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The influenza pandemic of 1918–19 was responsible for about 50
million deaths worldwide1. Modern histopathological analysis of
autopsy samples from human influenza cases from 1918 revealed
significant damage to the lungs with acute, focal bronchitis and
alveolitis associated with massive pulmonary oedema, haemor-
rhage and rapid destruction of the respiratory epithelium2. The
contribution of the host immune response leading to this severe
pathology remains largely unknown. Here we show, in a compre-
hensive analysis of the global host response induced by the 1918
influenza virus, that mice infected with the reconstructed 1918
influenza virus displayed an increased and accelerated activation
of host immune response genes associated with severe pulmonary
pathology. We found that mice infected with a virus containing all
eight genes from the pandemic virus showed marked activation of
pro-inflammatory and cell-death pathways by 24 h after infection
that remained unabated until death on day 5. This was in contrast
with smaller host immune responses as measured at the genomic
level, accompanied by less severe disease pathology and delays in
death in mice infected with influenza viruses containing only
subsets of 1918 genes. The results indicate a cooperative inter-
action between the 1918 influenza genes and show that study of the
virulence of the 1918 influenza virus requires the use of the fully
reconstructed virus. With recent concerns about the introduction
of highly pathogenic avian influenza viruses into humans and
their potential to cause a worldwide pandemic with disastrous
health and economic consequences, a comprehensive understand-
ing of the global host response to the 1918 virus is crucial.
Moreover, understanding the contribution of host immune
responses to virulent influenza virus infections is an important
starting point for the identification of prognostic indicators and
the development of novel antiviral therapies.

To study the virulence and pathogenesis of the 1918 influenza
virus, mice were infected intranasally with a contemporary human
influenza A/Texas/36/91 H1N1 virus (Tx91), Tx91 virus containing
the 1918 HA and NA genes (2:6 1918), the 1918 HA, NA, M, NP and
NS genes (5:3 1918), or the reconstructed 1918 (H1N1) recombinant
virus (r1918). Mice infected with r1918 showed the most severe
weight loss and the earliest mean time of death of all viruses tested
(Supplementary Information). Moreover, titration of virus recovered
from lung tissue showed that mice infected with r1918 had about
tenfold higher levels of virus on days 1 and 3 after infection than
those infected with 2:6 1918 or 5:3 1918. By day 5 after infection there
was a slight decrease in the lung titres of r1918-infected mice, and
mice infected with 2:6 1918, 5:3 1918 and r1918 showed similar lung

titres of about 107 50% embryo-infective doses per ml. Our results
were consistent with those in previous reports3: most mice infected
with r1918 were dead by day 5 after infection.

Previous studies showed increased lung pathology in mice infected
with influenza viruses bearing genes from the 1918 virus3–5. A more
detailed histological analysis of mice infected with 5:3 1918, 2:6 1918
or r1918 viruses revealed differences in pathology during the course
of infection. Whereas mice infected with Tx91 reassortant virus had
minimal to mild diffuse histiocytic alveolitis without neutrophils or
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Figure 1 | Photomicrographs of lung sections from mice infected with
influenza A virus, stained with haematoxylin and eosin. a, Mild histiocytic
alveolitis with normal bronchiole, Tx/91 virus, day 3. b, Moderate diffuse
alveolitis, predominantly neutrophilic, but with macrophages and
associated haemorrhage and oedema, r1918 virus, day 3. c, Severe focal
alveolitis with neutrophils distending affected alveoli, r1918 virus, day 3.
d, e, Moderate histiocytic alveolitis and some neutrophils and oedema, 5:3
1918 (d) and 2:6 1918 (e) viruses, day 3. f, Severe diffuse histiocytic alveolitis
with severe oedema, r1918 virus, day 5. Scale bar, 20 mm.
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lesions in the bronchi or bronchioles (Fig. 1a), mice infected with 5:3
1918, 2:6 1918 or r1918 viruses had pulmonary lesions that consisted
of mild to severe necrotizing bronchitis with accompanying moder-
ate to severe alveolitis and associated moderate to severe alveolar
oedema (Fig. 1b–f). However, the character of the alveolitis varied
between the 1918 viruses and the sampling periods. At day 3, the
r1918-infected mice had acute moderate to severe diffuse alveolitis
with a prominent neutrophilic component and severe alveolar
oedema (Fig. 1b). For some lungs, alveolitis was multifocal with
intense neutrophilic infiltration that distended the alveoli (Fig. 1c).
By contrast, mice infected with 5:3 1918 and 2:6 1918 viruses had
moderate to severe alveolitis, but histiocytes predominated over
neutrophils and the alveolar oedema was only moderately severe
(Fig. 1d, e). At day 5 the pulmonary response in r1918-infected mice
had changed to subacute and was more severe with diffuse alveolitis
retaining the severe oedema, but changing to a predominance of
histiocytes with fewer neutrophils (Fig. 1f). The bronchial and
bronchiolar lesions were similar to those at day 3. However, in some
r1918-infected lungs, an acute inflammatory response continued, as
was evident from multiple scattered foci of intense neutrophilic
alveolitis. In contrast, some mice infected with 5:3 1918 and 2:6 1918
viruses showed slightly less alveolitis, alveolar oedema, bronchitis
and peribronchitis on day 5 than on day 3. These results show that the
pathology induced by r1918 was distinct from that observed in mice
infected with 5:3 1918 and 2:6 1918 viruses, indicating that
cooperation between the individual 1918 viral proteins might be
required for the induction of maximum pathology.

To understand why 1918 influenza virus showed extreme virulence
in mice, we used gene expression analysis to provide a global view of
the host response in lungs of infected mice. Expression microarray
analysis was performed by taking equal masses of total RNA isolated
from lungs of mice infected with strain Tx91, 2:5 1918, 5:3 1918 or
r1918 and comparing them with a common reference sample pre-
pared from lungs of mock-infected mice. Lungs from three mice were
harvested for each virus on days 1, 3 and 5 after infection (total
n ¼ 36). Initially, our analysis was directed to genes associated with
the activation of key immune cells known to be important for the
response to influenza virus infection, including T helper 1 (TH1),
natural killer, macrophage and neutrophil cells (shown in Fig. 2).
This analysis revealed a significant increase in the expression of genes
associated with these immune cell populations in lungs of mice
infected with r1918. Expression patterns of cytokines, chemokines
and apoptosis-related genes showed the most significant and earliest
activation during r1918 infection (Supplementary Information). The
increased expression of immune-cell-related genes was correlated
with virulence, because strain r1918 induced the most significant and
earliest expression of immune-response-related genes, followed in
magnitude and occurrence by 2:6 1918, 5:3 1918 and Tx91. Because
many innate response-related genes showed saturation of the fluores-
cence signal by expression microarray, we measured the messenger
RNA and protein expression of several key cytokines, including
tumour necrosis factor (TNF), by quantitative real-time polymerase
chain reaction (PCR) and enzyme-linked immunosorbent assay
(ELISA). This analysis demonstrated that r1918 infections consist-
ently resulted in a higher and prolonged expression of these mRNAs
and proteins (Supplementary Information). It was shown recently6

that increased production of cytokines and chemokines during
infection with 2:6 1918 could be attributed to the presence of
neutrophils and alveolar macrophages in the lungs of infected
mice. Our studies showed that r1918 infections also resulted in
increased neutrophil and macrophage recruitment, accompanied
by a significant increase in the expression of cytokine and chemokine
genes. Expression of genes related to T helper 2 (TH2) cell and nitric
oxide metabolism showed similar patterns in all viral infections on
days 1, 3 and 5, indicating that these responses might not have been
primary mediators of r1918 virulence (Supplementary Information).
The cellular origins of the genes identified by microarray are

unknown, but taken together these data show that r1918 produced
the most severe and rapid disease in mice, which could be correlated
with an increased expression of inflammatory response genes similar
to that reported for highly pathogenic avian influenza viruses7,8.

To characterize the functional consequences of gene expression
changes associated with infection with r1918, we performed pathway
analysis of the gene expression data with Ingenuity Pathways Analysis
(see Methods). As shown in Fig. 3, pathway analysis of the expression
array data revealed that infection with r1918 virus resulted in the
most significant activation of death receptor, interleukin-6, type I
interferon and Toll-like receptor responses. These data show that the
aggregate host response to r1918 virus infection results in an increase
in pro-inflammatory and cell death responses. We observed an
inverse correlation between influenza virulence and G2/M check-
point control and glutathione metabolism. The increased expression
of cell-cycle and glutathione metabolism genes in Tx91 infections
could be important components in the successful clearance of
influenza virus infection and tissue remodelling without severe
immunopathology. We also suggest that activation of these responses
reflects the importance of protecting cells from damage by oxygen
radicals and the need for the proliferation and repopulation of
damaged or killed cells in the respiratory epithelium.

To explore the host responses associated with the severe immuno-
pathology of infections with r1918 virus, we characterized the
functional relationship between genes that were induced more than
twofold (P , 0.01) only in r1918 virus infections. As shown in Fig. 4,
many of these genes that were uniquely induced more than twofold
in r1918-infected mouse lung compared with controls were involved
in cell death and inflammatory responses and have been reported to
have direct and/or indirect interactions. Infections with r1918
resulted in a statistically significant coordinated activation of

Figure 2 | Increased and earlier expression of genes associated with the
activation of key immune cells in mouse lung infected with r1918 influenza
virus. Expression of selected immune-cell-related genes in the lungs of mice
infected with Tx91, 2:6 1918, 5:3 1918 or r1918 viruses on days 1, 3 and 5
after infection, as determined by expression microarray analysis. For each
infection point, the data presented are the error-weighted average expression
changes calculated from four technical replicate arrays performed on three
individual mice (n ¼ 12 total). Genes shown in red were upregulated
and genes shown in green were downregulated in infected relative to
mock-infected mouse lung. NK, natural killer; TH1, T helper 1.
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multiple cell-death-related genes, particularly those related to
death receptor responses. This is significant because activation of
TNF-related pathways has been shown to be associated with
H5N1 influenza viral infections of macrophages9. Moreover, r1918
infection-induced expression of mRNAs for Fas, caspase-8 and
caspase-9 is significant because of the central roles of these proteins
in the induction of apoptosis through the death-receptor and
mitochondrial apoptosis pathways. Caspase-9 is activated by the
release of cytochrome c from permeabilized mitochondria, and it
has been reported that an influenza viral protein expressed from an
alternative reading frame of the PB1 gene segment (PB1-F2) is
trafficked to mitochondria and can induce apoptosis10. It has recently
been reported11 that PB1-F2 associates with components of the
permeability transition pore complex and sensitizes cells to apoptotic
stimuli, including TNF-a, resulting in mitochondrial permeabiliza-
tion and the release of cytochrome c. We believe our data showing
increased cell death responses in r1918-infected mice may be related
to the effects of the 1918 PB1-F2 protein. However, these observations
do not rule out additional functions of the 1918 polymerase proteins,
because these genes are also important virulence factors for highly
pathogenic avian influenza viruses12–17.

Taken together, our results indicate that enhanced inflammatory
and cell death responses might be contributors to severe immuno-
pathology associated with r1918 influenza virus infections, although
it is not possible to completely exclude the possibility that increased
immune and cell death responses may be a consequence rather than
the cause of enhanced pathology of r1918 infection. Our study also

shows the synergistic effect of the 1918 gene segments and that
exceptional virulence and exaggerated host global gene expression
response may be dependent on the complete constellation of 1918
genes. We acknowledge that a more complete understanding of r1918
virulence will require experiments in additional animal models,
including ferrets, pigs and non-human primates. Characterization
of the global host response to other highly virulent viruses will be
important in understanding the role of the host in influenza virus
pathology, and we are currently comparing these results with findings
from similar studies of animals infected with highly pathogenic avian
influenza viruses.

METHODS
Recombinant influenza viruses. Recombinant viruses were generated with a
reverse genetics system18. The low cell (C1 or C2) passage influenza A H1N1
virus stocks were grown in Madin–Darby canine kidney cells. The reconstructed
strain of human influenza H1N1 A/Texas/36/91 (Tx/91) virus has been charac-
terized previously3 and causes common influenza symptoms in humans in
experimental settings19. The r1918 influenza virus genes correspond to the
published sequence of influenza A/South Carolina/1/18 (H1N1) virus HA
open reading frame20, and influenza A/Brevig Mission/1/18 (H1N1) virus NA,
M, NS, NP, PA, PB1 and PB2 open reading frames12,21–24. The 1918 recombinant
viruses contain the 5 0 and 3 0 non-coding regions corresponding to influenza
A/WSN/33 (H1N1) virus.
Mouse experiments. Female BALB/c mice (Harlan Laboratories) 6–7 weeks old
were anesthetized with ketamine–xylazine (1.98 and 0.198 mg per mouse,
respectively) and inoculated intranasally with 106 plaque-forming units of the
indicated virus. Because of the virulence of r1918 in mice, increased numbers of

Figure 3 | Increased activation of inflammatory and death receptor gene
expression by r1918 influenza virus. a–d, Analysis of the biological
response pathways that showed most significant activation during r1918
infection, including death receptor (a), interleukin-6 (b), interferon (c) and
Toll-like receptor (d) pathways. e, f, The biological responses most
significantly induced in the non-lethal Tx91 infections: G2/M checkpoint
control (e) and glutathione metabolism (f). Pathway analysis was performed
on genes that were induced more than twofold (P , 0.01) in any of the
infections compared with uninfected controls. For this purpose, Ingenuity
Pathway Analysis was used, which analyses the RNA expression data in the
context of known biological response and regulatory networks, as well as
other higher-order response pathways to assign functional information and
biological relevance. These results are shown as the negative logarithm of
significance, which is a statistical score and is a measure of the likelihood of
the genes in a given network being found together as a result of chance, as
determined by Fisher’s exact test (see Methods for details).

Figure 4 | Functional relationships of activated of cell death responses
during infection with r1918 influenza virus. Biological network of selected
genes that were only induced more than twofold (P , 0.01) in the
r1918-infected mouse lung compared with uninfected controls. This
diagram shows the direct (solid lines) and indirect (dashed lines)
interactions reported for these cell-death-related (blue shading) and
immune-response-related (yellow shading) genes; grey denotes genes with
multiple and/or undefined biological functions. Biological network analysis
was performed by using Ingenuity Pathway Analysis and showed statistical
significance with Fisher’s exact test to calculate a P-value determining the
probability that each biological function and/or disease assigned to that data
set was due to chance alone (see Methods for details).
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animals were infected with r1918 to allow the collection of samples at day 5 after
infection3. Lungs were harvested at days 1, 3 and 5 after infection for viral
titration and histopathology, and extraction of total RNA was performed from a
10% (w/v) lung homogenate as described previously5. All animal work was
performed in a specially separated negative-pressure HEPA (high-efficiency
particulate air)-filtered biosafety level laboratory (BSL3) with enhancements. All
personnel wore half-body Racal hoods with backpack HEPA-filtered air supplies3.
Histopathology. Three mice from each group were killed at days 3 and 5 after
infection A 5-mm lung piece from the ventral end of each left lobe was collected
for histopathology. Tissues were fixed with standard procedures in 10% neutral-
buffered formalin solution, sectioned, and stained with haematoxylin and eosin.
Expression microarray analysis and bioinformatics. Total RNA isolation and
mRNA amplification were performed on equal masses of total RNA isolated
from lungs of infected mice as described previously25 and were compared with an
equal-mass pool of RNA from lungs of ten individual mock-infected mice. For
each infection group, expression oligonucleotide arrays (n ¼ 4 per gene) were
performed on RNA isolated from lung tissue from three individual animals
(n ¼ 12 total). The data presented are the error-weighted average changes in
expression calculated from four technical replicate arrays performed on three
individual mice (n ¼ 12 final for each gene). Probe labelling and microarray
slide hybridization were performed with mouse oligonucleotide arrays (G4121A;
Agilent Technologies)25. All data were entered into a custom-designed Oracle 9i
backed relational database, Expression Array Manager, and were then uploaded
into Rosetta Resolver System 5.0 (Rosetta Biosoftware) and Spotfire Decision
Site 8.1 (Spotfire). All primary expression microarray data are available at
the University of Washington’s Public Microarray Data Download site (http://
expression.microslu.washington.edu), in accordance with the proposed MIAME
(minimum information about a microarray experiment) standards26.

Functional analysis of statistically significant gene expression changes was
performed with Ingenuity Pathways Analysis (Ingenuity Systems). This software
analyses RNA expression data in the context of known biological response and
regulatory networks as well as other higher-order response pathways. Ingenuity
functional analysis identified biological functions and/or diseases that were most
significant. Genes from the data set that met the twofold (P , 0.01) change
cutoff and were associated with biological functions in the Ingenuity Pathways
Knowledge Base were considered for analysis. For all analyses, Fisher’s exact test
was used to calculate a P-value determining the probability that each biological
function assigned to that data set was due to chance alone. In the functional
network shown in Fig. 4, genes are represented as nodes, and the biological
relationship between two nodes is represented as an edge (line). All edges are
supported by at least one published reference or from canonical information
stored in the Ingenuity Pathways Knowledge Base. For these analyses, Fisher’s
exact test was used to calculate a P-value determining the probability that each
biological function and/or disease assigned to that data set was due to chance
alone.
Real-time PCR assays.Quantitative real-time PCR was used to validate changes in
gene expression25. Primer and probe sets for each of the target sequences were
chosen from the Applied Biosystems Assays-on-Demand product list. Quantifi-
cation of each gene, relative to the calibrator, was performed with the equation
22DDCt within the Applied Biosystems Sequence Detections Software version 1.2.2.
Cytokine and chemokine quantification. To determine levels of cytokine or
chemokine proteins in lung, at each time point examined three mice from each
group were exsanguinated from the axilla and killed; lung tissues were then
removed from naive and infected mice (days 1, 3 and 5 after infection).
Individual whole lung samples were immediately frozen at 270 8C. At the
time of analysis, tissues were thawed, homogenized in 1 ml of cold PBS and
centrifuged at 150g for 5 min. With the use of ELISA kits from R&D Systems,
the clarified cell lysates were assayed for mouse IP-10 (CXCL10), TNF-a,
macrophage inflammatory protein (MIP)-1a (CCL3) and MIP-2 (CXCL2).
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