccine, pandemic vaccine or PBS. Both vaccines were used with or 
without MF59, and all groups that had received pVac in combination with MF59 developed antibody 
titers against the homologous strain, as detected in the HI and VN assays.

In the sVacMF59-pVac group and sVac-pVac animals (groups 1 and 4) the mean HI antibody 
titers against the pandemic virus were 48.8 (SD = 5.6) and 26.2 (SD = 4.8), and the animals had 
VN antibody titers of 46.5 (SD = 3.6) and 18.3 (SD = 4.0), respectively. Animals that had received 
pVac-MF59 as a second immunization appeared to have higher antibody titers, especially when 
they had first been immunized with sVac-MF59 (group 2). The mean antibody titers in this group 
were 565.2 (SD = 1.9) compared to 163.2 (SD = 2.3) and 231.6 (SD = 2.4) in the PBS-pVacMF59 
(group 6) and sVac-pVacMF59 animals (group 5), respectively. The VN titers for these groups were 
767.1 (SD = 1.6), 97.9 (SD = 4.8) and 229.0 (SD = 2.4), respectively. In the sVac-sVac animals 
(group 3), only a serological response against the seasonal influenza A/H1N1 virus was detected, 
whereas no virus-specific antibodies were detected in sera from the PBS-PBS animals (group 7).

Post-immunization sera were tested for cross-reactive antibody responses against multiple swine 
influenza viruses of the H1N1 subtype and H5N1 virus. Cross-reactive antibody titers were detected 

Figure 1. Virus replication in the upper and lower respiratory tract of ferrets. Virus replication was determined 
in the nose (A) and throat (B) on 2 (black bars) and 4 (grey bars) dpi and expressed as TCID50/ml. (C) Lung 
virus titers were determined on 4 dpi and expressed as TCID50/g lung. (An asterisk indicates that the mean 
titer is significantly lower than that in the MF59 immunized group; 0.5 TCID50 is the limit of detection of the 
assay.)

Figure 2. Mean body 
temperature of ferrets. The 
mean body temperatures in 
ferrets (n = 6 per group) were 
measured by a temperature 
logger (DST micro-T ultra small 
temperature logger; Star-Oddi, 
Reykjavik, Iceland) placed in 
the peritoneal cavity. Black bars 
indicate the median. (In group 
3, data from four temperature 
loggers could be retrieved and 
in groups 1, 6 and 7 data from 
five temperature loggers could 
be retrieved. The data from 
the other loggers could not be 
retrieved.)
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against two swine influenza H1N1 strains from the Netherlands: A/Netherlands/386/86 (derived 
from a zoonotic event) and A/swine/Netherlands/25/80 (Table 3). The ranking of GMTs in the HI 
assay for the different groups was identical to that of the GMTs against the homologous influenza 
virus. No cross-reactivity was seen with influenza virus A/Swine/Iowa/15/30 H1N1 or with A/
Vietnam/1194/04 H5N1.

Clinical signs 
From 1 dpi onward, all infected animals developed symptoms including lethargy, loss of appetite, 
and dyspnea. These symptoms were mild in the sVacMF59-pVacMF59 animals (group 2). To quantify 
clinical outcome, animals were weight before infection, and on 4 dpi and their body temperatures 
were recorded during the course of the experiment. The greatest weight loss was observed in animals 
from groups 3, 4, 6 and 7 (12 to 17%), whereas animals from groups 1, 2 and 5 had reduced weight 
loss with median percentages of 10.8 (range; 0 to 17), 7.5 (2 to 16), and 10.1 (1 to 22), respectively 
(Table 4). The weight losses in the sVacMF59-pVac or pVacMF59 animals (groups 1 and 2) were 
lower than those of the other groups. Body temperature rose during 1 dpi in all animals (Figure 2). 
The sVacMF59-pVacMF59 animals (group 2) displayed a reduced temperature rise and did not 
develop a sustained fever in contrast to the other groups.

Virus replication in the respiratory tract
Nose and pharyngeal swabs were collected daily to determine the kinetics of virus replication in the 
upper respiratory tract. Not all nasal swabs tested positive or animals became positive only after 3 
or 4 dpi. However, those that were positive showed an increase in virus titers in time with maximum 
titers on 4 dpi of 103.1 (SD = 101.4), 103.4 (SD = 101.4), 103.1 (SD = 101.3) and 103.3 (SD = 101.1) for 
groups 1, 3, 4 and 7, respectively (Figure 3A). Lower virus titers – 102.0 (SD = 102.0) and 101.7 (SD 
= 101.3), respectively – were found in the ferrets that had been immunized with sVac or PBS and 
subsequently with pVacMF59 (groups 5 and 6). Except for one ferret with a low titer on 3 dpi, no 
virus was detectable in nasal swabs from animals that had been immunized with sVac-MF59, followed 
by pVacMF59 (group 2). In pharyngeal swabs of virtually all animals of groups 1, 3, 4, 5, 6 and 7 
virus was detected from 1 dpi onward, with titers increasing until 4 dpi, resulting in mean titers of 
104.1 (SD = 100.9), 104.3 (SD = 100.8), 104.2 (SD = 101.3), 103.0 (SD = 102.1), 104.1 (SD = 100.8) and 103.8 
(SD = 100.4), respectively (Figure 3B). All of the sVacMF59-pVacMF59 animals (group 2) tested 
negative on 4 dpi, and most of them also tested negative on 2 dpi.

On 4 dpi the highest virus titers were found in the lungs of ferrets that had been immunized twice 
with sVac, 106.0 (SD = 100.6), or PBS, 105.5 (SD = 100.8) (groups 3 and 7; Table 4). Animals that had 
received sVacMF59 or sVac, followed by pVac (groups 1 and 4) showed lower virus titers of 102.7 
(SD = 101.9) and 103.1 (SD = 101.8), respectively. The sVac-pVacMF59 immunized animals (group 6) 
had significantly lower virus titers – 101.0 (SD=0) – in their lungs than those of the other groups. 
Moreover, no virus was detected in the lungs of animals that had been immunized with sVacMF59 
or PBS, and subsequently received pVacMF59 (groups 2 and 6).

Pathology 
In all ferrets, the primary macroscopic lesions were found in the lungs and consisted of pulmonary 
consolidation, characterized by reddening and slightly increased firmness of the lung parenchyma. 
The extent of pulmonary consolidation was assessed by visual quantification of the affected lung 
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area and the relative lung weight. The average percentage of affected lung tissue was lowest in ferrets 
first vaccinated with sVac with or without MF59 or with PBS and subsequently with pVac with or 
without MF59 (groups 1, 2, 4, 5 and 6). The ferrets vaccinated twice with sVac (group 3) and the 
sham-vaccinated animals (group 7) had the highest percentages of affected lung tissue (Table 4). 
However, a slightly different pattern was found for the relative lung weights: only animals that had 
first received sVac with or without MF59 and subsequently pVac with MF59 (groups 2 and 5) had 
low relative lung weights. Other macroscopic lesions related to challenge with influenza virus were 
enlargement of the tracheo-bronchial lymph nodes (lymphadenopathy) and splenomegaly. This was 
considered to be an effect of the immune response following influenza virus infection of the 
respiratory tract. No notable lesions were found in other tissues. 

The macroscopically observed pulmonary consolidation corresponded with necrotizing broncho-
interstitial pneumonia at microscopic examination (Figure 4). This broncho-interstitial pneumonia 
was characterized by the presence of inflammatory cells in alveolar and bronchiolar lumina and walls 
and necrosis of alveolar and bronchiolar epithelium. The inflammatory cells consisted mainly of 
neutrophils and macrophages with variable amounts of intraluminal edema fluid, fibrin, and 
erythrocytes. Type II pneumocyte hyperplasia was observed as a reaction to alveolar epithelial cell 
damage. Mild to severe interstitial edema was seen in perivascular and peribronchiolar areas. The 
tracheo-bronchial submucosal glands in many animals exhibited infiltration of neutrophils and fewer 
macrophages and lymphocytes with associated epithelial cell necrosis. Less severe inflammation 
and epithelial necrosis were observed in bronchi and trachea. There were no indications for concur
rent infections. 

The histological parameters that were scored are summarized in Table 5. For all parameters but 
one, the sVacMF59-pVacMF59 animals (group 2) had the lowest scores for alveolar lesions. The 
most severe lesions were found in the sham-vaccinated animals (group 7). Again, the sVacMF59-
pVacMF59 animals (group 2) had the lowest scores for bronchiolitis and bronchitis. These scores 
were lower in the PBS-pVacMF59 and control animals (groups 6 and 7) than in the other groups 
(group 1, 3, 4 and 5). The colocalization of perivascular and peribronchiolar cuffing with lymphocy
tes at areas of alveolar inflammation in lung sections suggests that the lymphocytic infiltration was 
a response to the alveolar inflammation. 

Figure 3. Virus titer kinetics in the upper respiratory tracts of ferrets. Virus titers were determined daily in the 
noses (A) and throats (B) of the infected animals (n = 6 per group). Nasal and pharyngeal swabs that tested 
negative were assigned a value of 0.5. (0.5 is the limit of detection of the assay)
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Figure 4. Lung pathology and virus replication on 4 dpi. Histopathology and immunohistochemistry analyses 
were performed 4 dpi with pH1N1. Representative slides were selected for the protected animals from group 2 
(immunized with sVacMF59 and pVacMF59). For intermediate protection representative slides were chosen from 
group 1 (immunized with sVacMF59 and pVac) and represent group 1 and groups 3 to 6. The unprotected animals 
were from group 7; these were immunized twice with PBS and developed severe pneumonia upon challenge 
infection. Based on the histopathology of the alveoli (first row, HE stained) there was only mild inflammation 
in the sVacMF59-pVacMF59 immunized animals (group 2) with few inflammatory cells. The inflammation was 
intermediate in animals of group 1 and groups 3 to 6, with thickening of the septa with moderate infiltration of 
neutrophils, pneumocyte type II hyperplasia, and mild necrosis, and a severe pneumonia was seen in the PBS 
control group with severe necrosis and intra-alveolar flooding with edema fluid and inflammatory cells. Based 
on immunohistochemistry of the alveoli (second row, IHC) there was no antigen expression in sVacMF59-
pVacMF59 immunized animals, intermediate expression of predominantly pneumocytes type II in group 1 and 
groups 3 to 6, and abundant expression in the PBS control group. In the bronchioles (third row) there was 
a mild to moderate bronchiolitis with neutrophils and macrophages and necrosis in sVacMF59-pVacMF59 
immunized animals (group 2) and the animals in group 1 and groups 3 to 6, and there was severe bronchiolitis 
with severe necrosis in the animals in group 7. Based upon immunohistochemistry (fourth row), there was no 
antigen expression in sVacMF59-pVacMF59 immunized animals, mild expression in bronchiolar epithelial cells 
in groups 1 and 3-6, and moderate expression in the PBS control group.
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Immunohistochemistry
By immunohistochemistry, influenza virus antigen expression was visible as diffuse to granular red 
staining, most often stronger in the nucleus than in the cytoplasm (Figure 4). Influenza virus anti
gen expression was closely associated with the presence of histological lesions at different levels 
of the lower respiratory tract. Antigen expression was seen predominantly in type I and II 
pneumocytes, alveolar macrophages, bronchiolar epithelial cells, bronchial epithelial cells and 
tracheal and bronchial epithelial cells of submucosal glands. Semiquantitative scoring showed that 
there was no influenza virus antigen expression in the alveoli and bronchi, and expression in only 
few cells in the bronchioles of the sVacMF59-pVacMF59 animals (group 2; Table 6). The highest 
expression at all levels of the respiratory tract was seen in the control animals (group 7), followed 
by the PBS-pVacMF59 animals (group 6), as well as the sVac-sVac and sVac-pVac animals (groups 
3 and 4). 

Discussion
The primary aim of vaccination against pH1N1 influenza is the reduction of virus replication and 
the associated spread of the virus, as well as prevention of the disease and pathological changes in 
the respiratory tract. In the present paper we have carefully described these parameters in ferrets 
after different vaccination regimes using combinations of MF59-adjuvanted and nonadjuvanted 
seasonal and pandemic influenza vaccines. The most striking finding was that pre-vaccination with 
sVacMF59 not only induced a strong priming effect on the antibody response elicited by pVacMF59 
vaccination but also a strong priming effect on the protection induced with this vaccine against virus 
replication, associated disease, and pathological changes in the respiratory tract.  

First, we showed that immunization with sVacMF59 alone, administered either once or twice, 
failed to induce pH1N1 influenza virus-specific antibodies and, at best, afforded modest protection. 
These findings are in agreement with the failure to induce antibodies cross-reactive with pH1N1 
influenza virus in humans with adjuvanted and nonadjuvanted seasonal influenza vaccines.323 
Apparently, the HAs of the seasonal and pandemic H1N1 strains are antigenically quite distinct, as 
had already been shown by using post infection ferret serum against both strains.96

Although sVacMF59 failed to induce cross-reactive antibodies, it did have a significant priming 
effect on the induction of both specific antibodies and protective responses induced by pVacMF59 
against pH1N1 influenza virus. It may be speculated that this priming effect, which apparently 
should be attributed to the adjuvant, is caused by eliciting cross-reactive T-cell and memory B-cell 
responses.330,339 Such responses may indeed contribute to protective and cross-reactive immunologi
cal memory, which may be an additional correlate of protection against influenza besides specific 
HI or VN antibodies. 

Cross-reactive antibody titers against two swine influenza viruses of the H1N1 subtype indicate 
broadening of the antibody response by MF59 adjuvanted vaccines when used for prime and boost 
immunizations. This, as well as the absence of intersubtypic cross-reactive antibodies upon 
vaccination with adjuvanted influenza vaccines, is in line with previous data from studies using 
different adjuvant systems.330,340

In the control ferrets (group 7) and those not protected after vaccination, the character of the 
macroscopic and microscopic lung lesions with associated antigen expression was consistent with 
that described previously in pH1N1 influenza virus infected ferrets and humans.292,341 Immunization 
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with sVacMF59, followed by administration of pVacMF59 (group 2), resulted in the strongest 
reduction of alveolar, bronchiolar and bronchial lesions, as well as the extent of inflammation. 
Leaving out the adjuvant in the priming seasonal or the boosting pandemic vaccine strongly reduced 
the protective efficacy of vaccination against the development of alveolar lesions (groups 1 and 5). 
Omitting the priming vaccination reduced this protective efficacy of pVacMF59 vaccination even 
further (group 6). The substantial alveolar damage observed in these animals was apparently not 
paralleled by the levels of weight loss and increased lung weight. This could probably be explained 
by the delay between viral clearance and the resolution of histopathological changes. The extent of 
lymphocytic cuffing and the severity of bronchitis and bronchiolitis were more pronounced in the 
ferrets of group 1 (sVacMF59 - pVac) and in those primed with sVac regardless the vaccine used for 
boosting (groups 3, 4 and 5) than in the ferrets of groups 2, 6 and 7. It may be speculated that this 
finding is related to a phenomenon recently described in Canada suggesting that subjects vaccinated 
with seasonal vaccine would be more at risk to develop severe pH1N1 influenza.342 However, the 
mechanism underlying this phenomenon is poorly understood, and more research is required to 
elucidate its postulated immunological basis.

Collectively it may be concluded that the MF59-adjuvanted pandemic influenza vaccine used 
afforded strong protection against the development of severe pH1N1 influenza-associated lesions 
and disease in the ferret model. This vaccine-induced protective immunity could further be enhan
ced by prior vaccination with a MF59-adjuvanted seasonal vaccine. Further studies into the 
mechanism involved in this priming immune response will yield understanding of novel correlates 
of infection and vaccine-induced protection. This understanding will especially be important for 
future quality assessment of novel generations of adjuvanted, vectored, and live influenza vaccines 
that are expected to induce broader protection than the currently used classical seasonal vaccines. 
Finally, a practical consequence of these findings is that during an emerging pandemic, the 
implementation of a priming strategy with an available adjuvanted seasonal vaccine that precedes 
the eventual pandemic vaccination campaign, may be useful and life saving. 
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Animal models are needed to study the pathogenesis of SARS-CoV and influenza virus infections 
and to develop therapeutic measures and vaccines against them. Such animal models should rep-
licate most features of the infections and associated disease in humans and provide discriminating, 
sensitive, and reproducible results. The differences and similarities between the pathology of SARS-
CoV infection and that of influenza virus infection are related to their distinctive pathogeneses 
(Tables 1-4). Therefore, in the present thesis the pathology and pathogenesis of SARS-CoV and 
influenza virus infections in different laboratory animal species have been investigated and com-
pared with those in humans.

SARS coronavirus infection in animal models

The pathology of SARS-CoV infection
Previous experiments have demonstrated that SARS-CoV infection causes disease in many different 
animal species, including non-human primates, carnivores and rodents.63,68-72 In the present thesis, 
SARS-CoV infection is described in non-human primates (cynomolgus macaques and African green 
monkeys [AGM]) and carnivores (ferrets and cats).6,7,69,75 In these species, the pathological changes 
from SARS-CoV infection are variable and resemble those in human fatal cases to a greater or 
lesser extent. 

	
Non-human primates
Although they are both non-human primates, young-adult AGMs suffer more severe lesions from 
SARS-CoV infection than young-adult cynomolgus macaques.6,7,75,343 By gross pathology, the per
centage of affected lung tissue is higher in AGMs than in cynomolgus macaques. By histopathology, 
pulmonary lesions are significantly more severe in AGMs than in cynomolgus macaques. However, 
the character of the pulmonary lesions is similar, except that AGMs show hyaline membranes and 
cynomolgus macaques do not (Table 1). 

	
Carnivores
Cats and ferrets infected with SARS-CoV develop similar lesions in the respiratory tract as humans 
and AGMs (Table 1). However, the resultant DAD is more extensive and severe in ferrets than in 
cats, and includes alveolar edema. Another difference is that cats develop tracheo-bronchoadenitis, 
while ferrets do not.

	
Comparative pathology
When the pathological features of SARS in humans and in the above-mentioned laboratory animal 
species are compared, there are both similarities and differences in localization, character, and severity 
(Table 1).32,34,36,37 First, the localization of the lesions is similar among all species: lesions are centered 
on alveoli and bronchioles. Additionally, AGMs, young-adult macaques, and cats have lesions in the 
submucosal glands of trachea and bronchi that are not seen in humans. Second, the character of the 
lesions is similar among all species; these characteristics are epithelial necrosis, infiltration of inflam
matory cells, and type II pneumocyte hyperplasia. Additionally, syncytia and hyaline membranes are 
present in lesions of humans, macaques, and AGMs. Third, the severity of the lesions among species 
can be divided into two groups. Humans, aged macaques, and AGMs have severe DAD, characterized 
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by edema, fibrin, and hyaline membranes. Young-adult macaques, cats, and ferrets have milder DAD 
demonstrating a more multifocal distribution and lacking above-named features.

The development of fibrosis in the late stages of human cases of SARS may be related to several 
factors. First, irreversible damage to the pneumocytes that therefore fail to re-epithelialize the alveo
lar walls. Instead, the denuded basement membrane is repaired by fibrosis. Second, specific epithelial 
sensitivity to IFN-gamma: lung epithelial cells are more responsive to IFN-gamma-induced damage 
than fibroblasts. Third, Th1-dominant immune-mediated cell death, which may favor the damage to 
alveolar epithelial cells over damage to fibroblasts, leaving the latter relatively intact. This would 
mean destruction to the epithelial parenchyma; a basis for stimulation of fibroblasts for repair.344 
Fourth, Fas-mediated apoptosis of human epithelial cells, while lung fibroblasts are protected and 
are also not infected by SARS-CoV.345,346 The importance of above-mentioned factors for fibrosis in 
SARS is not clear. Unfortunately, fibrosis is not a prominent feature of SARS-CoV infection in 
laboratory animals. This may be explained in part by the less severe lesions and the early time point 
of euthanasia. Therefore, this phenomenon is difficult to study in animal models.

There are several differences that one has to take into account when comparing the lesions of 
SARS in humans with those in experimentally infected laboratory animals (Table 1). These include 
differences in the: route of entry of the virus, dose of the virus upon entry, physiology of the 
respiratory tract, susceptibility to SARS-CoV infection, tropism of the virus, and immune response. 
Furthermore, one needs to realize that most pathological descriptions of human SARS involve people 
who have been hospitalized for an extended period and have undergone multiple interventions; there 
are only a limited number of descriptions of human acute fatal cases without intervention. In contrast, 
animals that have been infected experimentally with SARS-CoV usually do not undergo intervention 
and are euthanized before the endpoint of severe disease. Finally, one needs to consider that only 
about 10% of people with confirmed SARS-CoV infection died14 and it is likely that many people 
who recovered from SARS had less severe respiratory tract lesions. 

The pathogenesis of SARS-CoV infection
The pathological changes induced by SARS-CoV infection and the similarities and differences in 
these pathological changes among humans and experimental animals can be related to several fac
tors: 1) virus-specific factors, 2) factors related to host-virus interaction, and 3) host-specific factors 
(Tables 3 and 4). 

Virus-specific factors:
Receptor specificity
The cell type tropism of SARS-CoV is at least in part related to the presence of receptors such as 
ACE2 on the host cell surface. ACE2 is the most important receptor for SARS-CoV. The presence 
of ACE2 on type I and type II pneumocytes of human lungs corresponds to SARS-CoV infection of 
those cell types. Similarly, the localization of ACE2 can explain the tropism of SARS-CoV for small 
intestine in humans.52,53 In laboratory animals, cell type tropism of SARS-CoV is also related to 
ACE2 expression (Table 1). Similar to human ACE2, both ferret and feline ACE2 bind the attaching 
S-protein of SARS-CoV efficiently.222,223

However, cell type tropism and ACE2 expression do not always correspond. For example, ferret 
bronchiolar epithelial cells express ACE2 but are apparently not infected by SARS-CoV (Table 1). 
This discrepancy may be explained by the necessity for other receptors besides ACE2 for virus 
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attachment or for other factors (such as cathepsin L) for SARS-CoV replication in the host 
cell.46,47,49,224,226,227 The low expression of cathepsin L in human endothelial cells might explain the 
low infection rate of these cells despite their high expression of ACE2.227 On the other hand, virus 
replication was observed in colonic epithelial cells and in hepatocytes without ACE2 expression, 
which may be explained by the presence of other receptors and co-receptors like dendritic cell-
specific DC-SIGN and human CD209L.347 DC-SIGN (or CD209) is expressed by macrophages and 
dendritic cells. Binding of SARS-CoV to this receptor did not lead to entry of virus into dendritic 
cells, but facilitated transfer of viruses to other susceptible cells.46 L-SIGN (CD209L or DC-SIGNR) 
acted in conjunction with LSECtin to enhance SARS-CoV infection.47 

Another discrepancy between cell type tropism and ACE2 expression was observed in tracheo-
bronchial submucosal glands. While the submucosal glands of both and cats and ferrets expressed 
ACE2, only the submucosal glands of cats became infected and inflamed. As indicated above, this 
discrepancy may be due to species differences in expression of other co-factors necessary for viral 
replication. Alternatively, this discrepancy may also be due to species differences in the histological 
architecture of the tracheo-bronchial submucosal glands, which contain both serous and mucous 
cells. Ferrets have relatively more mucous cells than cats. This may have inhibited the attachment 
of SARS-CoV to serous cells, which was the main cell type infected in cats.

Direct cytopathic effect
The epithelial damage in the respiratory tract of patients with SARS can partly be explained by the 
direct cytopathic effect and apoptotic mechanisms due to viral infection and replication, resulting 
in lysis of the infected cells and necrosis as well as subsequent inflammation in the infected tis
sue.348,349 High titers of virus have been found in severely damaged organs,34,53 with necrosis at the 
sites of virus particles.31 Additionally, SARS-CoV caused cytopathic changes in Vero E6 (African 
green monkey kidney) cells after inoculation.19,350 Fas-mediated apoptosis was demonstrated in 
human epithelial cells.346 However, most likely direct cytopathic damage due to virus replication in 
SARS is not the most important factor for cellular and tissue damage, since differences in the severity 
of the pulmonary lesions between young-adult and aged macaques were observed, despite having 
similar virus loads.

Factors related to host-virus interaction
Immune- and inflammatory cells
Immune- and inflammatory cells such as lymphocytes, monocytes, and neutrophils may play a role 
in the lesions caused by SARS-CoV infection. Lymphopenia with a rapid decrease of CD4 and CD8 
T-cells was seen in the blood of human patients in the acute phase of SARS-CoV infection, and was 
associated with an adverse outcome.22 This lymphopenia may be caused by apoptosis via the caspase-
dependent pathway induced by protein 7a54 or by direct cytolysis of lymphocytes due to virus 
replication, although ACE2 was not detected on T-lymphocytes or macrophages.213 In experimentally 
infected ferrets, decreased numbers of lymphocytes also were observed in the blood of animals 
infected with SARS-CoV.351 Additionally, a high neutrophil count in the blood of patients with 
SARS-CoV infection, that was associated with a poor prognosis, was also seen in the blood of ferrets 
infected with SARS-CoV.351 These findings show that changes in the immune cell population are 
present in humans and animals infected with SARS-CoV and may influence the host response to 
infection with SARS-CoV.
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Induction of cytokines
One remarkable feature of SARS is the relatively strong induction of inflammatory cytokines like 
IP-10, MCP-1, IL-6, IL-8, IL-12, and IL-1beta in infected patients.56-59,165,344 Increased expression of 
chemokines and cytokines such as IP-10, MCP-1, IL-6, and IL-8 are important for chemotaxis and 
activation of neutrophils and monocytes.133,160,181 Infiltration of these inflammatory cells corresponds 
with the severe pulmonary lesions observed in human cases.58,59,165,174 SARS-CoV-infected young-
adult and aged macaques demonstrated expression of various cytokines and chemokines such as 
IP-10, MCP-1, IL-6, and IL-8 in a similar pattern as was seen in humans.173 The cytokine response 
in SARS is probably host-specific since aged macaques had a stronger upregulation of those chem-
okines and cytokines than young-adult macaques, despite similar virus replication.174 When upregu-
lated chemokines and cytokines of macaques and AGMs were compared, IP-10, MCP-1, IL-6, and 
IL-8 were upregulated in macaques but not in AGMs. The AGMs showed more severe pathology 
with hyaline membranes when compared to the young-adult macaques despite similar virus replica-
tion levels. Comparative gene expression analyses revealed induction of proinflammatory and anti-
viral pathways in both species. Cytokines important for ARDS or neutrophils attracting activity, such 
as CXCL-1, CXCL2, IL-6 and IL-8, were upregulated in the macaques but not in the AGMs. Other 
proinflammatory chemokines and cytokines such as SPP1 (osteopontin), CCL20 and CCL3 were 
upregulated more in AGMs than in macaques. Additionally, osteopontin and CCL20 were signifi-
cantly more upregulated in AGMs and aged macaques than in young-adult macaques. CCL3 was 
upregulated in human patients with H5N1 infection and was related to lung inflammation and fibro-
sis in mice infected with H5N1.134,187 Osteopontin is predominantly expressed by macrophages and 
is important in type 1 (Th1) cytokine expression and plays a role in development of lung fibrosis.184,195 
In AGMs, many macrophages, presumed to express osteopontin, were seen histologically, whereas 
in macaques there were both macrophages and neutrophils. The above-mentioned differences in the 
gene expression profile as well as the difference in the tropism, which also involves bronchiolar and 
tracheal epithelial cells in AGMs (Table 1), may not fully explain the more severe lesions in the 
AGMs. Therefore, other species differences may be involved.

	 The production of type I interferons (IFN) by the host upon infection with a virus is an essential 
part of the antiviral innate immune system. SARS-CoV is suggested to cause inhibition of IFN 
production.352 In humans with SARS, treatment with type I IFNs was associated with reduced disease-
associated hypoxia and a more rapid resolution of radiographic lung abnormalities.353 When macaques, 
experimentally infected with SARS-CoV, were directly treated with IFN, there also was a protective 
effect, suggesting that supplementing IFN as a therapy can be beneficial.172 These results demonstrate 
that the inhibition of IFN production caused by the virus plays an important role in the induction of 
virus replication and associated severe lesions after SARS-CoV infection.

Host-specific factors
The most important host specific risk factors in humans for increased SARS-related disease and 
deaths due to acute respiratory distress syndrome (ARDS) are advanced age, sex, co-morbidities 
and genetic factors.18,26-30,354,355 In addition, the difference between species is another important host-
specific factor. As discussed above, aged cynomolgus macaques (10 to 19 years old) infected with 
SARS-CoV had more severe lesions than young-adult animals, even though viral replication levels 
were similar.174,159,356 Additionally, aged mice showed more severe lesions than young adult mice 
upon infection with SARS-CoV and the transcription profile in aged mice generally indicated a 
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stronger proinflammatory response than in young mice.61,63 It is suggested that age-related accumulated 
oxidative damage and a weakened antioxidative defense system cause a disturbance in the redox 
balance, resulting in increased reacting oxygen species.174 Subsequently, redox-sensitive transcription 
factors, such as NF-κB, can be activated which is followed by the induction of proinflammatory 
genes such as IL-1β, IL-6, TNF-α and adhesion molecules.357 Therefore, aging is not only associated 
with alterations in the adaptive immune responses, but also with a proinflammatory state in the 
host.174 Oxidative stress and Toll-like signaling via NF-κB triggered by viral pathogens like SARS-
CoV, may further amplify the host response, ultimately leading to acute lung injury.159 

Other host-specific factors are the differences between the species as is demonstrated in the species 
differences in cell type tropism of SARS-CoV (Table 1) and the differences between cynomolgus 
macaques and AGMs in induction of cytokines.174 Co-morbidities and genetic factors that are 
associated with severe disease in humans have not been investigated in laboratory animals and thus 
an insight on those factors from SARS animal models has not been obtained.

Intervention strategies against SARS-CoV infection
Intervention strategies consist of a combination of societal interventions sparked by early warning 
systems based on virus detection and discovery, and of more specific and targeted interventions  
such as the use of antivirals (e.g. IFN) and vaccines. In the present thesis, animal models were used 
in assessing one of the intervention strategies by evaluating the efficacy of different vaccines against 
SARS-CoV in ferrets and macaques. Ferrets vaccinated against SARS-CoV with MF59 adjuvanted 
recombinant spike protein or inactivated whole virus were protected against severe disease from 
SARS-CoV infection. This protection was demonstrated by less or absent clinical signs, reduced 
virus levels excreted in the throat, and no infectious virus in the lungs, which was correlated with 
the presence of circulating antibodies. In histopathology, lung lesions consistent with SARS-CoV 
infection were present and negatively correlated in severity with the level of circulating antibodies. 
Additionally, in the vaccinated animals there were perivascular mononuclear infiltrates and 
proliferation of BALT, predominantly consisting of CD3 positive staining T-cells. These increased 
perivascular infiltrates are in line with lymphocyte recall responses and correspond to higher anti
body titers and high lymphocyte responses against SARS-CoV, but not to the presence or absence 
of virus in the lungs or throat swabs. Other experiments with mice vaccinated against SARS-CoV 
demonstrated similar strong T-cell responses against nucleoprotein that may contribute to the observed 
perivascular cuffing and BALT proliferation.240,241 The presence of virus, albeit in reduced levels, in 
the throat swabs without signs for virus replication in the lungs, suggests other sites of virus 
replication, such as the nose, trachea, or salivary gland as was seen in macaques;239 another suggestion 
may be that the virus is still present without replication. This vaccination study demonstrates 
protection against severe disease of SARS-CoV in ferrets. However, this study also shows vaccination-
related histological changes possibly associated to a recall response, and virus excretion in the throat 
after vaccination. Therefore, this vaccine needs improvement.

Ferrets and macaques vaccinated against SARS-CoV with an aluminium-adjuvanted whole virus 
vaccine and infected with SARS-CoV, had similar but less severe lesions with more perivascular 
and peribronchiolar cuffing consisting of lymphocytes and plasma cells, when compared to non-
vaccinated animals infected with SARS-CoV. In all macaques immunized with the aluminium 
adjuvanted vaccine there was an increase of the number of eosinophils in the peribronchial intersti
tium and in one animal also in the bronchial lumen. This increase of eosinophils was not seen in the 
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other animals. SARS-CoV infection causes induction of proinflammatory cytokines such as IL-1beta, 
IL-8, CXCL2 and IL-8, but also CCL11 (eotaxin), involved in eosinophil migration, and CCR3 
(eotaxin receptor) are involved.174,358 However, the vaccination likely played a more important role 
in the infiltration of eosinophils, since the increase in eosinophils upon SARS-CoV challenge was 
limited to vaccinated macaques. The absence of this phenomenon in ferrets suggests a difference in 
host response involving eosinophil migration. The immunized ferrets demonstrated fewer lesions in 
the lungs. However, not all ferrets had neutralizing antibodies and all ferrets did not reduce virus 
excretion on 2 dpi. Nevertheless, the virus was cleared more rapidly than in the control animals. The 
cuffing can be caused by the recall-response; however, further investigations into the cytokine 
profile of vaccinated compared to non-vaccinated animals can be helpful. Also, the vaccinations 
demonstrate no full protection against either SARS-CoV-associated disease or virus excretion.

The occurrence of pathological changes caused by the immune response has been a concern in  
the development of an effective vaccine against SARS221 while disease-enhancing antibodies may be 
induced after natural virus infections as was seen in e.g. dengue virus infection and feline coronavi-
rus infection.359-362 Additionally, the results of vaccination experiments against SARS are ambiguous. 
Ferrets vaccinated with MF59 adjuvanted vaccine were less protected against disease when compared 
to vaccinated mice229 while showing reduced virus replication but no sterile immunity. 

Influenza virus infections in animal models

The pathology of influenza virus infection
Both pathogenesis and vaccination studies for influenza viruses use many different experimental 
animal species: non-human primates such as macaques, carnivores such as ferrets and cats, and 
rodents such as mice and guinea pigs.138,144,147-150 All these laboratory animal species are susceptible 
to influenza virus infection, but they demonstrate differences in clinical disease, virus replication, 
and pathological changes when compared to influenza in humans. Influenza viral pneumonia in 
human fatal cases shows similar pathological changes in the alveoli and bronchioles, regardless 
whether it is caused by seasonal human influenza virus, pH1N1, or H5N1. In macaques and ferrets, 
pH1N1 and H5N1 cause more severe lesions in the alveoli and bronchioles than seasonal influenza 
virus. This difference may be related to the virus strain used. Cats infected with H5N1 show sys-
temic disease, while in humans the disease is predominantly confined to the respiratory tract. In this 
thesis the pathological changes of different influenza virus infections in macaques, ferrets, and cats 
are compared with those of human fatal cases, and the similarities and differences are related to the 
pathogenesis of the respective influenza virus infections. 

	
Non-human primates
The cynomolgus macaque is a non-human primate that is often used in animal models for human 
disease caused by influenza virus infection.148 Experimental H5N1 infection in cynomolgus macaques 
caused both morbidity and mortality, as reviewed by Kuiken et al.297 Histological lesions were 
centered in the alveoli and bronchioles and consisted of DAD that was more severe than for human 
influenza viruses (Table 2).148,151,259 Extra-respiratory tissues did not show histological lesions,148,149,258,259 
although suppurative tonsillitis, lymphocytic necrosis in lymphoid organs, hepatic necrosis, and 
renal tubular necrosis were rarely seen.148,259 Experimental pH1N1 infection in cynomolgus macaques 
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caused morbidity but no mortality. Histological lesions consisted of multifocal moderate DAD (Table 
2). In addition, there was moderate bronchiolitis and mild bronchitis, tracheitis, and rhinitis. The 
severity of pH1N1-induced pulmonary lesions was higher than those induced by seasonal influenza 
H1N1, but lower than those induced by H5N1. Experimental seasonal influenza virus infection in 
cynomolgus macaques also caused morbidity but no mortality. Histological lesions consisted of 
focal-to-multifocal mild DAD with mild necrosis and no edema, hyaline membranes, or lesions in 
the other parts of the respiratory tract.

	
Carnivores
A more frequently used animal species in influenza research is the ferret. Intratracheal inoculation 
of influenza virus into ferrets caused high morbidity and mortality for H5N1,   moderate morbidity 
and low mortality for pH1N1, and neither obvious morbidity nor mortality for seasonal influenza 
virus.281,363-365 This corresponded to differences in severity of pulmonary lesions (consisting of DAD), 
which was high for H5N1, intermediate for pH1N1, and low for seasonal H1N1. The extent and 
distribution of the lesions throughout the respiratory tract also differed per virus (Table 2). Extra-
respiratory lesions  were limited to H5N1 infection, and consisted of: non-suppurative necrotizing 
encephalitis,281,363,364 316,366,367 multifocal hepatitis and necrosis, and hyperplasia of bile duct epithe-
lium, as reviewed by Kuiken et al.297,364,366,367

When pH1N1 was inoculated intranasally into ferrets instead of intratracheally, lesions occurred 
higher in the respiratory tract and consisted of a mild-to-moderate necrotizing bronchiolitis, bron-
chitis, tracheitis, and rhinitis.152 This illustrates the effect of route of inoculation on the pathogenesis 
of experimental influenza virus infection.308

Temporal and spatial dynamics after combined intranasal and intratracheal inoculation of influ-
enza in ferrets differed per virus. H5N1 infection caused predominantly moderate DAD and bron-
chiolitis, starting on 12 hours post infection (pi), developing into severe DAD with edema from 1 
to 4 dpi, and necrosis and inflammation in the bronchus, trachea and nose. pH1N1 infection caused 
mild lesions on 12 hours pi, developing in moderate-to-severe lesions from 1 to 7 dpi, with more 
involvement of the nose when compared to ferrets infected with H5N1. On 14 dpi the lesions were 
mild again. Human seasonal influenza virus infection did not consistently cause viral pneumonia 
but was limited mainly to bronchiolitis, bronchitis, tracheitis, and rhinitis.152,291 

To develop a more useful model for viral pneumonia in humans caused by seasonal influenza 
virus, the previously used ferret model was modified by use of the intratracheal route and higher 
doses of up to 109 TCID50. Both old and recent strains of seasonal H1N1 and H3N2 consistently 
caused viral pneumonia in ferrets. This viral pneumonia consisted of severe DAD, similar to that 
caused by pH1N1 infection. This modified animal model for severe human influenza caused by 
seasonal influenza virus is suitable to test vaccines and antiviral agents against pneumonia from 
these influenza virus infections. 

Several felid species are susceptible to severe or fatal disease from influenza virus infection, as 
suggested by natural cases of H5N1 and/or pH1N1 infection in cats, tigers, and leopards.284-286 
Intratracheal inoculation of influenza virus into cats caused morbidity and mortality for H5N1,144 
morbidity but no mortality for pH1N1, and lack of infection for seasonal H3N2.144 This correspon
ded to more severe DAD for H5N1 than for pH1N1, as seen in ferrets (Table 2). Extra-respiratory 
lesions, characterized by inflammation and necrosis in brain, heart, kidney, liver, and adrenal gland, 
were limited to H5N1 infection,144 and much more extensive than in ferrets.
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Comparative pathology
The pathological changes of influenza virus infection in fatal human cases and in above-described 
laboratory animals show both differences and similarities (Table 2). These can be compared according 
to localization, character, severity, and temporal changes of the lesions; and degree of extra-respiratory 
spread. First, the localization of the lesions in the respiratory tract, per virus, is similar for humans 
and laboratory animals: in seasonal influenza infection, the upper respiratory tract is mostly affected; 
in pH1N1 infection, all parts of the respiratory tract are affected; and in H5N1 infection, the lower 
respiratory tract is mostly affected.108,132 There are few differences in localization as well, since H5N1 
infection in laboratory animals involves more of the air-conducting parts of the respiratory tract than 
in humans, and vice versa for pH1N1 and seasonal influenza virus infections. Second, the character 
of the respiratory tract lesions is similar for humans and laboratory animals. This includes the alveolar 
lesions after infection with H5N1 and pH1N1. These alveolar lesions result in DAD, characterized 
by necrosis of epithelial cells, edema, infiltration of inflammatory cells, and epithelial regeneration. 
Third, the severity of the respiratory tract lesions appears greater in humans than in laboratory ani
mals. For example, human fatal cases often show alveolar edema and hyaline membranes, which are 
less common in laboratory animals. One factor may be the euthanasia of laboratory animals before 
severe disease or death occur. Fourth, the temporal dynamics of influenza virus infection in ferrets 
may reflect the differences in the age of pathological changes in fatal human cases due to the duration 
of their illness before dying. Fifth, the degree of extra-respiratory involvement of H5N1 infection in 
humans is difficult to compare with that in laboratory animals, because it is so poorly described in 
humans. The involvement of the CNS in some human H5N1 cases100 appears similar to that in ferrets, 
where extra-respiratory spread often is limited to the CNS. In contrast, extra-respiratory spread of 
H5N1 in humans is likely not as common or widespread as in cats.144 Overall, many features of the 
pathological changes in humans and above-described laboratory animals are similar; the choice of 
animal model—including laboratory animal species, route of virus inoculation, and dose of inoculum—
will depend on the specific feature of influenza in humans that one wishes to study.

	
The pathogenesis of influenza virus infection
Like in SARS, the pathology of influenza in all species and the similarities and differences between 
the pathology in human fatal cases and animal models can be related to several factors that have 
been proven important in influenza virus infection: 1) virus-specific factors, 2) factors related to 
host-virus interaction, and 3) host-specific factors (Tables 3 and 4). 

Virus-specific factors
Receptor specificity
The greater severity of disease caused by H5N1 infection than by human seasonal influenza virus 
infection can be related in part to the cell type tropism of H5N1, which in turn is partly dependent 
on its receptor specificity. In general, human and avian viruses bind preferentially to different 
receptors; avian influenza viruses prefer sialic acids linked to galactose by α-2,3 linkage (avian-
type receptors), while human influenza viruses prefer α-2,6 linked sialic acids (human-type 
receptors).117,368 In humans, human-type receptors are predominantly expressed in the epithelium of 
the upper part of the respiratory tract (nose, trachea, bronchi), whereas avian-type receptors are 
mainly expressed in the epithelium of the lower part of the respiratory tract (bronchi, bronchioles, 
type II pneumocytes).118,369 The receptor distribution differs between humans and different animal 
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species as is determined by virus attachment studies (Table 2).124 Those studies reveal that for H5N1, 
the virus attachment pattern in respiratory tissues of cats resembles that of humans best. For seasonal 
influenza virus, the virus attachment pattern in respiratory tissues of ferrets resembles that of humans 
best. For pH1N1, there are no data about virus attachment in animals.

While virus attachment studies show to which cells influenza viruses bind, virus antigen expres
sion studies (using IHC) show in which cells influenza viruses actually replicate. Both pattern of 
virus attachment and pattern of virus antigen expression are linked to the severity of disease and 
pattern of lesions in the respiratory tract in humans and animals infected with influenza viruses (Table 
2). Overall, pattern of virus attachment and pattern of virus antigen expression correspond with each 
other, but not always. A first reason for this discrepancy may be that, like SARS-CoV, influenza 
viruses also require other co-receptors or other factors for attachment and/or replication. A second 
reason may be the influence of surfactant proteins that protect against influenza in humans and pigs 
and possibly in other animal species, explaining virus attachment without virus antigen 
expression.311

To choose the most appropriate laboratory animal species for animal models of influenza in hu-
mans, it is useful to compare the pattern of virus antigen expression among species. For H5N1, there 
is more virus antigen expression in pulmonary epithelial cells of laboratory animals than of humans. 
For pH1N1, the pattern of virus antigen expression in ferrets most closely resembles that in humans. 
For seasonal influenza viruses, the pattern of virus antigen expression differs between humans, 
cynomolgus macaques, and ferrets. When comparing the results of virus antigen expression studies 
in experimentally infected animals and fatal human cases, the following factors need to be taken 
into account: route of virus entry, dose of virus inoculum, stage of disease at which tissue samples 
are taken, and immune status. The route of entry in animal models is mostly by intranasal or intrat-
racheal inoculation, while in humans it is by air through small or large droplets. The dose of the 
virus inoculum in animal experiments is usually much higher than in human infection. Tissue sam-
ples are often taken at an earlier, less severe, stage of disease in laboratory animals than in humans. 
Tissue sampling in laboratory animals is usually from non-fatal cases, because the animals are eu-
thanized before they succumb to the infection. In contrast, tissue sampling in humans is usually from 
fatal cases, where patients have died after protracted disease and multiple therapeutic interventions. 
Finally, the immune status is different: laboratory animals are usually naïve to influenza virus, while 
many humans have specific immunity, which may alter the course of subsequent influenza virus 
infections.

Direct cytopathic effect
Replication of influenza virus causes cellular damage due to cytopathic and apoptotic mechanisms. 
Direct cytopathic damage is suggested by high virus titers that were isolated from severely damaged 
lung tissue as well as throat or nose swabs110,370 while virus antigen expression in epithelial cells was 
associated with severe DAD.113,297 135 In animal models high virus titers in the lungs strongly suggest 
active viral replication in those tissues with subsequently more damage.144,281,316,364 Apoptotic damage 
is suggested by experiments with TRAIL-expressing macrophages that induced epithelial cell 
apoptosis in influenza virus pneumonia.371-373 These findings suggest that direct damage of the virus 
by cytopathic and apoptotic mechanisms are important in the development of pathological changes 
in influenza virus infections. However, damage due to other mechanisms, such as indirect damage 
of the host response, cannot be excluded.
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Factors related to host-virus interaction
Immune- and inflammatory cells
Like in SARS, immune cells such as lymphocytes, monocytes, and neutrophils play a role in the 
lesions caused by influenza virus infection. In fatal human cases of H5N1 and pH1N1 infections, 
lymphopenia was associated with the severity of disease.374,375 This depletion of lymphocytes was 
also seen in ferrets and can be related to apoptosis and bone marrow suppression.318 After H5N1 
inoculation, the number of monocytes in the blood and alveoli of ferrets decreased and remained 
low, which is suggestive for exhaustion of the bone marrow; after pH1N1 inoculation there was 
an increase again a few days later. Additionally, the neutrophil count in the blood of ferrets was 
lower with H5N1 infection than with pH1N1 infection, as was also seen in human cases.376 This 
decreased neutrophil count may be attributed to a higher demand of neutrophils than can be met 
by myelopoiesis. This is corroborated by the high number of immature neutrophils in the blood, 
again suggesting exhaustion of the myelopoietic component. For macaques and cats, there are 
limited data.

Cytokines
In human cases of H5N1 infection, there are indications that a high production of proinflammatory 
cytokines and chemokines play an important role in the pathogenesis, as was seen in SARS. In fatal 
cases of H5N1 infection, high virus loads correlated with high cytokine and chemokine levels and 
severe inflammatory response in humans.134 The high viral load accompanied with high cytokine 
response may suggest a balanced response. However, signaling pathways involved in inflammation 
showed an imbalance of proinflammatory responses and an impaired antiviral gene program after 
H5N1 infection of endothelial cells, compared to low pathogenic influenza virus infection of 
endothelial cells.377 Similar features are seen in animal models. Macaques infected with H5N1 
displayed severe disease and activation of proinflammatory cytokine and chemokine responses.258 
Also in ferrets, H5N1 infection induced severe disease associated with strong expression of inter
feron response genes, including IFN-gamma-induced cytokine CXCL10. When those ferrets were 
treated with an antagonist of the CXCL10 receptor (CXCR3), the severity of H5N1–related disease 
and the viral titers were reduced when compared to the controls.365 For pH1N1, the abundance of 
neutrophils and macrophages in pulmonary lesions corresponded with up-regulation of CCL2, CCL3, 
CCL8, CXC10, IL-8, and CXCL1, which are known chemoattractants for neutrophils and monocytes, 
as is seen in macaques. Compared to lungs of cynomolgus macaques infected with seasonal human 
H1N1 virus, concentrations of MCP-1, MIP-1α, IL-6 and IL-18 were higher. This is in line with the 
more severe pulmonary lesions in cynomolgus macaques infected with pH1N1 than with seasonal 
human influenza H1N1 virus.264 On the contrary, alveolar macrophages infected with H5N1 did not 
induce excessive TNF-alpha. However, alveolar macrophages were more abundantly infected by 
H5N1 than by seasonal or pH1N1.378 Therefore, the imbalance in the level of virus infection and 
resultant cytokine and chemokines production may at least in part contribute to the development of 
lesions after infection with H5N1 and pH1N1.

Host specific factors
Important host specific risk factors for severe disease from human seasonal influenza virus infection 
are advanced age, co-morbidities like pulmonary disease and cardiovascular disease, and 
pregnancy.106,379 Risk factors for severe disease from pH1N1 infection are similar as those for human 
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seasonal influenza virus. In addition, they include diabetes, hypertension and obesity. Interestingly, 
advanced age does not appear to be a risk factor for severe disease from pH1N1 or H5N1 infections. 
Most pH1N1 patients were (young) adults with a median age of 36 years old,132 while most severe 
human cases of H5N1 were previously healthy with a median age of 18 years.94 In addition, the 
difference between species is another important host-specific factor.

Advanced age as a risk factor for severe disease from seasonal influenza virus infection may be 
related to increased host responses and decreased defense mechanisms against redox-induced 
damage as is seen in SARS-CoV infection. The different age distribution of disease and fatality 
from H5N1 infection may reflect age-related patterns of exposure or risk behavior such as close 
contact with sick poultry, or age-related host resistance.380 The different age distribution of fatality 
from pH1N1 infection is probably related to the presence of immunity from previous infections 
with influenza viruses in older people. Because these viruses were antigenically related to pH1N1, 
the antibodies were cross-reactive and therefore protected from severe disease from pH1N1 
infection.323 

Other host specific factors such as pre-existing morbidities and pregnancies, which are risk 
factors for seasonal and pH1N1 infection, may be related to a compromised immune system in 
chronically ill patients and pregnant women as well as aerodynamic ventilation problems in 
advanced pregnancy and obesity. In animal models there are no reports on the effect of such 
factors. Differences in histopathological changes, antigen expression and receptor specificity 
among humans and laboratory animal species are species-related, as was seen in SARS-CoV 
infection.

Table 3. Similarities and differences between SARS and H5N1 influenza related to the pathology (based in part on 
Ng et al. The comparative pathology of severe acute respiratory syndrome and avian influenza A subtype H5N1—a 
review. Human Pathology, 37:381-390, 2006)107 

Similarities Differences

SARS H5N1 Influenza

1. �Pneumocytes main target: 
resulting in DAD

1. Acute alveolar lesions:

DAD less fulminant with an 
acute and regenerative pattern

DAD more fulminant and 
necrotizing with marked 
hemorrhage

2. �Hyaline membranes in human 
cases

2. Typical histopathologic features:

Multinucleated cells No multinucelated cells

3. �Hemophagocytic syndrome and 
lymphoid depletion

3. Organizing phase:

Fibrocellular intra-alveolar 
organization with a BOOPa- like 
pattern

Patchy and interstitial 
paucicellular fibrosis without 
BOOP-like pattern

4. �Hypoxia-related skeletal muscle 
and renal tubular necrosis

4. Development of severe disease:

Less rapid, 2nd week of illness More rapid, end of 1st week

5. �Pathology centered around the 
bronchioles for SARS and pH1N1

5. Dissemination:

Respiratory tract, intestinal tract, 
liver, blood, urine, and feces

Respiratory tract, intestinal tract, 
brain, cerebrospinal fluid, and 
blood

a  BOOP = bronchiolitis obliterans organizing pneumonia
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Intervention strategies against pH1N1 infection
Intervention strategies for influenza, like those for SARS, consist of a combination of societal 
interventions sparked by early warning systems based on virus detection and discovery, and of more 
specific and targeted interventions such as the use of antivirals and vaccines. In the present thesis 
vaccination as one of the intervention strategies was evaluated by testing the efficacy of seasonal 
human influenza virus and pH1N1 vaccines against pH1N1 infection in ferrets. Ferrets vaccinated 
with MF59 adjuvanted or seasonal or pH1N1 vaccines all developed clinical signs upon infection 
with pH1N1, as well as weight loss, raised temperature, pulmonary consolidation, and increased 
relative lung weight. The severity of the pathological changes in the respiratory tract of vaccinated 
ferrets upon infection with pH1N1 was more severe when a non-adjuvanted or a seasonal vaccine 
alone was used. Animals vaccinated with the combination of adjuvanted seasonal vaccine followed 
by adjuvanted pandemic vaccine, raised the highest antibody titers and showed fewer lesions than 
the other animals. Although the type of antigen expressing cells was not changed, the number of 
cells expressing viral antigen was strongly reduced and even absent in effectively vaccinated animals. 
The priming of the adjuvanted seasonal vaccine that was followed by an adjuvanted pandemic vaccine 
may be attributed to protective and cross-reactive T-cell and memory B-cell responses.330,381 Another 

Table 4. Similarities and differences between SARS and influenza related to the pathogenesis

Factors important for 
pathogenesis

Similarities Differences

Virus specific factors

Receptor specificity - Receptors:
SARS: ACE2, DC-SIGN, L-SIGN
Influenza: sialic acids

Direct cytopathic effect - SARS: not so important Influenza: 
important

Virus-host interaction

Immune cells Lymphopenia
High neutrophil count

-

Imbalanced cytokines          - SARS: host specific
Influenza: virus specific

Host-specific factors

Age Old age is associated with fatal 
cases (SARS and seasonal 
influenza)

Not for pH1N1 and H5N1

Co-morbid disease Co-morbid disease is associated 
with fatal cases (SARS, seasonal 
influenza and pH1N1)

Not for H5N1

Genetic factors - SARS: certain genetic factors are 
associated with severity of disease
Influenza: not described

Species differences Differences in pathologic changes 
and disease outcome among humans 
and non-human animal are 
species-related

-
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interesting finding was the perivascular and peribronchial lymphocytic cuffing that was more 
prominent in vaccinated ferrets than in non-vaccinated ferrets. This co-localization of the cuffing 
with the virus-associated histological lesions in alveoli may be a response to the alveolar infection, 
since lymphocytes are important contributors to clearance of challenge virus from the lungs.382 The 
vaccination may therefore prime the combined innate and adaptive immune reaction that induces a 
lymphocyte response. Such a response may be associated to the finding that young subjects vaccinated 
with seasonal vaccine may be at risk to more severe pathologic changes from pH1N1.342 However, 
although vaccinated ferrets had increased lymphocytic infiltrates, the other pulmonary lesions were 
less severe.

Comparing the pathology and pathogenesis of SARS and 
influenza

Although SARS-CoV and influenza viruses use different receptors, the role of the receptors in the 
development of disease is crucial in both infections. For infections with SARS-CoV and influenza 
viruses, there is a correlation between the distribution of the receptor, the tropism of the virus, and 
the associated lesions (Tables 1 and 2). However, not all differences in the pathology between vari-
ous animal species can be explained by the differences in receptor distribution (Tables 3 and 4). This 
implies that other receptors and factors also play a role in the attachment, replication, and infectious-
ness of both viruses.347,369 

The location of the lesions in SARS-CoV and influenza virus infection is related to the receptors, 
while the character of the lesions is characterized by necrosis and inflammation. First, the necrosis 
that is seen in the lungs with both SARS and influenza can be explained by a direct cytopathic effect 
or apoptotic mechanisms. These mechanisms lead to damage of epithelial cells, increased permeabi
lity of the alveolar epithelium, endothelial damage, and subsequent edema and hemorrhage, followed 
by formation of hyaline membranes.312 Second, the inflammation can additionally be attributed to 
the imbalanced cytokine and chemokine production. Dysregulation of cytokines and chemokines in 
SARS-CoV and H5N1 virus infection correlates with high viral loads in pharyngeal swabs and more 
severe pathological changes in severe or fatal cases.134,165,173 Proinflammatory cytokines like IL-6 
and IL-8, IP-10 and MCP-1 attract immune cells that constitute the inflammatory infiltrate, which 
leads to even more production of cytokines and chemokines.312,344,383 Together with the activation of 
oxidative stress mechanisms that are induced by the up-regulated cytokines, there is further cellular 
damage and inflammation resulting in DAD.160 

Not only the cytopathic effect, cell type tropism and cytokine induction, but also the biology of 
the viruses may influence the outcome of the disease (Tables 3 and 4). SARS-CoV-specific changes 
in the S-protein seem to trigger an aberrant host response. Similarly, changes in HA and NA also 
may affect virulence of influenza virus infection, as has been shown with seasonal influenza virus, 
pH1N1 and H5N1 infections in ferrets. These changes in virulence were linked with up-regulation 
of genes associated with apoptosis and tissue injury.63,384,385

Aging is associated with increased morbidity and mortality from infections with SARS-CoV and 
human seasonal influenza virus.161,386 This phenomenon is also seen in a variety of other viral 
infections, such as West Nile virus and norovirus infections, probably because the elderly respond 
poorly to new antigens compared to younger persons due to immunoscenescence.387-391  
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Immunosenescence is a multifactorial process that is associated with thymic involution, chronic 
antigen stimulation due to persistent infections, signal transduction changes in immune cells, and 
protein-energy malnutrition.392 Although all components of immunity are affected with aging, the 
T-cells are the most susceptible and the increased susceptibility to lower respiratory tract viral 
infections is particularly related to defective T-cell responses in the innate immunity.392-394 Additio
nally, advanced age causes a general increase in the levels proinflammatory cytokines in plasma, 
resulting in an age-related increase of inflammation.391 Increased amounts of proinflammatory 
cytokines, such as IL-1β and IL-8, were produced upon stimulation of leukocytes of the elderly, 
whereas induction of antiviral type I IFNs was decreased compared to young adults.395-397 Also, aging 
results in less protection against oxidative stress that is induced by virus infections and overreacting 
proinflammatory responses.357 

Other factors related to the severity of disease in SARS, seasonal influenza and pH1N1 are pre-
existing co-morbidities (such as diabetes mellitus and cardiopulmonary disease), pregnancy, and 
sex. Pre-existing co-morbidities and pregnancy are predominantly associated with suppression of 
the immune response, as is seen in older patients. In SARS, male sex is correlated with more severe 
disease, while in H5N1, females seem to have a worse outcome than males, although not signifi-
cantly (Table 4).27,94,103 Interestingly, a sex difference in the pathology of immune responses after 
viral infection is suggested, since influenza virus infection of mice results in greater neutrophil influx 
and more severe lesions in females than in males.398

In humans, H5N1 appears more likely to spread to extra-respiratory tissues than seasonal influenza 
virus.134 In patients infected with H5N1, diarrhea was associated with the detection of H5N1 RNA 
in feces; it was suggested that the virus may infect the gastrointestinal tract directly or after subsequent 
dissemination via blood, since H5N1 RNA was also isolated in plasma.113,134,138,399 The hypothesis 
that H5N1 could enter the human host via blood vessels in the gastrointestinal tract is supported by 
the results of experimental H5N1 infections in cats. Intestinal H5N1 inoculation resulted in viral 
replication in capillary endothelium of the intestinal mucosa, which was not seen in cats 
intratracheally.144,400 Like H5N1 influenza, SARS in humans is a respiratory disease with extra-
respiratory virus dissemination, as is demonstrated by antigen expression in several organs and 
excretion of virus via respiratory secretions, stool, urine, and possibly sweat.52,53 Also, diarrhea was 
seen in SARS with active viral replication in enterocytes, but minimal disruption of the intestinal 
architecture or cellular infiltrate. Upregulation of the potent immunosuppressive cytokine TGF-β401 
and an anti-apoptotic host cellular response in the intestinal epithelial cells161 may be a cause for the 
diarrhea. Spread to other extra-respiratory tissues, such as the central nervous system, has been noted 
in H5N1 infection of mammals such as mice, ferrets, and felids,286,402,403 but has rarely been recorded 
in human H5N1 infections.100,404,405 For SARS in humans, no involvement of the central nervous 
system has been seen.

In our experiments, ferrets and macaques vaccinated against SARS-CoV and pH1N1 had increased 
infiltration of lymphocytes in the lungs, and macaques vaccinated against SARS-CoV with an 
aluminium adjuvanted vaccine had increased infiltration eosinophils after challenging. Infiltration 
of lymphocytes may be beneficial, but infiltration of eosinophils may be potentially damaging or be 
associated with more severe disease. This raises concerns that vaccination against SARS-CoV may 
fail to effectively protect against viral replication and may result in vaccine-enhanced pulmonary 
disease.406-408 Immune enhancement has been demonstrated with a vaccine against feline infectious 
peritonitis coronavirus, a modified vaccinia vector expressing SARS-S, and a vaccine with inacti
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vated respiratory syncytial virus.81,358,360,362,409 This finding has particular significance for inactivated 
SARS-CoV vaccines that also induce T-cell responses,228,410-412 since they may lead to adverse 
effects.240 Cellular immune responses, especially cytotoxic T-cell responses, play an important role 
in antiviral immunity.410,411,413 Previously, it is suggested that the activity of specific T- cells in the 
absence of effective neutralizing antibody mediates the adverse response.414 The perivascular 
appearance of the lymphocyte infiltrate can be explained by this recall principle: strong T-cell 
responses are raised against the viral nucleoproteins that occur around blood vessels and 
bronchioles.240,241

Finally, there are two pathologic features that are remarkable in both SARS-CoV and influenza 
virus infections: pulmonary fibrosis and tracheo-bronchoadenitis. First, in human severe cases of 
both SARS and influenza there is severe loss of alveolar epithelial lining, which may lead to re-
epithelialisation and recovery, to death, or to pulmonary fibrosis. Late stages of fatal human cases 
of SARS were characterized by intra-alveolar and intrabronchiolar fibrosis and in approximately 
62% of non-fatal SARS cases there was evidence for fibrosis in thin section computed tomography 
(CT) on 1 month of follow-up.37,415 In contrast, interstitial fibrosis has been described in only a few 
fatal cases of H5N1 influenza. Exceptions are two case descriptions, with radiological follow-up 
showing fibrosis-related changes.111 For pH1N1 influenza, pulmonary fibrosis also was seen in only 
a few cases by follow-up CT, and the fibrosis often disappeared after 1 month.416,417 Pulmonary 
fibrosis is not described in any animal models for SARS-CoV, pH1N1, or seasonal influenza virus 
infections. However, there is a mouse model of H5N1 infection that shows pulmonary fibrosis.418 
The reason for the severe fibrosis in fatal human cases of SARS remains unclear and needs further 
investigation. Second, tracheo-bronchoadenitis was demonstrated in SARS-CoV infection in cats 
and young macaques and in pH1N1 virus infection in ferrets and was clearly associated with 
expression of virus antigen. This finding has potentially important implications for the excretion  
of those viruses. Excretion of virus might increase due to infection of the tracheo-bronchial 
submucosal glands and a diminished efficient defense by the mucociliary system; and virus secreted 
by these glands into the trachea and bronchi is more likely to be expectorated than virus produced 
lower in the respiratory tract.

Concluding remarks

Points to consider for using animal models
SARS-CoV and influenza virus infections in experimental animals demonstrate different pathways 
that finally result in similar disease overall, which can be compared to the situation in human fatal 
cases (Tables 3 and 4). Samples taken from human fatal cases of SARS-CoV and influenza virus 
infections often do not represent the full range of the different temporal stages of a disease. Instead, 
they are more likely to represent late-stage disease. In addition, the lesions caused by the viral 
infection may be mixed up with lesions caused by clinical treatments and lesions from concurrent 
pre-existing disease. Therefore, to be able to study the course of the disease caused by these viruses 
good animal models are necessary for SARS-CoV and influenza virus infections in humans. The 
choice and design of an animal model used in an experiment is crucial for the outcome of the in
vestigation and should be considered carefully. Time course experiments such as the one described 
in chapter 3.5 provide information about the temporal and spatial dynamics that help to design such 
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animal models, including which time points and which samples are best to gain the most useful 
information. Not only the best time points and analyses of the most informative samples should be 
considered carefully, also the animal species, the inoculation route and the age of the animals are 
important, as is shown by studies of H5N1 influenza in ferrets and of SARS in aged mice and 
macaques.63,174,308

To improve our knowledge of fatal SARS in humans, animal models should ideally show virus 
replication dynamics, clinical illness and pathological changes that resemble those of fatal human 
SARS cases. Although current animal models do not fully mimic the disease in fatal human cases 
of SARS, they can be useful in pathogenesis and vaccination studies. For pathogenesis studies, 
SARS-CoV need not cause mortality in the animal model, since the vast majority of human SARS 
cases also were non-fatal. For vaccination studies, virus replication, virus excretion, antibody 
titers and pathology scores are useful parameters to assess the level of protection against infection 
and disease.

An important factor in designing an animal model for SARS is the species of laboratory animal 
used. Non-human primates, especially aged cynomolgus macaques and AGMs, most closely reflect 
the pathology in fatal human SARS by demonstrating typical pathological features such as hyaline 
membranes and syncytial cells upon SARS-CoV infection. However, the severity of the clinical 
signs and lesions, level of mortality, and degree of antigen expression in non-human primates is less 
(Table 1).419 The variation in pathological changes and cytokine profiles among different non-human 
primate species, as well as among age groups within each species, may reflect the variation in seve
rity of disease among humans. For example, the mild degree of pneumonia in SARS-CoV-infected 
young-adult cynomolgus macaques may resemble the milder cases of SARS in humans.257,420,421 
While aged cynomolgus macaques are good animal models for pathogenesis studies, vaccination 
studies, and intervention studies of fatal SARS in humans, large disadvantages are the ethical, cost-
related and housing problems. Ferrets infected with SARS-CoV only partly resemble fatal human 
SARS in terms of clinical illness, mortality and typical histopathologic features (Table 1). Also, 
methods for measuring gene expression profiles of ferrets are not fully developed yet. Nevertheless, 
ferrets can be used for pathogenesis and vaccination studies, because they show SARS-CoV-
associated pulmonary lesions and develop humoral immunity associated with reduced virus repli
cation upon vaccination. Cats infected with SARS-CoV show fewer similarities with the human 
situation and have greater ethical, cost-related and housing problems. Therefore they are used less 
in animal models for human SARS. Although not discussed in this thesis, the use of old BALB/c 
mice in an animal model for human fatal SARS may be an alternative since there are many difficulties 
in the use of aged macaques.169 Recombinant zoonotic and early phase SARS-CoV infection of these 
mice results in clinical signs, virus replication, pulmonary lesions, and associated virus antigen 
expression in type II-resembling pneumocytes, bronchiolar and bronchial epithelial cells, that partly 
resemble the features seen in fatal human SARS cases.63  Therefore, aged BALB/c mice may be used 
for pathogenesis, antiviral, and vaccination studies. A disadvantage may be age-related disease or 
mortality not related to SARS-CoV infection, which may influence the results.

To improve our knowledge of fatal influenza in humans, like in SARS, animal models should 
ideally show similar virus replication dynamics, clinical illness and pathological changes as in fatal 
human influenza cases. An important factor in designing an animal model for influenza is route of 
inoculation, because it can markedly affect the outcome of infection. Therefore, route of inoculation 
often depends on the purpose of the experiment. Transmission studies (at least in ferrets) may well 
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use intranasal inoculation, which favors replication in the nose rather than in the lungs. This may 
correlate with virus excretion from the nose and minor pulmonary lesions. In contrast, intratracheal 
inoculation favors replication in the lungs and is more likely to result in severe pneumonia, which 
makes this route of inoculation useful for pathogenesis and vaccination studies for viral 
pneumonia.

Another important factor in designing an animal model for influenza is the species of laboratory 
animal used. In cynomolgus macaques, the outcome of infection differs markedly according to the 
influenza virus used (Table 2). Therefore, cynomolgus macaques are probably not the best species 
to use for pathogenesis studies of fatal human disease from pH1N1 or seasonal influenza virus 
infections. However, because these viruses do replicate and cause virus-associated lesions, 
cynomolgus macaques may be useful for vaccination studies against these viruses. In contrast, 
cynomolgus macaques infected with H5N1 show similar features as fatal human H5N1 infection 
and therefore can be used for pathogenesis, vaccination or therapeutics studies of H5N1 infection. 
Ferrets infected with different influenza viruses show similar virus replication dynamics, clinical 
illness, virus associated pathological changes, and virus attachment pattern as in humans (Table 2), 
and therefore are often used in animal models for various purposes. Cats infected with H5N1 show 
similar pathology of the respiratory tract, but additionally demonstrate a more widespread systemic 
infection than is seen in human cases. The virus antigen expression and virus attachment patterns in 
cats show differences and similarities such as the ferrets. The systemic dissemination makes the cat 
less useful for animal models of fatal human H5N1 pneumonia or vaccination-studies, since extra-
respiratory replication and inflammation can influence the results. Taken together, ferrets are good 
animal species to model fatal human influenza. However, one needs to keep in mind that there are 
species differences between humans and ferrets, as well as differences between laboratory and field 
conditions. Therefore, the conclusions from these ferret-studies need thorough assessment to be able 
to make full use of the results without over-interpreting them.

The use of animals in experiments is necessary in the development of new medicines and vaccines. 
However, for ethical reasons, scientists use the principle of the three Rs: reduction, refinement and 
replacement. Reduction of the number of animals can be done by improving experimental techniques 
and data analysis, and by sharing materials and information. Refinement of the research can be done 
by improving living conditions and medical care of the animals, and by using less invasive methods. 
Replacement can be done by using alternative techniques such as cell cultures, ex vivo tissue cultures, 
computerized models, epidemiological studies, and human volunteers. In this thesis, although animals 
were part of many studies, the results contribute strongly to the refinement of the animal models for 
viral pneumonia caused by SARS-CoV and influenza virus infections in humans. For both virus 
infections the best possible animal species and inoculation route have been evaluated in this thesis. 
For influenza virus infection, the time course study provides an extensive overview of the inflammation 
process during time and space that elucidates the best time point for taking samples and which 
samples to take to gain the best information about the factors studied. Additionally, a good animal 
model for viral pneumonia caused by seasonal influenza was developed for vaccination studies. By 
collaborating with other researchers, the samples and data from these studies are being used as 
thoroughly as possible. By using the results of the experiments in this thesis future researchers can 
reduce and refine their animal experiments. However, complete replacement of experimental animals 
is definitely not possible to date. Medicines and vaccines will only be approved by authorities after 
testing thoroughly in animals or humans since the full scope of a virus infection, the host response 
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against a virus infection, and the safety and efficacy of vaccination and therapeutic intervention can 
only be assessed in a whole organism (i.e. a human being or a non-human animal). Therefore, to 
meet the principle of replacement of experimental animals would imply an increase of using human 
volunteers, which for obvious reasons is also largely hampered by ethical considerations.

Lessons learnt
The lessons learnt from the SARS-CoV outbreak and pH1N1 pandemic may help us in coping with 
future outbreaks of respiratory viruses in humans. For SARS, the risk-communication in the SARS 
outbreak in Singapore showed that an efficient communication with the public was able to help 
contain the disease while the more withdrawn reaction of the government in the Toronto outbreak 
caused more panic and anxiety among the public. The development of medicines and vaccines 
against disease from SARS-CoV required the rapid development and use of animal models, which 
was largely accomplished in a record time span. However, until now there is still no good and useful 
animal model for fatal viral pneumonia caused by SARS-CoV in humans. For pH1N1, at the 
beginning of the pandemic there was lack of information about the situation in Mexico. Soon after 
the information became known, the manner of communication by the media and other authorities, 
and particularly the comparison of pH1N1 with the 1918 H1N1 influenza virus, caused great fear 
among the public, health authorities and government. The results of animal experiments with pH1N1 
also suggested a higher severity of disease than seasonal influenza. A time course experiment such 
as is described in Chapter 3.5 would have been very useful if it could have been conducted at the 
beginning of the pandemic to provide information on the best time points and samples to focus on 
in vaccination studies. Also, the extrapolation of the disease caused by pH1N1 in ferrets should 
have been taken with precaution as is described above. Thus, lessons learnt from the SARS-CoV 
and pH1N1 situation involve good risk communication with the public supported by the 
interdisciplinary collaboration connecting all aspects of health care for humans, animals and the 
environment, as proscribed by the approach, and immediate and in-depth research to the cause, 
course of disease, and the development of good animal models. 

Future perspectives
Many steps in the development of severe and fatal disease after SARS-CoV and influenza virus 
infection remain unknown. For the future, new or improved techniques such as genomics, proteo
mics, and stem cell research may improve our knowledge of disease and recovery after disease and 
may be helpful in the development of effective interventions like treatment and prevention of severe 
disease. For seasonal influenza, aged animals may be an alternative for the inoculation of high 
doses of virus in ferrets as is seen in SARS-CoV infection in aged macaques and mice and re-
cently for pH1N1 in aged macaques.63,174,422 For all respiratory viruses that cause severe damage of 
alveolar and bronchiolar epithelium, treatment with stem cells that cover the denuded basement 
membrane and later cause re-epithelialisation may prevent severely ill patients from dying.423 For 
both SARS and influenza, experiments with immunosuppressed animals (e.g. by using methods 
that are also used in organ transplantation) may help finding better animal models for answering 
specific disease related questions.

Animal models are not only important for the known virus strains and subtypes of SARS-CoV 
and influenza A viruses. All kinds of viruses are ubiquitous among (wild) animals:424,425 bats harbor 
viruses that are similar to the epidemic strain of SARS-CoV.10 Such viruses may be the source of 
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future emerging infections. The travelling behavior of humans (and their domestic animals), can 
result in easy spread of such infections as was seen in the recent SARS and pH1N1 pandemics. 
Influenza viruses in humans evolve due to antigenic drift and shift, and small changes of the virus 
in animal species such as birds or pigs could change their virulence and transmissibility. This change 
could make the virus to cross the species barrier and spread among the human population, causing 
epidemics or even a pandemic, as was seen with pH1N1. If such a fast spreading virus would have 
the same morbidity and mortality as H5N1, this could have disastrous consequences for the human 
population worldwide. SARS-CoV emerged from bats, through civet cats, albeit with less fast chang-
ing properties than influenza viruses. However, there is a need to address the evolving diversity of 
SARS-CoV for vaccine development, since late cases of SARS show less ACE2 dependent virus 
entry and more resistance to antibody neutralization.426 

In case of a future outbreak of a respiratory disease, presumable caused by a virus, that causes 
many fatal cases in humans, several steps should be made. First, thorough pathological evaluation 
of fatal cases should be performed with the appropriate tissues sampled for histopathology and 
random virus discovery, followed by PCR and virus isolation. Second, those samples should im-
mediately be used for virus isolation and identification, also allowing the rapid inoculation of ex-
perimental animals as a pilot study. Cynomolgus macaques or other non-human primates may be 
the first animal species of choice due to the evolutionary proximity to humans, followed by ferrets 
and mice, to provide information about the pathogen by causing similar disease as in humans upon 
infection with this virus or, if not present yet, with tissue. Next, pathogenesis studies may be per-
formed to study the effects of the pathogen more closely. Third, at the same time a good animal 
model for human disease caused by the pathogen should be established to start studies for therapeu-
tic and preventive measures. Establishing such a model requires time course experiments in the 
animal species with an inoculation route and inoculation dose that best resembles the human situa-
tion in order to rapidly gain insight in the best time point of sampling and the best samples to take. 
Finally, it should be remembered to carry out an interdisciplinary study to identify and address the 
factors underlying the emergence of the pathogen into the human population in order to deal with 
the problem at its source.

In summary, at the time of an outbreak of severe fatal disease in humans, all steps from the 
discovery of the cause of the disease to the development and testing of appropriate therapeutic and 
preventive strategies should be carefully considered and pursued, by taking into account all the 
lessons learned from previous outbreaks and by working together with all relevant disciplines to 
reach the same goal. 

201289 proefschrift Judith van den Brand.indd   211 13-11-2012   09:38:34



212

201289 proefschrift Judith van den Brand.indd   212 13-11-2012   09:38:34



Nederlandse samenvatting

Chapter 5

201289 proefschrift Judith van den Brand.indd   213 13-11-2012   09:38:35



214

201289 proefschrift Judith van den Brand.indd   214 13-11-2012   09:38:35



5  |  Nederlandse samenvatting

215

5

Inleiding
Al sinds lange tijd bestaan er virale luchtweginfecties, waardoor er veel mensen ziek worden en 
soms sterven aan een ernstige longontsteking. In de afgelopen decennia zijn de H1N1 (2009) 
influenzavirus (‘Mexicaanse griep’) en ‘Severe Acute Respiratory Syndrome’ (SARS) pandemieën 
(epidemieën die zich over de gehele wereld uitbreiden) de belangrijkste geweest. Beide virusinfec
ties zijn zoönosen, wat betekent dat ze overgedragen worden van dier op mens: in SARS door o.a. 
civetkatten en wasbeerhonden en in Mexicaanse griep door varkens. Dit proefschrift beschrijft de 
pathogenese (het ontstaan van een ziekte) van infecties met verschillende influenzavirussen en het 
SARS-coronavirus (SARS-CoV) in laboratoriumdieren als model voor deze ziekten bij de mens. In 
het bijzonder wordt de pathologie van SARS en influenza in proefdieren vergeleken met die van de 
mens. Daarnaast worden de factoren die van invloed zijn op het ontstaan van een (ernstige) ziekte 
door deze virusinfecties vergeleken tussen proefdier en mens. 

Een van de manieren om mensen tegen virale ziekten te beschermen, is het toedienen van vaccins. 
Deze zorgen ervoor dat mensen deels of geheel beschermd zijn tegen een ernstige ziekte door het 
virus. Voordat een vaccin gebruikt kan worden bij mensen, zal het eerst getest moeten worden op 
werkzaamheid en eventuele bijwerkingen, wat vooralsnog grotendeels met dierexperimenten gedaan 
moet worden. Voor zulke experimenten gebruiken we een ‘proefdiermodel’; dit is een experimen
tele virusinfectie van een proefdiersoort op een zodanige wijze dat het dier een vergelijkbaar 
ziekteverloop heeft als bij de mens. Java-apen, groene meerkatten, fretten en katten zijn de 
proefdiersoorten die in dit proefschrift als model voor ernstige ziekte in de mens door influenzavirus 
of SARS-CoV werden gebruikt. De keuze van deze diersoorten werd geleid door een fysiologie 
van de luchtwegen en een ziekteverloop die sterk overeenkomen met die van de mens. 

SARS-coronavirusinfectie in laboratoriumdieren
In 2002 was er een uitbraak van SARS in China, waarbij mensen last hadden van koorts, keelpijn, 
hoesten, spierpijn en soms ook ernstige longontsteking. Om de pathogenese van SARS-CoV infec
tie beter te kunnen onderzoeken en om medicijnen en vaccins tegen SARS te kunnen ontwikkelen, 
werden proefdieren geïnfecteerd met het virus. Hiervoor kwamen verschillende proefdiersoorten in 
aanmerking. In hoofdstuk 2 beschrijven we SARS-CoV-infecties bij verschillende diersoorten, die 
allemaal een iets ander ziektebeeld lieten zien. In hoofdstuk 2.1 is de pathologie van SARS-CoV-
infectie in groene meerkatten vergeleken met die in Java-apen waarbij opviel dat de longen een 
ernstigere longontsteking lieten zien met meer vloeistof in de luchtblaasjes over een groter oppervlak 
van de long. Het verschil in de uitkomst van SARS-CoV-infectie bij deze apensoorten kan verklaard 
worden door een verschillende manier van reageren van het lichaam op de infectie. In hoofdstuk 2.2 
vergelijken we SARS-CoV-infecties in katten en fretten, waaruit bleek dat het celtype dat geïnfec
teerd werd in de long, verschilt tussen deze twee soorten. De longblaasjes (waar de zuurstofuitwisseling 
tussen lucht en bloed plaatsvindt) bestaan uit twee types epitheelcellen: type I cellen, belangrijk voor 
de zuurstofuitwisseling en type II cellen, belangrijk voor o.a. de aanmaak van longvloeistof en herstel 
bij beschadigingen van de long. Bij katten werden, net als bij mensen, zowel type I als type II cellen 
geïnfecteerd, terwijl bij fretten dit voornamelijk type II cellen waren. Een receptor waar het SARS-
CoV aan bindt om cellen te infecteren is ‘angiotensine converting enzyme 2’ (ACE2). Uit ons 
onderzoek bij fretten en katten bleek dat de celtypes die ACE2 droegen overeenkwamen met de 
celtypes die met SARS-CoV geïnfecteerd werden. Dit kan betekenen dat verschillende diersoorten, 
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door het wel of niet hebben van bepaalde receptoren, verschillend kunnen reageren op SARS-CoV-
infectie. Dit geeft ook het belang van de juiste keuze van de proefdiersoort aan in diermodellen voor 
SARS bij de mens. Voor vaccins en therapeutische middelen tegen ernstige ziekte in SARS zal nog 
veel onderzoek gedaan moeten worden.

Interventiestrategieën tegen SARS-coronavirus
Als een lichaam geïnfecteerd wordt met een virus zoals het SARS-CoV, zal het antistoffen aanmaken 
om het virus uit te schakelen. Bij de SARS-CoV uitbraak waren er nog geen preventieve en thera-
peutische middelen aanwezig. De enige mogelijkheid om de uitbraak in te perken was het in qua
rantaine brengen van de personen, beperken van het reisgedrag, uitgebreide hygiënemaatregelen en 
het ondersteunen van de zieken. Omdat er altijd een mogelijkheid is dat een dergelijk virus opnieuw 
mensen kan infecteren, is het belangrijk om preventieve maatregelen te nemen zoals het ontwikke-
len van vaccins. In hoofdstukken 2.3 en 2.4 zijn verschillende soorten vaccins geëvalueerd in fretten 
en Java-apen. Ondanks dat er na vaccinatie voldoende antistoffen in de dieren aangemaakt werden, 
was er geen volledige bescherming tegen het uitscheiden van virus maar wel tegen ziekte.

Helaas is er tot nu toe geen diermodel waarbij SARS-CoV-infectie een in ernst vergelijkbare 
longontsteking als bij de mens veroorzaakt. Het enige diermodel dat de menselijke situatie redelijk 
nabootst is de oude Java-aap, die vanwege ethische, huisvestings- en financiële problemen niet 
gemakkelijk gebruikt kan worden. Een goed diermodel voor longontsteking veroorzaakt door het 
SARS-CoV moet nog ontwikkeld worden. 

Influenzavirusinfectie in laboratoriumdieren
Een influenzavirus bestaat uit viraal RNA dat omgeven wordt door een kapsel (nucleocapside) en 
daaromheen een enveloppe, een membraan met daarin twee verschillende receptoreiwitten: het 
hemagglutinine (H) en het neuraminidase (N). Van deze receptoreiwitten zijn er veel verschillende 
subtypes; van de H zijn er 17 en van de N zijn er 9. Op deze manier worden influenzavirussen 
gecategoriseerd. 

In maart 2009 ontstond er in Mexico en de Verenigde Staten een uitbraak van een ziekte die ge
kenmerkt werd door ‘griep’verschijnselen zoals hoesten, koorts, keelpijn en spierpijn. De ziekte 
verspreidde zich snel en zorgde voor meerdere doden. De mensen die stierven waren voornamelijk 
jongvolwassenen die binnen korte tijd een ernstige longontsteking hadden ontwikkeld. Onderzoek 
wees uit dat de oorzaak van de ziekte een nieuw influenzavirus was van het H1N1 subtype, dat 
zorgde voor een pandemie. In het begin van de pandemie was het belangrijk om zo snel mogelijk 
onderzoek te doen naar de ernst van de ziekte die door dit virus veroorzaakt werd om zo snel moge
lijk adequate maatregelen te kunnen nemen en om therapeutische en preventieve middelen zoals 
vaccins te ontwikkelen. In hoofdstukken 3.1 tot en met 3.3 vergelijken we infecties met verschillende 
influenzavirussen in proefdieren. Daaruit bleek dat het Mexicaanse griepvirus ernstiger was dan het 
seizoensgriepvirus in deze dieren, en dus ook potentieel ernstiger voor de mens.

Seizoensgriep (veroorzaakt door infecties met influenzavirussen van de subtypes H1N1 of H3N2) 
komt jaarlijks in de winter voor, voornamelijk als een ontsteking in de neus of keel. Veel mensen 
worden ziek en knappen snel weer op, terwijl heel jonge mensen, heel oude mensen of mensen met 
een chronische aandoening meer kans hebben om een ernstige longontsteking te ontwikkelen, 
waaraan ze soms overlijden. Tot nu toe bestond er geen diermodel waarin een seizoensgriepvirusinfec
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tie consistent een ernstige longontsteking veroorzaakt, zoals dat bij mensen uit de risicogroepen 
gezien wordt. In hoofdstuk 3.4 wordt een diermodel beschreven dat wel consistent ernstige 
longontsteking laat zien door fretten met een hoge dosis virus te infecteren. Dit diermodel kan goed 
gebruikt worden voor o.a. vaccinatie-experimenten tegen seizoensgriep.

Sommige subtypen van influenzavirussen zijn ongevaarlijk voor mensen en dieren, terwijl andere 
varianten ernstige ziekten en dood onder mensen kunnen veroorzaken. Hoogpathogene aviaire in
fluenza H5N1 wordt ook wel de ‘vogelgriep’ genoemd. Oorspronkelijk gaf dit virus alleen ernstige 
ziekte en sterfte bij pluimvee, maar bij een ernstige uitbraak onder pluimvee in Hong Kong in 1997 
werden ook mensen besmet met deze variant. Er is slechts zelden verspreiding van de kip naar de 
mens en tussen mensen, waardoor er maar weinig gevallen zijn geweest, maar na infectie overlijdt 
bijna 60% van de patiënten aan een ernstige longontsteking. Om een beter inzicht te krijgen in de 
verschillen tussen de genoemde influenzavirussen zijn in hoofdstuk 3.5 fretten geïnfecteerd met 
seizoensgriepvirus, Mexicaanse griepvirus en vogelgriepvirus en op diverse tijdstippen na infectie 
onderzocht. De resultaten laten zien dat er een grote variatie is tussen de virussen wat betreft de 
temporele (wat er gedurende de tijd gebeurt) en de spatiële (wat er op verschillende locaties in de 
luchtweg gebeurt) dynamiek. Dit impliceert dat het heel belangrijk is om bij het doen van een 
experiment een weloverwogen beslissing te nemen over de tijdstippen en plaats van de te gebruiken 
materialen, omdat de resultaten hierdoor erg kunnen verschillen.

Interventiestrategieën tegen de Mexicaanse griep
Na infectie met een influenzavirus zal het lichaam antistoffen aanmaken tegen de infectie. Als het 
virus weinig zou veranderen, dan zou je, nadat je eenmaal griep hebt gehad, vrijwel immuun zijn 
voor dat virus. Influenzavirus verandert echter van jaar tot jaar, waardoor de afweer die je op hebt 
gedaan door een eerdere besmetting na een paar jaar niet meer toereikend kan zijn. In het geval van 
de Mexicaanse griep was het een virus dat gevormd was door een combinatie van een humaan, vo
gel en varkens subtype (triple reassortment). Aan het begin van de pandemie had niemand antilichamen 
tegen dit virus, daardoor kon het virus zich ook zeer snel verspreiden. De groepen met de meeste 
kans om ernstig ziek te worden waren jongvolwassenen, kinderen en mensen met chronische hart-  
of longaandoeningen, obesitas, suikerziekte of zwangerschap. De mensen boven de 60 bleven 
verbazend genoeg relatief gespaard. Dit was in tegenstelling tot de gewone seizoensgriep, die 
ernstigere ziekte veroorzaakt bij minder adolescenten en meer ouderen. Uit onderzoek bleek dat het 
Mexicaanse griepvirus enigszins verwant was aan het ‘Spaanse griep’-virus uit 1918. Door een 
dergelijke ‘kruisimmuniteit’ of door herhaaldelijke vaccinaties met een seizoensgriepvaccin gedurende 
langere tijd zou de oudere bevolking meer antistoffen kunnen bezitten en immuun kunnen zijn voor 
het Mexicaanse griepvirus. Door de snelle verspreiding van het virus, de afwijkende leeftijd van de 
ernstig zieken en het toegenomen sterftecijfer, moest er snel een vaccin komen om mensen preventief 
te behandelen en zo de verspreiding te doen afnemen. Een vaccin dat voldoende werkzaam is en het 
juiste effect heeft, is niet zomaar gemaakt en zeker niet op een dusdanig grote schaal. Daarom werd 
er eerst geëxperimenteerd met de seizoensgriepvaccins die al aanwezig waren, om te kijken of er 
een kruisreactiviteit was met het Mexicaanse griepvirus of om tijd te rekken door eerst een 
seizoensgriepvaccin toe te dienen, gevolgd door het Mexicaanse griepvaccin. Uit het onderzoek 
beschreven in hoofdstuk 3.6 bleek dat deze laatste mogelijkheid goed werkbaar was, mits er een 
geschikt adjuvans (dat de immuunrespons versterkt) aan de vaccins was toegevoegd.
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Conclusie
Influenzavirus en SARS-CoV blijven een gevaar, de eerste omdat dat telkens verandert en omdat zo 
nu en dan een volledige nieuwe variant opduikt, de tweede omdat er altijd een risico is dat een 
vergelijkbaar virus overspringt van dier naar mens. Bij het influenzavirus maken we ons vooral 
zorgen over het ontstaan van een variant die zowel efficiënt overdraagbaar is als hoge sterfte 
veroorzaakt. Daarom is het van belang om goede surveillance te blijven doen bij dier en mens en 
beter te begrijpen waardoor virussen van dier naar mens overspringen door samenwerking tussen 
geneeskunde, diergeneeskunde en geassocieerde disciplines (‘One Health’). Dit proefschrift heeft 
daaraan bijgedragen door toegenomen kennis over de pathogenese van zowel SARS als influenza 
en door de ontwikkeling van betere diermodellen voor deze virusinfecties, die nodig zijn om 
preventieve en therapeutische maatregelen te testen.
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Abbreviations

ACE2 Angiotensin-converting enzyme 2 
AEC 3-Amino-9-ethylcarbazole 
AGM African green monkey
AI Avian influenza
ALI Acute lung injury
ARDS Acute respiratory distress syndrome
BALT Bronchus-associated lymphoid tissue
BOOP Bronchiolitis obliterans organizing pneumonia
BPL Beta-propiolactone 
BSA Bovine serum albumin
BSL-3 Biosafety level 3
CPE Cytopathologic effect
CT Computed tomography
DAB 3,3’-Diaminobenzidine-tetrachlorhydrate
DAD Diffuse alveolar damage
DAPI 4,6-Diamidino-2-phenylindole 
DC Dentritic cells
DEC Dierexperimentencommissie
dNTPs Deoxynucleoside triphosphates
dpi Days post inoculation/infection
FDR False discovery rate
GAPDH Glyceraldehydes-3-phosphate dehydrogenase
GLM Generalized linear models
GMT Geometric mean titer 
H5N1 A/Indonesia/5/2005
HA Hemagglutinin
HE Hematoxylin and eosin
HI assay Hemagglutination inhibition assay 
HPAI Highly pathogenic avian influenza virus
IFN Interferon
IHC Immunohistochemistry
IL Interleukin
im Intramuscular
IMDM Iscove’s Modified Dulbecco’s Medium
in Intranasal
IP-10 Interferon gamma-induced protein 10 
ISH In situ hybridization
it Intratracheal
iv Intravenous
LPAI Low pathogenic avian influenza
LST Lymphocyte stimulation test
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MCP-1 Monocyte chemotractant protein 
MDCK Madin-Darby Canine Kidney
MIG Monokine induced by IFN gamma
mRNA Messenger RNA
NA Neuraminidase
NF-κB Nuclear factor kappa B
NP Nucleoprotein
PAS Periodic acid-Schiff
PBMC Peripheral blood monocytes
PBS Phosphate-buffered saline (PBS)
PCA Principal component analysis 
PCR Polymerase chain reaction
pH1N1 �Pandemic influenza virus A(H1N1)pdm09 (A/ Netherlands/602/09 )
pVac Pandemic influenza virus vaccine
pVacMF59 Pandemic influenza virus vaccine with MF59 adjuvant
RNA Ribo Nucleic Acid
RT-PCR Reverse transcriptase PCR 
SA Sialic acid
SARS Severe acute respiratory syndrome
SARS-CoV SARS coronavirus (HKU-39849 strain)
sc Subcutaneous
SD Standard deviation
Seasonal H1N1 �A/Netherlands/26/07 (Old strain: A/Bilthoven/3075/1978) 
Seasonal H3N2 �A/Netherlands/177/2008 (Old strain: A/Bilthoven/16190/1968)
SEM Standard error of the mean
SIV Simian immunodeficiency virus
S-protein Spike protein
sVac Seasonal influenza virus vaccine
sVacMF59 Seasonal influenza virus vaccine with MF59 adjuvant
TCID50 Median tissue culture infective doses 
TGF-β Transforming growth factor beta
Th1 T helper 1
TNF-α Tumor necrosis factor-α
WHO World Health Organization
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