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Periodic outbreaks of highly pathogenic avian H5N1 influenza viruses and the current H1N1 pandemic
highlight the need for a more detailed understanding of influenza virus pathogenesis. To investigate the host
transcriptional response induced by pathogenic influenza viruses, we used a functional-genomics approach to
compare gene expression profiles in lungs from 129S6/SvEv mice infected with either the fully reconstructed
H1N1 1918 pandemic virus (1918) or the highly pathogenic avian H5N1 virus Vietnam/1203/04 (VN/1203).
Although the viruses reached similar titers in the lung and caused lethal infections, the mean time of death was
6 days for VN/1203-infected animals and 9 days for mice infected with the 1918 virus. VN/1203-infected animals
also exhibited an earlier and more potent inflammatory response. This response included induction of genes
encoding components of the inflammasome. VN/1203 was also able to disseminate to multiple organs, including
the brain, which correlated with changes in the expression of genes associated with hematological functions
and lipoxin biogenesis and signaling. Both viruses elicited expression of type I interferon (IFN)-regulated genes
in wild-type mice and to a lesser extent in mice lacking the type I IFN receptor, suggesting alternative or
redundant pathways for IFN signaling. Our findings suggest that VN/1203 is more pathogenic in mice as a
consequence of several factors, including the early and sustained induction of the inflammatory response, the
additive or synergistic effects of upregulated components of the immune response, and inhibition of lipoxin-
mediated anti-inflammatory responses, which correlated with the ability of VN/1203 to disseminate to ex-
trapulmonary organs.

The World Health Organization officially declared on 11
June 2009 that spread of a new swine origin H1N1 influenza
virus had reached the level of a global pandemic (29). Al-
though less virulent than the H1N1 virus responsible for the
1918 influenza pandemic, initial studies indicate that this virus
is more pathogenic than seasonal H1N1 influenza viruses (10).
The continued emergence of new influenza viruses highlights
the need to better understand influenza virus-host interactions
and mechanisms of pathogenicity. Such an understanding is
necessary to facilitate the development of safe and effective
therapeutics and vaccines, critical aspects of preparedness for
the current and future pandemics.

A clear reminder of the lethal potential of influenza virus
infection is the 1918 pandemic, which resulted in over 50 mil-
lion deaths worldwide (14). In addition, highly pathogenic
avian H5N1 influenza viruses continue to circulate in diverse

parts of the world (31, 45), and with human infections resulting
in a greater than 50% mortality rate, there is considerable
concern over the potential for a deadly new pandemic. Here,
we sought to compare the host transcriptional responses to the
reconstructed 1918 virus and the avian H5N1 virus Vietnam/
1203/04 (VN/1203), with the goal of gaining insights into the
underlying mechanisms that make these viruses so lethal.

Recently, we reported a study comparing the host response
to 1918 and VN/1203 influenza viruses in a macaque model of
infection (8). In that study, all 1918-infected macaques died
while all VN/1203-infected animals recovered. Interestingly,
only the 1918 virus induced the expression of genes encoding
components of the inflammasome early during infection,
pointing out different transcriptional mechanisms during infec-
tion with highly pathogenic H5N1 and H1N1 influenza viruses.
Results from an independent study using mouse infection
models suggest there are also differences in lethality and dis-
ease progression between the avian H5N1 influenza strains
A/Hong Kong/483/97 and A/Hong Kong/486/97 (40). In that
study, alpha/beta interferon receptor (IFN-�/�R)-deficient
mice succumbed faster than wild-type mice to either H5N1
virus. In addition, there was systemic infection of IFN-�/�
receptor-deficient mice with both viruses.
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In the present study, we examined the host responses to the
1918 virus and VN/1203 in wild-type 129S6/SvEv mice; addi-
tional findings were obtained from IFN-�/� receptor-deficient
mice and mouse embryonic fibroblasts derived from these an-
imals. The VN/1203 virus was more pathogenic than the 1918
virus and was able to disseminate to extrapulmonary organs.
Global gene expression profiling data revealed possible mech-
anisms underlying the greater pathogenicity of the VN/1203
virus.

MATERIALS AND METHODS

Viruses. The reconstructed 1918 H1N1 virus (42) (1918), possessing the

A/South Carolina/1/18 hemagglutinin (HA), and VN/1203 were previously shown

to be highly virulent for both mice and ferrets (23, 42–43). The 1918 virus was

generated utilizing the 12-plasmid reverse-genetics system in a mixture of Madin-

Darby canine kidney (MDCK) (ATCC, Manassas, VA) and 293T (ATCC) cells

as previously described (42). The titers of virus stocks were determined by plaque

assay on MDCK cells, and stocks were maintained in Dulbecco’s modified Ea-

gle’s medium (DMEM) (Gibco, Grand Island, NY) supplemented with 10% fetal

calf serum (FCS) (HyClone, Logan, UT) and 1% penicillin/streptomycin

(Gibco). The reconstructed 1918 and VN/1203 viruses were grown as previously

described (33). All virus challenge experiments were performed under the guid-

ance of the U.S. National Select Agent Program in negative-pressure HEPA-

filtered biosafety level 3 enhanced (BSL-3�) laboratories and with the use of a

battery-powered Racal HEPA filter respirator (Racal Health and Safety Inc.,

Frederick, MD) according to Biomedical Microbiological and Biomedical Lab-

oratory procedures (35).

Mouse experiments. All animal research was conducted according to the

guidance of CDC’s Institutional Animal Care and Use Committee in a facility

accredited by the Association for Assessment and Accreditation of Laboratory

Animal Care International. IFN-�/�R-deficient (IFNR1�/�) mice on the 129

background were obtained from Herbert Virgin at Washington University, St.

Louis, MO. Wild-type SvEv129 (129S6/SvEv) mice (44) were used as age-

matched controls in these experiments (Taconic, Bar Harbor, ME). Similar to

the majority of inbred mouse strains, 129S6/SvEv animals carry defective alleles

of the Mx1 gene (38). Eight-to-10-week-old female 129S6/SvEv and IFNR1�/�

mice (on a 129 background) were anesthetized by intraperitoneal injection of 0.2

ml of 2,2,2-tribromoethanol in tert-amylalcohol (Avertin; Sigma-Aldrich, Mil-

waukee, WI). Ten times the 50% lethal dose (LD50), 3.2 � 104 PFU (1918) or

7 � 103 PFU (VN/1203), in 50 �l of infectious virus diluted in phosphate-

buffered saline (PBS) was inoculated intranasally (i.n.). Fifty percent mouse

infectious dose (MID50) and LD50 titers were determined by inoculating groups

of seven mice i.n. with serial 10-fold dilutions of virus. For MID50 determination,

three mice from each group were euthanized on day 4 postinoculation (p.i.), and

lungs were collected and homogenized in 1 ml of cold PBS. The homogenates

were frozen at �70°C and later thawed before centrifugation and titration for

virus infectivity in eggs. The four remaining mice in each group were checked

daily for disease signs and death for 14 days p.i. MID50 and LD50 titers were

calculated by the method of Reed and Muench (34) and were expressed as the

50% egg infective dose (EID50) value corresponding to 1 MID50 or LD50.

Replication of 1918 and H5N1 viruses in mice (3 animals/group/time point)

was examined by determining the virus titers in lung (days 1, 3, and 4), spleen,

liver, kidney, and brain (days 3 and 5) following i.n. inoculation with 106 EID50

of virus. Clarified homogenates were titrated for virus infectivity in eggs from an

initial dilution of 1:10 (lung), making the limit of virus detection 101.2 EID50/ml.

Additional inoculated mice (6 animals/group/virus, making a total of 24 animals)

were followed for morbidity and mortality. For RNA isolation, lungs (2 animals/

group/time point) were frozen in individual tubes and stored in solution D (4 M

guanidinium thiocyanate, 25 mM sodium citrate, 0.5% sarcosyl, 0.1 M �-mer-

captoethanol) as previously described (7). In addition, groups of uninfected

129S6/SvEv (6 animals) and IFNR1�/� (6 animals) mice were intranasally

treated with 10,000 units of recombinant human IFN-� A/D (R&D Systems,

Minneapolis, MN) and euthanized 8 and 24 h posttreatment.

Infection of MEFs. Mouse embryonic fibroblasts (MEFs) derived from wild-

type 129S6/SvEv mice or IFNR1�/� mice generated on the 129S6/SvEv back-

ground (27) were grown as monolayers in high-glucose Dulbecco’s modified

Eagle’s medium (hgDMEM) supplemented to contain 10% heat-inactivated

fetal calf serum (HyClone Laboratories), 2 mM L-glutamine, 0.1 mM nonessen-

tial amino acids, 1 mM sodium pyruvate, 10 �M 2-mercaptoethanol, penicillin G

(50 units/ml), and streptomycin sulfate (50 �g/ml). MDCK cells were grown as

monolayers in hgDMEM supplemented to contain 10% heat-inactivated fetal

calf serum, 2 mM L-glutamine, penicillin G (50 units/ml), and streptomycin

sulfate (50 �g/ml). Near-confluent monolayers of cells were mock infected with

PBS alone or infected with influenza virus diluted in infection medium (hgD-

MEM supplemented to contain 2% heat-inactivated calf serum, 2 mM L-glu-

tamine, penicillin G [50 units/ml], streptomycin sulfate [50 �g/ml], and 50 mM

HEPES) to the indicated multiplicity of infection (MOI). After 45 min of ad-

sorption at 4°C, virus and medium were removed. Fresh infection medium was

added to the cells, and the infections were allowed to proceed at 37°C until the

indicated time postinfection.

Histopathology and immunohistochemistry (IHC). Collected tissues were

fixed by submersion in 10% neutral buffered formalin, routinely processed, and

embedded in paraffin. Sections were cut to 5 �m and stained with hematoxylin

and eosin (HE). Methods for immunohistochemical detection of influenza A

viral antigen have been previously described (32). A duplicate 5-�m section was

immunohistochemically stained to demonstrate influenza A virus nucleoprotein

by first microwaving the sections in Antigen Retrieval Citra Solution (Biogenex,

San Ramon, CA) for antigen exposure. A 1:2,000 dilution of a mouse-derived

monoclonal antibody (P13C11) specific for a type A influenza virus nucleopro-

tein was applied and allowed to incubate for 12 h at 4°C. The primary antibody

was then detected by the application of biotinylated goat anti-mouse IgG sec-

ondary antibody using the Mouse on Mouse System (M.O.M. kit; Vector Lab-

oratories, Inc., Burlingame, CA) according to the manufacturer’s instructions.

The AEC-Peroxidase Substrate Kit (Vector Laboratories Inc.) was used as the

substrate chromogen, and hematoxylin was used as a counterstain.

Microarray analysis and bioinformatics. For all gene expression analyses,

separate microarrays were run for each experimental sample. This included 2

animals/time point for 1918 virus-infected mice (24 animals total) or 3 animals/

time point for VN/1203-infected mice (36 animals total). Equal masses of total

RNA isolated from lungs collected from infected mice were amplified with a Low

RNA Input Linear Amplification Kit (Agilent Technologies, Santa Clara, CA)

according to the manufacturer’s instructions. Global gene expression in infected

lungs was compared to genetic-match mock control RNA for each group pre-

pared from a pool of equal masses of total RNA from lung tissue of three

uninfected mice. Probe labeling and microarray slide hybridization were per-

formed as described elsewhere (16). Briefly, probes were hybridized on Agilent

mouse oligonucleotide microarray slides (approximately 20,000 unique mouse

genes). The slides were scanned with an Agilent DNA microarray scanner, and

image data were processed using Agilent Feature Extractor (AFE) version

8.1.1.1. The AFE software was used to perform image analysis, including signif-

icance of signal and spatial detrending, and to apply a universal error model (for

these hybridizations, the most conservative error model was applied). To correct

for dye bias, AFE software was also used to perform linear and lowess (intensity

dependent) dye normalization. The raw data were then loaded into a custom-

designed laboratory information management system (LIMS). The raw data and

associated sample information were subsequently loaded into Rosetta Resolver

7.2 (Rosetta Biosoftware, Seattle, WA). Each single microarray experiment

incorporated reverse dye labeling techniques and resulted in two measurements

for each gene (n � 2), allowing the calculation of a mean ratio between expres-

sion levels, standard deviations, and P values within the Rosetta Resolver System

(Rosetta Biosoftware, Seattle, WA).

The Resolver system performs a squeeze operation that creates ratio profiles

by combining replicates while applying error weighting. The error weighting

consists of adjusting for additive and multiplicative noise. A P value is generated

that represents the probability that a gene is differentially expressed. In this

study, a threshold P value of 0.01 was used to identify genes that were signifi-

cantly differentially expressed. The Resolver system then combines ratio profiles

to create ratio experiments using an error-weighted average as described previ-

ously (38a). Spotfire Decision Site 9.1.1 (Spotfire, Somerville, MA) and Ingenuity

Pathways Analysis (IPA) 8.0 (Ingenuity Systems, Redwood city, CA) were also

used for data analysis and mining. Primary gene expression data are available at

http://viromics.washington.edu, in accordance with proposed minimum informa-

tion about a microarray experiment (MIAME) standards.

Functional and network analyses of statistically significant gene expression

changes were performed using IPA. Analysis considered all genes from the data

set that met the 2-fold (P � 0.01) change cutoff and that were associated with

biological functions in the Ingenuity Pathways Knowledge Base. For all analyses,

Fisher’s exact test was used to determine the probability that each biological

function assigned to the genes within each data set was due to chance alone.

qRT-PCR. Reverse transcription (RT)-PCR was performed on samples from

individual animals to validate specific cellular gene expression changes detected

by microarray. The QuantiTect reverse transcription kit (Qiagen Inc., Valencia,

CA) was used to generate cDNA. Quantitative real-time RT-PCR (qRT-PCR)
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was run on an ABI 7500 PCR system, using TaqMan chemistry (Applied Bio-

systems, Foster City, CA). Gene expression assays specific to mouse cellular

genes were purchased from Applied Biosystems. Differences in gene expression

are represented as log10 relative quantification to a calibrator and normalized to

a reference, using the 2�		CT method (20).

RESULTS

VN/1203 is more pathogenic than the 1918 virus in mice.

Our previous studies of macaques infected with either VN/
1203 or the 1918 virus indicated that the 1918 virus is more
pathogenic in this animal model (8). However, of the 498
confirmed human cases of avian H5N1 influenza reported to
the World Health Organization as of May 2010, 294 had re-
sulted in death, representing a case fatality rate approaching
60%. Although there may be mild infections that go undiag-
nosed, H5N1 viruses appear to be significantly more patho-
genic than the 1918 virus in humans (28). Although the genetic,
anatomical, and physiological similarities between macaques
and humans suggest that macaques provide a highly relevant
animal model, the mouse infection model is widely used be-
cause it provides an approximation of human disease; larger
numbers of animals can be used to improve statistical signifi-
cance; and, importantly, a wide variety of gene knockout ani-
mals are available. Therefore, to gain additional insights into
the host response to these viruses, we used a mouse infection
model that included wild-type mice and mice lacking the type
I IFN receptor, a critical component of the innate immune
response. When inoculated into wild-type 129S6/SvEv mice,
both VN/1203 and the 1918 virus caused lethal infections;
however, the mean time of death was 6 days for VN/1203-
infected animals and 9 days for mice infected with the 1918
virus (Fig. 1A). Animals were sacrificed according to weight
loss euthanasia criteria (see Fig. S1 in the supplemental mate-
rial). Moreover, VN/1203 disseminated to extrapulmonary or-
gans, as demonstrated by detection of virus in brain and spleen
(Fig. 1B), whereas the 1918 virus was not detected outside the
respiratory tract. The observed differences in viral dissemina-
tion and time to death could not be attributed to differences in
viral titers in the lungs, as the two viruses were present at
similar levels at all time points examined (Fig. 1C).

Histopathology results indicated that two of six animals in-
fected with the 1918 virus had mild epithelial necrosis in bron-
chioles and minimal peribronchiolar alveolitis at day 1 p.i. By
day 3 p.i., three of the animals still lacked lesions and three
presented mild to severe necrotizing bronchiolitis with associ-
ated neutrophilic casts in large bronchioles, peribronchiolar
edema and inflammation, and moderate peribronchiolar neu-
trophilic-to-histiocytic alveolitis. By 4 days p.i., pneumonia and
bronchiolitis were consistent in all animals and were slightly
more severe than those observed at day 3 p.i. No lesions were
observed in heart, spleen, brain, kidney, or liver in 1918-in-
fected animals (see Fig. S2A and B in the supplemental ma-
terial). Animals infected with VN/1203 presented at day 1 p.i.
with moderate necrotizing bronchiolitis with neutrophilic in-
flammation and minimal peribronchiolar alveolitis. By days 3
and 4 p.i., the airway lesions were accompanied by minimal to
mild peribronchiolar alveolitis. VN/1203-infected mice pre-
sented no lesions in extrapulmonary organs (see Fig. S2C and
D in the supplemental material), but virus was detected in
brain and spleen. Viral antigen was commonly present in bron-

chiolar epithelial cells and less commonly in alveolar epithelial
cells and macrophages (see Fig. S2E and F in the supplemental
material). Staining was more intense and more widely distrib-
uted in VN/1203-infected mice than in 1918 virus-infected
mice. In summary, both viruses caused lethal infections, with
death occurring approximately 2 days sooner among VN/1203-
infected mice. VN/1203 disseminated to brain and spleen by 5

FIG. 1. VN/1203 infection is more pathogenic than 1918 infection
in a mouse model of infection. (A) Mortality data from a total of 12
mice (6 mice/virus). (B) Viral dissemination data from a total of 12
mice (3 mice/virus/time point). d, day(s). (C) Lung virus titer data from
a total of 18 wild-type mice (3 mice/virus/time point) infected with 1918
or VN/1203 virus. The limit of detection in this assay is indicated by
black and grey bars at 1.2 � 101 EID50/ml.
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days p.i., but without noticeable tissue damage to those organs.
The absence of pathology in extrapulmonary organs may be
due to detection of recent virus replication that had not yet
resulted in observable lesions. Alternatively, lesions may have
been random and focal and not present on the samples exam-
ined.

VN/1203 elicits an earlier and more robust host transcrip-

tional response. In order to discover aspects of the host re-
sponse that could explain differences in pathogenicity and
dissemination, we used a functional-genomics approach to in-
vestigate the host transcriptional response elicited in the lungs
of mice infected with VN/1203 or the 1918 virus. When ana-
lyzing the global transcriptional response, we found that VN/
1203 infection induced the differential expression of numerous
genes at all time points analyzed. Whereas the day 1 transcrip-
tional response was attenuated in animals infected with the
1918 virus relative to the response induced by VN/1203, at later
time points, the host responses to the two viruses were more
similar (Fig. 2). This more robust transcriptional response to
VN/1203 correlates with our observations that all VN/1203-
infected animals showed moderate airway lesions at day 1 p.i.,
although we have not directly evaluated the extent to which

specific gene expression changes are responsible for lesion
development.

The VN/1203 and 1918 viruses differentially regulate key

cellular response pathways. We next used Ingenuity Pathways
Analysis to identify functional categories of differentially ex-
pressed genes. Our analyses showed that many of these genes
were related to the inflammatory response (Fig. 3A) and in-
cluded the upregulation of inflammasome genes in VN/1203-
infected mice (but not in 1918-infected mice) at day 1 p.i. The
upregulation of inflammasome genes in VN/1203-infected
mice is also illustrated in the functional network shown in Fig.
3B. In this network, genes depicted in blue were upregulated
by VN/1203 but not by the 1918 virus, whereas genes depicted
in orange were upregulated by VN/1203 virus but downregu-
lated by the 1918 virus. Of particular note, the key inflamma-
some components CASP1 (caspase 1), interleukin 1� (IL-1�),
and NLRP3 (nucleotide-binding domain and leucine-rich-re-
peat-containing protein 3) were upregulated in response to
VN/1203 infection.

In addition, VN/1203 also upregulated the expression of tumor
necrosis factor alpha (TNF-�), a potent inflammatory molecule;
IFN-
; eukaryotic initiation factor 2 AK2 (eIF2AK2); protein
kinase RNA activated (PKR); and additional chemokines and
inflammation-related genes. Quantitative RT-PCR analyses were
performed to verify the expression of specific transcripts, includ-
ing IL-1�, NLRP3, CASP1, and TNF-�. The results from this
method correlated well with the microarray results (see Fig. S3 in
the supplemental material). Later during infection (days 3 and
4 p.i.), the inflammatory responses induced by the two viruses
were still different but did not involve the inflammasome, and the
numbers of genes differentially regulated were fewer than ob-
served on day 1. This striking difference in the quality of the early
inflammatory responses to two highly pathogenic influenza vi-
ruses correlates with the severity of disease.

We also observed that at day 1 p.i., VN/1203 infection in-
duced the differential expression of genes associated with viral
sensing, neutrophil activation, NF-�B signaling, and chemo-
kine signaling (Fig. 4). Quantitative RT-PCR analyses were
performed to verify the expression of specific transcripts, in-
cluding IFN-�1 and IFN-
. The results from this method cor-
related well with the microarray results (see Fig. S4A and B in
the supplemental material). Because the products of many of
these genes play important roles in regulating cellular gene
expression, the activation of these genes may also be associated
with the earlier and more robust host transcriptional and in-
flammatory response observed in VN/1203-infected animals.

VN/1203 dissemination correlates with sustained activation

of the inflammatory response and altered hematological func-

tion and lipoxin signaling. To attempt to gain insight into the
ability of VN/1203 to disseminate to the brain and spleen, we
also devised an analysis strategy to identify gene expression
changes that correlated with tissue dissemination. Briefly, gene
expression data from all time points were stratified into four
groups: wild-type mice infected by the 1918 virus, wild-type
mice infected by VN/1203, IFNR1�/� mice infected by the
1918 virus, and IFNR1�/� mice infected by VN/1203. Among
these groups, only wild-type mice infected by the 1918 virus
showed no dissemination during infection. Differentially ex-
pressed genes in each group compared to mock infection were
identified (�2.0-fold change), and pathway analysis was car-

FIG. 2. Global transcriptional responses to highly pathogenic 1918
and VN/1203 viruses. Shown is microarray analysis of whole lung tissue
from 1918 and VN/1203 virus-infected wild-type mice at 1, 3, and 4
days p.i. The heat map illustrates the global transcriptional profile of
3,470 genes activated within cutoff values of �2-fold change and P �

0.01. The genes shown in yellow were upregulated and those in blue
were downregulated in infected relative to mock-infected animals. The
box outlined in red indicates the attenuated transcriptional response in
1918 virus-infected animals.
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FIG. 3. VN/1203 virus differentially regulates the expression of inflammatory response genes. (A) Heat map illustrating ANOVA results for 142
inflammatory genes differentially transcribed within cutoff values of �2-fold change and ANOVA P � 0.01 in wild-type mouse lungs infected with
1918 or VN/1203 virus. (B) Biological-network analysis of the top functional category inflammatory response (P � 4.22E�16) determined by
Ingenuity Pathway Analysis. This analysis highlights a subset of genes that were upregulated during VN/1203 infection but not during 1918 infection
(blue shading). Another subset of genes was anti-coregulated, that is, upregulated during VN/1203 infection but downregulated during 1918
infection (orange shading). A third subset of genes was upregulated by both viruses (green shading). The boxed genes highlight the differential
regulation of the inflammasome components CASP1, IL-1�, and NLRP3.
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ried out using Ingenuity Pathway Analysis and GeneGo Meta-
Core. Two functional categories, which included genes associ-
ated with hematological development and function and genes
associated with the inhibitory effects of lipoxin on inflamma-
tion, leukocyte trafficking, and neutrophil-mediated tissue in-
jury, showed statistically significant changes in the groups as-
sociated with virus dissemination but not the group not
associated (wild-type mice infected by 1918). Many of the
genes in the hematological development and function category
are associated with proinflammatory responses and were
strongly upregulated during VN/1203 infection (Fig. 5A). Li-
poxins, in contrast, are eicosanoids with potent anti-inflamma-
tory properties (37). The gene responsible for lipoxin biogen-
esis, Alox5, was downregulated during VN/1203 infection (Fig.
5B), as was the gene encoding suppressor of cytokine signaling
2 (Socs2), the expression of which can be induced by lipoxins to
control proinflammatory responses (22). These finding suggest
that not only does VN/1203 infection result in the induction of
numerous proinflammatory genes, but lipoxin-mediated anti-
inflammatory responses are also impaired. No change in the
expression of Alox5, Socs2, or Fprl1 (the primary receptor for
lipoxins) was observed in response to infection with the 1918
virus.

We also investigated the observed dissemination of the
1918 virus to brain and spleen during infection of IFNR1�/�

mice. Our results indicated that the host responses elicited
by 1918 virus infection were distinctly different in wild-type
and immune-deficient animals. While the activation of im-
portant host functions, such as immune cell trafficking, in-
flammatory response, and cell death, were almost at similar
levels in both mouse strains by day 1 p.i., these functions

changed dramatically in wild-type mice, which responded to
1918 infection by an steady increase in the expression of
genes associated with these functions by days 3 and 4 p.i.
However, far fewer genes in these categories were transcrip-
tionally activated in IFNR1�/� mice by days 3 and 4 p.i. (see
Fig. S5 in the supplemental material).

VN/1203 and 1918 viruses induce the activation of type I

IFN-regulated genes even in the absence of the IFN-�/� re-

ceptor. Activation of IFN signaling is an important component
of the innate antiviral response, and our previous studies of the
1918 virus in mice and VN/1203 in macaques suggested differ-
ences in IFN signaling in response to these viruses (6, 17). We
therefore sought to directly compare the IFN response to these
viruses in the mouse infection model. To identify IFN-regu-
lated genes, we treated uninfected mice with IFN and identi-
fied the resulting differential expression of genes in the lungs.
We also took advantage of mouse genetics and used IFNR1�/�

mice to determine the importance of an intact IFN response to
the host response to these viruses.

To identify IFN-regulated genes, we treated wild-type or
IFNR1�/� mice with 10,000 U of recombinant human IFN-�
A/D and harvested lung tissue at 8 and 24 h after treatment.
These samples were then used to generate a set of 854 type I
IFN-regulated genes, which was used as a common gene set for
clustering and analysis of variance (ANOVA) of gene expres-
sion data from virus-infected animals. We found that activation
of type I IFN-regulated genes was stronger in VN/1203-in-
fected mice than in mice infected with the 1918 virus and that
VN/1203 elicited steady and sustained activation of these genes
even in animals lacking the IFN-�/� receptor (Fig. 6A). In
animals infected with the 1918 virus, there was little activation
of the IFN-regulated genes at day 1 p.i., but by days 3 and 4,
IFN-regulated gene expression reached almost the same level
as that induced by VN/1203. Since it was possible that
IFNR1�/� mice compensated for the absence of IFNR1 with
increased expression of IFN-�3 (also known as IL28B) (4, 18),
we used quantitative RT-PCR to detect IL28B in lung samples
at 1, 3, and 4 days p.i. We found that IL28B was not overex-
pressed in the IFNR1�/� mice and that expression correlated
with the temporal regulation of IFN-�1 and, to a lesser extent,
IFN-
 (see Fig. S4C in the supplemental material).

IFNR1�/� mice infected with either virus died sooner than
infected wild-type animals, and IFNR1�/� mice infected with
VN/1203 died approximately 3 days sooner than those infected
with the 1918 virus (see Fig. S6A in the supplemental mate-
rial). The percentage of survival was determined by the weight
loss parameter, according to the CDC’s Institutional Animal
Care and Use Committee (see Fig. S1B in the supplemental
material). VN/1203 disseminated to brain, liver, and spleen,
and in contrast to wild-type animals, the 1918 virus was also
detected in the brains and spleens of IFNR1�/� mice at day
5 p.i. (see Fig. S6B in the supplemental material). As in the
case of wild-type mice, viral dissemination in the IFNR1�/�

mice did not correlate with the viral titer (see Fig. S6C in the
supplemental material). Even though the 1918 virus was de-
tected in the brains and spleens of IFNR1�/� mice at day 5 p.i.,
histopathology revealed no lesions in these organs (Fig. 7A and
B). Lesions in spleens were observed in VN/1203-infected
IFNR1�/� mice (Fig. 7C and D). Staining for influenza virus
antigen in the bronchus was more uniformly distributed in

FIG. 4. The VN/1203 and 1918 viruses differentially regulate key
cellular signaling pathways. Shown is ANOVA of microarray data from
lung samples using cutoff values of �2-fold change and ANOVA P �

0.01 comparing the infections of wild-type animals with 1918 and
VN/1203 viruses. The results were uploaded into IPA for functional
analysis. Selected canonical pathways were analyzed, and the results
are presented as heat maps illustrating the expression of genes asso-
ciated with viral sensing, neutrophil activation, NF-�B signaling, and
chemokine signaling to 1918 and VN/1203 viruses. Yellow indicates
upregulated genes; blue indicates downregulated genes.
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VN/1203-infected than 1918-infected mice, and staining was
more uniform in bronchiolar epithelium than in alveolar cells
(Fig. 7E and F).

To determine whether we could recapitulate our results us-
ing a simpler system, we performed in vitro 1918 and VN/1203

infection experiments using MEFs from wild-type and
IFNR1�/� mice. Cells were harvested at 8 and 24 h p.i. for
microarray analysis. Our analyses showed that wild-type and
IFNR1�/� MEFs both exhibited a type I IFN response to
VN/1203 infection, whereas the 1918 virus elicited weak acti-

FIG. 5. Association of hematological function and lipoxin signaling with VN/1203 virus dissemination. (A) Differential regulation of hemato-
logical system development- and function-related genes. (B) Differential regulation of lipoxin signaling. Shown is ANOVA of lung gene expression
data using cutoff values of �2-fold change and ANOVA P � 0.01 comparing the infection of wild-type animals with VN/1203 or the 1918 virus.
The results were uploaded into IPA for functional analysis. Selected biological functions were analyzed, and the results are presented as heat maps.
Yellow indicates upregulated genes; blue indicates downregulated genes. WT, wild type.
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vation of IFN-regulated genes. Interestingly, 1918 infection of
MEFs recapitulated the delayed activation of the type I IFN
response that was observed in mouse lungs (Fig. 6B). These
results clearly indicate a significant difference in the host re-
sponses to the H1N1 1918 virus and the avian H5N1 VN/1203

virus and correlate well with our mouse microarray data. The
combination of stronger inflammatory and type I IFN re-
sponses induced by VN/1203 virus likely contributes to the
increased pathogenesis of this virus in the mouse model.

DISCUSSION

In the present study, we observed that the highly pathogenic
H5N1 VN/1203 virus was able to disseminate to extrapulmo-
nary organs regardless of the expression of the type I IFN
receptor. However, whereas the 1918 virus did not disseminate
in wild-type mice (Fig. 1B), dissemination to brain and spleen
was observed in the absence of the type I IFN receptor (see
Fig. S6B in the supplemental material), although no damage to
these tissues was apparent. These results clearly indicate a role
for the IFN response in the control of influenza infection, as
has been previously described (11, 40). Moreover, systemic
disease and tissue damage, as suggested by necrosis of spleen
and liver tissue, was observed only in IFNR1�/� mice infected
with VN/1203 (Fig. 7). However, IFN signaling was not suffi-

FIG. 6. Expression of interferon-regulated genes in response to
interferon treatment or VN/1203 or 1918 infection. (A) Expression of
type I interferon response genes in wild-type or IFNR1�/� mice in-
fected with 1918 and VN/1203 viruses. Expression was determined by
ANOVA of microarray data using cutoff values of �2-fold change and
ANOVA P � 0.01, respectively, from mock-infected wild-type mouse
lung samples treated with interferon or untreated. This analysis gen-
erated a subset of 854 genes (right) that were used to cluster the mouse
data. KO, knockout. (B) Expression of type I interferon response
genes in MEFs infected with 1918 and VN/1203 viruses. Expression
was determined by ANOVA analysis using cutoff values of �2-fold
change and ANOVA P � 0.01, respectively.

FIG. 7. Histopathology analysis of 1918 and VN/1203 infections in
IFNR1�/� mice. (A) Normal spleen of an IFNR1�/� mouse infected by
1918 virus at day 1 p.i. (B) Normal liver of an IFNR1�/� mouse infected
by 1918 virus at day 4 p.i. (C) Apoptotic spleen of an IFNR1�/� mouse
infected by VN/1203 virus at day 1 p.i. (D) Lymphocyte depletion in the
periarteriolar lymphatic sheath with heterophilic splenitis of an IFNR1�/�

mouse infected by VN/1203 virus at day 1 p.i. (E) Common viral staining
in bronchus of an IFNR1�/� mouse infected by 1918 virus at day 3 p.i.
(F) Intense antigen staining in the bronchus of an IFNR1�/� mouse
infected by VN/1203 virus at day 3 p.i.
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cient to prevent a lethal outcome, nor could it control the
spread of VN/1203 to extrapulmonary organs (Fig. 1A and B).
The observed dissemination to extrapulmonary organs could
not be explained by differences in viral loads, since the viruses
exhibited similar titers in the lungs at the measured time points
(Fig. 1C; see Fig. S6C in the supplemental material).

VN/1203 induced an earlier and stronger host response. An
additional distinction between the viruses used in this study
was the time to death following infection. In wild-type and
IFNR1�/� mice, VN/1203-infected animals died sooner than
1918-infected mice. In addition, IFNR1�/� animals infected
with either VN/1203 or the 1918 virus died sooner than in-
fected immunocompetent wild-type mice. Similar results have
recently been reported by Szretter et al. during infection of
wild-type and IFNR1�/� mice with A/Hong Kong/483/97, a
highly pathogenic H5N1 influenza virus (40).

We used global gene expression profiling to determine whether
differences in the host transcriptional response to infection would
provide clues to differences in disease outcome. Because the
mouse LD50 for VN/1203 was lower than that of the 1918 virus,
we normalized the experimental design by using the LD50 of each
virus to determine the inoculum. Although this resulted in infec-
tion with different amounts of virus, this approach allowed a more
accurate comparison of the host response to these viruses, and
viral titers were nearly equivalent at all measured time points.
Mice infected with VN/1203 elicited a strong transcriptional ac-
tivation of the innate response at 1 day p.i. that persisted through-
out infection (Fig. 2). In contrast, the host transcriptional re-
sponse was delayed in 1918 virus-infected mice. Extensive
functional-genomics analysis using Ingenuity Pathways Analysis
showed that the inflammatory response was one of the most
significant functional categories differentially regulated by the
VN/1203 and 1918 viruses (Fig. 3A). In particular, we found that
at day 1 p.i., the VN/1203 virus upregulated genes associated with
the inflammatory response, including the inflammasome compo-
nents NLRP3, IL-1�, and CASP1, whose products are important
for the innate immune response to influenza virus infection (Fig.
3B) (3, 13, 41).

Our data indicate that as early as day 1 p.i., VN/1203 is able
to exacerbate the inflammatory response and trigger the type I
IFN response. These responses are sustained throughout in-
fection, which likely favors a “cytokine storm” response that is
detrimental to the host (30). In-depth analysis of the transcrip-
tional profiles suggested that the delayed host response during
1918 infection (Fig. 2) was a consequence of the inability of the
host immune response to activate the transcription of critical
cell signaling pathways involved in the classical response to
viral pathogens (Fig. 4). For example, the transcriptional acti-
vation of the pattern recognition receptors (PRRs) toll-like
receptors (TLRs) and RIG-I helicase were almost nonexistent
at 1 day p.i. Furthermore, the activation of genes encoding
proteins that modulate the immune response, such as chemo-
kines and NF-�B, was also delayed. The activation of the
effector components PKR, inflammatory response, and neu-
trophil activation and infiltration were also unchanged. There
was activation of these cell signaling categories by 3 and 4 days
p.i., although to a lesser extent than during VN/1203 infection.

Dissemination of VN/1203 in wild-type mice correlates with

sustained activation of the inflammatory response and altered

hematological function and lipoxin signaling. Our results in-

dicated that VN/1203 infection induced strong activation of the
inflammatory response (Fig. 3A), including inflammasome
genes, at day 1 p.i. (Fig. 3B). Virus dissemination and an
intense inflammatory response have also been reported as fea-
tures of H5N1 pathogenesis in humans (9). The physiological
consequence of acute inflammation is the transvasation of im-
mune cells from the blood to the infected tissues and the
production of chemokines, cytokines, and vasoactive amines.
Activated neutrophils release reactive oxygen and nitrogen
species that act on pathogen and host targets in an indiscrim-
inate manner (25).

We used a bioinformatics approach to attempt to gain in-
sight into why VN/1203 was able to disseminate during infec-
tion of wild-type mice. This analysis revealed two biological
categories associated with dissemination. The first category
was the differential regulation of hematological system devel-
opment and function (Fig. 5A), which was steadily activated at
all time points analyzed. These same genes were activated only
later and to a lesser extent during 1918 virus infection. The
second identified category was the inhibitory effect of lipoxin
signaling (Fig. 5B). These results depict a scenario where VN/
1203 elicits a strong and steady upregulation of genes involved
in the hematological function, a critical physiological response
to acute inflammation, to trigger the resolution and healing
processes at the sites of inflammation. Recently, it has been
reported that people with severe cases of human swine H1N1
influenza infection are at risk to develop blood clots in the
lungs (1), suggesting that dysregulation of the hematological
system is likely important for the severity of disease.

Using an independent analytical tool for functional analysis
(GeneGo), we also found a small set of genes related to he-
matological function whose expression was differentially regu-
lated by the two viruses. These genes include fibrinogen �, �,
and 
 (FGA, FGB, and FGG); thrombomodulin (F2); and
coagulation factor 3 (F3), which are components of the blood
coagulation pathway (data not shown). Interestingly, it has
been reported that disseminated intravascular coagulation
generated by strong activation of the coagulation system that
results in microvascular thrombosis (24) may be a contributing
factor for multisystem organ failure during Ebola virus infec-
tion (12, 36). These results may suggest that the robust expres-
sion of hematological-function genes related to proinflamma-
tory responses and blood coagulation system genes may
contribute to VN/1203 virus dissemination.

In addition, we found that loss of the inhibitory action of
lipoxin on neutrophil function was also associated with dissemi-
nation of VN/1203 in wild-type mice. Lipoxins play a role in the
modulation of immune responses during microbial infection (21)
and have potent anti-inflammatory properties in diseases such as
tuberculosis, toxoplasmosis, arthritis, and cystic fibrosis (2, 5, 15,
21, 39). Studies of Toxoplasma gondii and Mycobacterium tuber-

culosis infection indicate that lipoxin-dependent inhibition of
proinflammatory type 1 responses favor transmission and propa-
gation of these pathogens (21). In particular, lipoxins inhibit
important defense mechanisms, such as leukocyte migration,
translocation of NF-�B, leukotriene function, TNF-induced che-
mokine production, natural killer cell function, and expression of
chemokine receptor and adhesion molecules. The differential
transcriptional regulation of lipoxin signaling and its inhibitory
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action on neutrophil functions may be important factors in dif-
ferences in VN/1203 and 1918 virus pathogenesis.

Another avenue that we investigated was the detected dis-
semination of the 1918 virus in IFNR1�/� animals. Our data
indicate that infection of wild-type mice with the 1918 virus
resulted in the activation of important host functions, such as
the inflammatory response, immune cell trafficking, and cell
death, which at day 1 p.i. were at levels equivalent to those of
the response elicited in IFNR1�/� mice. However, while wild-
type animals produced a robust and steady increase in the
activation of genes associated with these functions at days 3
and 4 p.i., this response was weak in IFNR1�/� animals (see
Fig. S5 in the supplemental material). These results suggest
that an intact immune response is necessary to control dissem-
ination of the 1918 virus. However, this response must be
controlled, since the exacerbated inflammatory response elic-
ited by VN/1203 was also correlated with virus dissemination.

VN/1203 and the 1918 virus induce the activation of type I

IFN-regulated genes even in the absence of the IFN-�/� re-

ceptor. Gene expression data from 1918 and VN/1203 infec-
tions indicated that both viruses induced the activation of type
I IFN-regulated genes in wild-type mice. Interestingly, the ab-
sence of IFNR1 did not completely abrogate the expression of
type I IFN-related genes in response to either VN/1203 or the
1918 virus, and VN/1203 in particular elicited a strong IFN
response (Fig. 6A). Our results suggest that the response to
VN/1203 infection may be due in part to differences in the
activation of TLRs and NF-�B signaling cascades. Recently, it
has been shown that IFN-� is important for controlling influ-
enza replication in mice (4, 26). Therefore, a formal possibility
in our experiments was that some of the observed transcrip-
tional activation changes were due in part to the compensatory
effects of IFN-� expression. However, our quantitative RT-
PCR results suggest that this was not the case (see Fig. S4C in
the supplemental material).

The mouse model is a complex system in which cell infiltra-
tion is a landmark of the host response. Using MEFs, a system
in which there is no cell infiltration, we were able to recapit-

FIG. 8. Model illustrating the consolidation of data obtained from macaques and mice infected with highly pathogenic 1918 and VN/1203
viruses. Provided is an illustration depicting our current understanding of influenza virus infections in macaques and mice. The network diagrams
for macaques (8) and mice (Fig. 3B) emphasize the differential regulation of the inflammatory response and activation of inflammasome
components that was found during 1918 and VN/1203 virus infections, respectively.
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ulate our in vivo results. MEFs also exhibited a delay in the
transcriptional activation of the innate response to 1918 infec-
tion relative to that elicited by VN/1203 (Fig. 6B). These re-
sults suggest that in mice or in mouse-derived cells, VN/1203
elicits a stronger IFN response that correlates with disease
outcome. These data illustrate the complex and delicate ho-
meostatic balance of the host response against highly patho-
genic influenza infections.

Taken together, our results suggest that VN/1203-infected
mice likely died faster as a consequence of several factors: (i)
the early and sustained induction of an inflammatory response
that may be detrimental rather than protective to the host; (ii)
the additive and/or synergistic effects of the virus-sensing
(TLRs and RIG-I), modulator (chemokines, NF-�B, and IFN),
and effector (PKR, neutrophil infiltration, and inflammation)
components of the immune response, which were transcrip-
tionally induced in a steady manner throughout infection; (iii)
the inhibition of lipoxin-mediated anti-inflammatory respons-
es; and (iv) the ability of VN/1203 to disseminate to extrapul-
monary organs.

Interestingly, our findings using the mouse model show in-
triguing differences and similarities compared with our findings
using a cynomolgus macaque model of influenza virus infection
(8). We previously reported that all 1918 virus-infected ma-
caques succumbed to infection, whereas, despite the fact that
there were initial signs of tissue damage, all VN/1203-infected
macaques recovered. Interestingly, in macaques, it was the
1918 virus that upregulated key inflammasome components,
whereas these genes were downregulated during VN/1203 in-
fection. Consolidation of our data from macaque (8) and
mouse infection studies suggests that the early and sustained
upregulation of the inflammatory response is detrimental to
the host (Fig. 8). It is also worth noting that in both animal
models upregulation of the inflammatory response took place
at 24 h p.i. (in macaques by the 1918 virus and in mice by
VN/1203). It is also possible that differences in cellular
microRNA expression between mouse and macaque may affect
disease outcome, as we have recently reported that cellular
microRNAs influence the inflammatory response to influenza
virus infection (19). Together, our findings highlight the im-
portance of the inflammatory response and suggest new lines
of experimentation, including the infection of inflammasome
knockout mice and specific targeting of the Alox5 gene, re-
sponsible for lipoxin biogenesis. The inflammatory response is
also an attractive target for drug intervention, and the devel-
opment of new drugs that target the inflammatory response
may prevent severe tissue damage.
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