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Respiratory syncytial virus (RSV) is a common cause of severe lower respiratory tract infection in children.
Severe RSV disease is related to an inappropriate immune response to RSV resulting in enhanced lung
pathology which is influenced by host genetic factors. To gain insight into the early pathways of the patho-
genesis of and immune response to RSV infection, we determined the transcription profiles of lungs and lymph
nodes on days 1 and 3 after infection of mice. Primary RSV infection resulted in a rapid but transient innate,
proinflammatory response, as exemplified by the induction of a large number of type I interferon-regulated
genes and chemokine genes, genes involved in inflammation, and genes involved in antigen processing.
Interestingly, this response is much stronger on day 1 than on day 3 after infection, indicating that the strong
transcriptional response in the lung precedes the peak of viral replication. Surprisingly, the set of down-
regulated genes was small and none of these genes displayed strong down-regulation. Responses in the
lung-draining lymph nodes were much less prominent than lung responses and are suggestive of NK cell
activation. Our data indicate that at time points prior to the peak of viral replication and influx of inflam-
matory cells, the local lung response, measured at the transcriptional level, has already dampened down. The
processes and pathways induced shortly after RSV infection can now be used for the selection of candidate
genes for human genetic studies of children with severe RSV infection.

The severity of respiratory syncytial virus (RSV) infection in
young children varies from a nonclinical or mild upper respi-
ratory tract infection to severe lower respiratory tract infection
that may lead to hospitalization and occasionally to death.
Some children are more prone to a severe course of disease,
such as premature-born children, children younger than 3
months of age, children with chronic lung disease or congenital
heart disease, and immunocompromised children (27, 35).
However, the biological mechanisms underlying the highly
variable disease course in children are still poorly understood.
The current belief is that children with severe RSV disease
suffer from enhanced inflammatory lesions rather than from
virus-induced cytopathology (25). In line with this, naturally
occurring polymorphisms in genes affecting the inflammatory
immune response influence the severity of RSV-induced dis-
ease (5, 11, 12, 15).

Immune responses to viral pathogens are initiated among
others via the recognition of pathogen-associated molecular
patterns by various Toll-like receptors (TLR), leading to the
induction of innate immune responses, proinflammatory cyto-
kines, and the Th1 pathway (reviewed in references 18 and 26).
Innate immunity to RNA viruses is initiated by TLR3 and
murine TLR7 or human TLR8, which are important for the

responses to double-stranded and single-stranded RNAs, and
through intracellular RNA recognition molecules, such as
RIG-I and Mda5 (reviewed in reference 21). Both TLR3 and
RIG-I have also been shown to be involved in the response
to RSV, which is a single-stranded RNA virus (24, 33). In
addition, a role for TLR4 in the initiation of an RSV-specific
immune response has been postulated (23, 39). RSV, on the
other hand, can interfere with the induction of the host re-
sponse by modulating TLR3 and TLR7 signaling and virus-
induced IFN responses (31, 32, 34, 36, 37).

Murine models for studying RSV-induced pathology have
been developed, and these models have shown that RSV in-
duces a complex immune response. Priming of mice with var-
ious RSV proteins and subsequent RSV challenge can lead to
various degrees of lung pathology (6, 8, 16, 38). Although
primary RSV infection induces proinflammatory and Th1 re-
sponses, models of RSV-induced pathology have implicated
Th2 cytokines, such as interleukin-4 (IL-4), in this process. In
accordance with this, polymorphisms in IL-4 and the IL-4
receptor have been associated with severe RSV disease in
children (5, 13, 30).

To gain more insight into the early pathways of the patho-
genesis of and immune response to RSV, we determined the
transcription profiles of the lungs of RSV-infected mice at 1
and 3 days after infection by using microarray analysis. Mice
are rather resistant to RSV infection and clear the virus quite
rapidly. Studying early responses to such a self-limiting RSV
infection in the lung may give insight into processes necessary
for viral clearance and protection from RSV-induced pathol-
ogy. In addition, genes and biological pathways which are reg-
ulated at early time points in infection can serve as candidates
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for studying susceptibility to RSV infection in children. Sub-
sequent analysis of polymorphisms in selected candidate genes
in human genetic association studies, together with the here-
described murine studies, may help to elucidate the mecha-
nisms that underlie an adequate response to acute primary
RSV infection.

MATERIALS AND METHODS

Virus. Human RSV type A2 (RSV A2) was obtained from the ATCC (Rock-
ville, MD). The virus was cultured on HEp-2 cells (ATCC, Rockville, MD) in
medium (RPMI 1640; Gibco BRL, Life Technologies, Rockville, MD) contain-
ing 10% heat-inactivated fetal calf serum (Greiner, Frickenhausen, Germany), 2
mM glutamine, 100 IU/ml penicillin, and 100 U/ml streptomycin, as described
elsewhere (4). The infectivity of the virus stock (PFU RSV/ml) was assessed by
a quantitative plaque-forming assay (4). As a control, mock was prepared using
HEp-2 cells that were not infected with RSV.

Animals. Female specific-pathogen-free BALB/c mice were obtained from
Harlan Olac (Horst, The Netherlands) and were used at 6 to 10 weeks of age. A
week before the experiments started, mice were housed per group according to
the experimental setup under specific-pathogen-free and temperature-controlled
conditions. Mice were kept in a 12-h light/dark cycle and received water and food
ad libitum. The study was approved by the National Institute for Public Health
and the Environment committee on animal welfare.

Experimental design. Mice (n � 7 per group) were infected intranasally with
106 PFU RSV or with mock or were not inoculated. Before inoculation, mice
were anesthetized with enfluran. At day 1 or 3 after infection, mice were intra-
peritoneally anesthetized with ketamine, xylazine (Rompun), and atropine
(KRA) and sacrificed. After perfusion, the lungs and bronchial lymph nodes
were removed. The right lung was kept in RNAlater RNA stabilization reagent
(QIAGEN). The left lung was fixed intratracheally using 4% formalin for histo-
logical examination. Fixed lungs were embedded in Paraplast (Monoject, Kil-
dare, Ireland). Sections of 5 �m were stained with hematoxylin and eosin.
Different lung lesions were scored semiquantitatively as absent (0), minimal (1),
slight (2), moderate (3), marked (4), or severe (5), as previously described (2).
The lesions were scored blindly.

Microarray analyses. Tissues kept in RNAlater RNA stabilization reagent
(QIAGEN) were stored at 4°C for 2 to 4 days. Subsequently, RNA was extracted
using RNeasy kits (QIAGEN). RNA concentrations were measured using a
NanoDrop spectrophotometer (NanoDrop Technologies, Wilmington, DE), and
RNA quality was determined using the Agilent 2100 bioanalyzer (Agilent, Am-
stelveen, The Netherlands). Microarray slides containing 21,997 oligonucleotides
from the Sigma-Compugen Mouse oligonucleotide library (and appropriate con-
trols) were spotted at the Microarray Department of the University of Amster-
dam. RNA amplification and labeling were carried out with an Amino Allyl
MessageAmp aRNA kit (Ambion) according to the manufacturer’s instructions,
using 2 to 3 �g of total RNA as starting material. RNA samples from individual
mice were labeled and hybridized against a common reference containing an
RNA pool of all samples isolated. Arrays were scanned at two wavelengths by
using a ScanArray 4000XL microarray scanner (PerkinElmer). Following mi-
croarray scanning, median Cy3 and Cy5 signal intensities per spot were deter-
mined using Array Vision software (Imaging Research, St. Catharines, Ontario,
Canada). Quality control was performed on raw data by means of visual inspec-
tion of the scanned images, as well as a check on the scatter and MA (ratio-
intensity) plots. All slides (n � 45) met our quality control criteria, i.e., less than
10% of the spots could be flagged as missing data, and the dye ratio did not show
a signal-dependent trend exceeding a factor 10. Raw signal data for oligonucle-
otide-containing spots were normalized with R software by using a three-step
approach of (i) natural log transformation, (ii) quantile normalization of all
scans, and (iii) correction of the sample spot signal for differences in the corre-
sponding reference spot signal between arrays.

Normalized data for individual genes were compared between all groups by
using a one-way analysis of variance. Initially, genes with a P value of �0.001 and
a maximum ratio of �1.5-fold (defined as maximum/minimum between groups)
were considered sufficiently relevant for further analysis. The false discovery rate
(FDR), i.e., the fraction of false positives in the lists of regulated genes, was
�0.05, except in the lymph node arrays, where the FDR was �0.1. The resulting
gene lists were further refined using additional criteria and stringencies.

Gene expression patterns were visualized by hierarchical clustering (Euclidian
distance clustering and Ward linkage) using the GeneMaths program (Applied
Maths, St. Martens-Latem, Belgium). Gene Ontology term enrichment was as-
sessed using Expression Analysis Systematic Explorer (EASE) (http://david.abcc

.ncifcrf.gov/ease/ease.jsp) (14), and pathway analysis was performed using
MetaCore software.

Real-time PCR. In addition to microarray analysis, we measured the expres-
sion levels of seven genes by real-time reverse transcription-PCR. All reagents
and equipment were obtained from Applied Biosystems (Foster City, CA). The
following TaqMan gene expression assays were used: Mm00445235_m1 (Cxcl10),
Mm00515153_m1 (Ifit1), Mm00801778_m1 (Ifng), Mm00445259_m1 (IL-4),
Mm00439646_m1 (IL-5), Mm00446190_m1 (IL-6), and Mm00434204_m1 (IL-
13). Assays for hypoxanthine phosphoribosyltransferase 1 and Polr2a were cus-
tom-made and included as endogenous controls. The presence of genomic DNA
in RNA samples and amplification efficiency for all assays were assessed before
the start of the measurements. RNA was converted to cDNA using a High-
Capacity cDNA archive kit according to the manufacturer’s instructions. For
each measured gene, 1 �l of assay was mixed with 10 �l TaqMan Fast universal
PCR master mix and added to 33 ng of every cDNA sample in 9 �l Milli-Q in
duplicate. The cDNA was amplified in a 96-well plate during 40 cycles of 3 s at
95°C and 30 s at 60°C, preceded by 20 s at 95°C for enzyme activation, using the
7500 Fast real-time PCR system. No-template controls were included in all
plates. Threshold cycles were automatically derived from the amplification plots
constructed of the ROX-normalized fluorescence signals by 7500 Fast system
SDS software v1.3. The expression levels of the endogenous controls were com-
parable to each other and for all samples. The means of the hypoxanthine
phosphoribosyltransferase 1 and Polr2a levels of all samples were therefore used
to normalize the expression of the other genes. Relative quantification of the
mRNA copies in the RSV/mock-challenged samples compared to that of the
controls was performed by the comparative threshold cycle method using Mi-
crosoft Excel.

RESULTS

Gene expression in the lung upon RSV infection. To assess
which genes and biological pathways are induced at early time
points after RSV infection, the transcriptional profiles of the
lungs of RSV-infected BALB/c mice were determined on days
1 and 3 after RSV inoculation by using microarrays (n � 7 per
group, 1 lung per array). Cluster analysis of all arrays clearly
shows that all mice infected with RSV showed similar re-
sponses on day 1 and day 3 after infection, with the exception
of mouse 2 on day 1, which displayed a somewhat less pro-
nounced response (Fig. 1). This was, however, not related to
less-efficient infection since the amount of viral RNA was
similar to that of the other mice in the group (data not shown).

To ensure that the differences in transcription profiles ob-
served are related to RSV infection, we compared mock-in-
fected mice on days 1 and 3 with uninfected mice. No statisti-
cally significant differences in expression profiles could be
detected between these groups, indicating that mock infection
does not alter gene expression in the lung. RSV infection,
however, strongly affected gene expression in the lung, i.e., 584
genes were regulated (�1.5-fold up-regulation by one-way
analysis of variance between all groups, P � 0.001, FDR �
0.0081). A total of 475 of these genes were up-regulated, and
109 genes were down-regulated. The strongest response was
observed on day 1, and the expression of the majority of up-
regulated genes had already faded on day 3. A subset of genes
remained highly expressed both on day 1 and on day 3, and a
smaller group of genes was induced only on day 3 (Fig. 1). The
down-regulated genes were less strongly regulated than the
up-regulated genes, i.e., none of them reached a greater-than-
twofold down-regulation.

Gene Ontology term enrichment using EASE revealed that
enriched genes could almost exclusively be categorized into
immunological pathways, with the exception of the 109 down-
regulated genes, which were involved in metabolism, electron
transport, and transcription processes. Enriched categories in
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the up-regulated genes included defense, immune response,
response to pathogen, chemokine activity, chemotaxis, cyto-
kine synthesis, inflammation, acute phase, apoptosis, and cell
death. For a complete overview of EASE categories, see Table
SA in the supplemental material.

To examine the potential effects of cell influx on transcrip-

tion profiles, lung pathology was analyzed by histology. Mock
infection did not lead to histological changes apart from mar-
ginal perivasculitis in two out of seven mock-infected mice
both on day 1 and on day 3 after infection (histopathological
score [mean � standard deviation] of 0.3 � 0.5 for both
groups). RSV infection on days 1 and 3 resulted in slight

FIG. 1. Cluster analysis of genes regulated in the lungs of BALB/c mice in response to RSV infection. Genes with a change of �1.5-fold (P �
0.001) are depicted. Each row represents the lung of an individual mouse, and each group (control, mock infection day 1, mock infection day 3,
RSV infection day 1, and RSV infection day 3) comprises seven mice.
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peribronchiolitis (histopathological scores of 1.6 � 0.5 and
1.1 � 0.4, respectively), perivasculitis (1.9 � 0.4 for both time
points), and alveolitis (0.9 � 0.4 and 1.3 � 0.5, respectively).
The minimal to slight inflammatory infiltrates observed were
composed of monocytes and lymphocytes. In addition, alveolar
macrophages were detected in the alveoli. The mucous cells of
the bronchial epithelium displayed some hypertrophy (2.1 �
0.7 and 2.6 � 0.5 on days 1 and 3, respectively). Taken to-
gether, these data show that RSV-induced inflammation was
minimal at these time points and that there were no differences
between day 1 and day 3 after RSV infection. This indicates
that differences in gene expression between these two time
points are not related to differences in inflammatory infiltrate
and are most likely the result of altered gene expression in
cells that reside in the lung, e.g., epithelial cells and alveolar
macrophages.

Pathways activated in RSV infection. In order to gain more
insight into the processes activated by RSV infection and pos-
sible interactions between the induced genes in the lung, data
were analyzed using the pathway-finding software MetaCore.
When all regulated genes were analyzed, several enriched
pathways were found that are involved in proinflammatory
cytokine production, i.e., the TLR signaling pathway, the IL-1
signaling pathway, and the alpha/beta interferon (IFN-�/�)
and IFN-	 signaling pathways. The RhoA regulation pathway,
which leads to the inhibition of viral protein synthesis, was also
activated. All these pathways were activated both on day 1 and
on day 3 after infection. In addition, on day 1 after infection,
but not on day 3, several pathways involved in cell death and
apoptosis were activated, i.e., caspase cascade activation, the
tumor necrosis factor receptor 1 signaling pathway, IAP pro-
teins in apoptosis, and an antiapoptotic tumor necrosis factor/
NF-
B/IAP pathway. The identified pathways and the regu-
lated products of genes belonging to these pathways are listed
in Table 1. The pathways involved in proinflammatory re-
sponses were more highly up-regulated than the pathways in-
volved in apoptosis. In fact, most of the genes involved in
apoptosis were not highly up-regulated, i.e., they had a ratio
between 1.5- and 2-fold. In addition, closer examination of the
genes regulated in these apoptosis pathways revealed that, with
the exception of caspase 8 and Bid, the regulated genes (e.g.,
the survivin, Cdc2, Birc2, Birc3, Arts-1, and Tnfaip3 genes) are
involved in inhibiting apoptosis, indicating that the final effect
of the activation of these pathways may be cell survival rather
than apoptosis.

Classes of genes regulated in the lung in response to RSV
infection. A limitation of pathways-finding software is that
most pathways include all signaling genes but do not include all
genes regulated by a given pathway. This is also exemplified by
the fact that the pathways induced by RSV infection comprise
only 42 of the 584 regulated genes. The other genes were not
present in the MetaCore pathways that were enriched upon
RSV infection as indicated above. As indicated above, Gene
Ontology term enrichment using EASE revealed that most of
the genes induced by RSV infection were involved in immu-
nological processes. Although pathway analysis did not reveal
other enriched pathways, Gene Ontology term enrichments
indicates that specific functional categories can be identified.
Therefore, we also subdivided all regulated genes based on
their (putative) function into several, more-specific immuno-
logical (and other) functional categories listed in Table 2 (for
a complete list of regulated genes, see Table SA in the sup-
plemental material). For this analysis, only the highly up-reg-
ulated genes (�2-fold change, P � 0.001) were selected. Using
these criteria, 182 genes were up-regulated by RSV infection,
whereas no genes were down-regulated by infection. Of these
genes, 116 were up-regulated on day 1 but not on day 3 after
infection, 18 genes were up-regulated on day 3 but not on day
1, and 48 genes were up-regulated at both time points after
infection.

A large category of genes comprised those that are involved

TABLE 1. Pathways regulated by RSV infection and genes regulated in these pathwaysa

Pathway Products of genes regulated by RSV infection

TLR signaling pathway .................................................................................................Tlr1, Tlr2, CD14, I
B, RelB, IL-6, Cxcl10, Cxcl11, Ccl11, Ccl20
IL-1 signaling pathway ..................................................................................................IL-1b, I-
Be, RelB, IRF1, F3, Edn1, serpine 1
IFN-�/� signaling pathway ...........................................................................................Stat1, Stat2, Irf9, Ifit2, Gip2
IFN-	 signaling pathway ...............................................................................................IFN-	, Socs1, Stat1, CamK2B, IRF1, IRF9, Pkr, Icam1
RhoA regulation pathway.............................................................................................IRF9, Stat1, Stat2, Oas1, Pkr
Caspase cascade activation by FADD and RIPK .....................................................Bid, Tnfaip33, Birc2, Birc3, RipK1
Tumor necrosis factor receptor 1 signaling in apoptosis..........................................Arts-1, caspase 8, Bid, Birc2, Birc3, RelB, I
Be, RipK1
IAP proteins in apoptosis .............................................................................................Caspase 8, Hsp70, Birc2, Birc3, survivin, Cdc2
Antiapoptotic tumor necrosis factor/NF-
B/IAP pathway.......................................Birc2, Birc3, survivin, RelB, I
Be, RipK1

a Data were obtained using MetaCore analysis.

TABLE 2. Classification of genes induced in the lung upon primary
RSV infection

Category

No. of genes up-regulated on:

Day 1
only

Days 1
and 3

Day 3
only

Acute phase 1 5
Antigen processing 7 3 7
Apoptosis 3 2
Cell cycle 1 2 2
DNA/RNA binding 4 2
Chemoattraction 10 2 1
IFN response 20 14
Inflammation 29 6 5
Metabolism 3 1
Various functions 18 4 2
Unknown function 20 7 1

Total 116 48 18
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in the IFN response. This group contained both IFN-�/�-
regulated genes and IFN-	-regulated genes. Surprisingly,
IFN-� and IFN-� themselves were not up-regulated. There are
14 known IFN-� genes, and 8 of these genes were present on
the array. None of these genes was up-regulated. IFN-	 was
significantly up-regulated (1.7-fold, P � 0.001) but also did not
reach a factor 2. Another large category of induced genes is
that of the chemokine genes. Altogether, 11 chemokine genes,
1 chemokine receptor gene, and 1 gene involved in chemokine
signaling were up-regulated upon infection. Two other impor-
tant groups of up-regulated genes are those involved in antigen
processing (n � 18) and inflammation (n � 40). The latter set
of genes displayed great diversity and included genes involved
in or induced by TLR and IL-1 signaling, genes encoding
complement components, genes encoding adhesion molecules,
and cytokine genes. The products of genes of the four largest
categories and their n-fold changes are listed in Table 3.

Where possible, the 182 up-regulated genes were also des-
ignated Th1 genes, i.e., genes regulated by IFN-	 or genes
involved in IFN-	-mediated responses, and Th2 genes, i.e.,
genes that have been associated with Th2 responses or genes
that were shown to be up-regulated in two murine models for
allergic asthma (22). Based on this subdivision, primary RSV
infection induced 25 (of a total of 182 regulated genes) known
Th1-associated genes (13.7%) and 4 known Th2-associated
genes (2.2%) (Table 4). The Th1-associated genes were found
mainly in the group of antigen-processing genes and included
seven major histocompatibility complex (MHC) class II mole-
cules and four immunoproteasome subunits, i.e., Psmb8,
Psmb10, Psme1, and Psme2. These immunoproteasome sub-
units replace the constitutive proteasome subunits upon stim-
ulation with IFN-	. In addition, several of the chemokines that
were induced are regulated by IFN-	. The Th2 genes included
the high-affinity receptor for immunoglobulin E (IgE)
(Fcerg1), the complement receptor involved in anaphylatoxin
binding (C3aR), an eosinophil-associated RNase (Ear4), and a
transcription factor involved in Th2 cell development (Gata3).
The genes encoding the Th2 cytokines IL-4, IL-5, and IL-13
were not up-regulated by RSV infection, and IL-10 was up-
regulated (1.7-fold) but did not reach a factor 2.

Confirmation of microarray data by real-time PCR. To val-
idate the gene expression changes found by microarray analy-
sis, we performed real-time PCR. For this purpose, three genes
were chosen that displayed relatively high up-regulation (the
IL-6, Cxcl10, and Ifit1 genes), one gene which displayed slight
up-regulation (the IFN-	 gene), and three genes which were
not up-regulated (the IL-4, IL-5, and IL-13 genes). The three
genes for which no up-regulation could be detected using mi-
croarray analysis were also not up-regulated using real-time
PCR read-out (relative increases [n-fold] on day 1 after infec-
tion were 1.3 � 0.5, 1.0 � 0.4, and 2.3 � 2.0 for IL-4, IL-5, and
IL-13, respectively). IFN-	 was up-regulated (n-fold) 7.9 � 4.6
and 2.9 � 0.9 on day 1 and day 3 after infection, respectively.
Cxcl10, Ifit1, and IL-6 displayed up-regulation (n-fold) of 1.262 �
686, 61 � 19, and 198 � 96, respectively, on day 1 after
infection, and 38 � 11, 9.5 � 3.2, and 10 � 3.8, respectively, on
day 3 after infection. Although the trends in regulation are
similar between microarray analysis and real-time PCR, the
level of up-regulation detected by real-time PCR was higher

than that observed on the microarray. This phenomenon is
often observed when the two techniques are compared (7, 41).

Gene expression in bronchial lymph nodes upon RSV infec-
tion. On day 3 after inoculation, the transcription profiles of
the bronchial lymph nodes of the mock-infected and RSV-
infected groups were determined. Lymph nodes of five out of
seven mice were randomly selected for microarray analysis
(one tissue per array). The response here was much less pro-
nounced than that in the lung. Comparison of mock-infected
and RSV-infected mice revealed 40 differentially regulated
genes (�1.5-fold change, P � 0.001, FDR � 0.094). Thirty-
seven of these genes were up-regulated, and three were down-
regulated. EASE again revealed that most of these genes were
involved in immunological processes. Of these 40 genes, only 9
genes, whose products are listed in Table 5, had a change of
�2-fold (P � 0.001, 1 down-regulated and 8 up-regulated
genes). The most strongly up-regulated genes were the gran-
zyme A and granzyme B genes. For a complete list of regulated
genes, see Table SB in the supplemental material.

DISCUSSION

This study shows that RSV infection results in a rapid tran-
scriptional response which is very strong on day 1 and fades on
day 3, although a small subset of genes (n � 18) is first acti-
vated on day 3. The kinetics of the response reveals that the
peak of the transcription response in the lung apparently pre-
cedes the peak of viral replication, which is normally found
between days 4 and 6 (1, 3, 9, 28, 40). Regulated genes are
involved in the IFN response, in inflammation, in chemoattrac-
tion, and in antigen processing. Furthermore, genes associated
with Th1 responses predominate over those associated with
Th2 responses. Gene expression in the lung-draining lymph
nodes on day 3 was not strongly altered by RSV infection.

A striking feature of the transcriptional response is that only
a small subset of genes is down-regulated upon RSV infection
and that the level of down-regulation of these genes is not
strong (between 1.5- and 2-fold). In contrast, Zhang et al. have
shown that infection of human lung epithelial cells in vitro with
RSV also down-regulates a large proportion of genes, espe-
cially at later time points in infection, indicating that RSV can
inhibit gene expression (43). However, later time points in in
vitro infection are more likely to result in cell death. In addi-
tion, we have to take into account that in our model, we look
at the transcription profile of a whole lung, composed of far
more than just epithelial cells. Differences between in vivo and
in vitro findings are also exemplified by different kinetics of the
responses in the in vitro infection model, where there is a
gradual increase in gene expression over time (43). Since we
used seven biological replicates per group (one tissue per ar-
ray), our data warrant the conclusion that RSV infection does
not clearly down-regulate a large set of genes at early time
points postinoculation.

A very limited amount of data is available on in vivo re-
sponses to respiratory viruses, and this is, to our knowledge,
the first study in which in vivo lung responses to infection with
RSV have been studied. This makes comparison with other
data difficult. Kash et al. have studied the in vivo lung response
to influenza virus infection and showed that infectious virus
results in the down-regulation of a large proportion of differ-
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TABLE 3. Genes up-regulated by infection with RSV that can be classified as being involved in chemoattraction,
the IFN response, and inflammation

Category and gene productc Description
Fold change on:

Day 1a Day 3b

Chemoattraction
Cxcl10* Chemokine (C-X-C motif) ligand 10 9.66 1.50
Ccl2 Chemokine (C-C motif) ligand 2 9.26 1.94
Cxcl11* Chemokine (C-X-C motif) ligand 11 7.94 1.96
Cxcl1 Chemokine (C-X-C motif) ligand 1 7.67 2.46
Ccl7 Chemokine (C-C motif) ligand 7 5.47 1.63
Ccl4* Chemokine (C-C motif) ligand 4 2.86 1.73
Cxcl2 Chemokine (C-X-C motif) ligand 2 2.66 1.22
Ccl9 Chemokine (C-C motif) ligand 9 2.30 2.67
Cxcl9* Chemokine (C-X-C motif) ligand 9 2.29 1.23
Cxcl5 Chemokine (C-X-C motif) ligand 5 2.03 1.50
Rgs1 Regulator of G-protein signaling 1 2.03 1.41
Ccr7 Chemokine (C-C motif) receptor 7 2.01 1.57
Ccl8 Chemokine (C-C motif) ligand 8 1.92 2.84

Interferon response
G1p2 Interferon-alpha-inducible protein 17.33 4.69
Ifi44 Interferon-induced protein 44 16.67 4.47
Ifit1 Interferon-induced protein with tetratricopeptide repeats 1 13.36 3.15
Ifi202b Interferon-activated gene 202B 9.79 4.19
Ifit3 Interferon-induced protein with tetratricopeptide repeats 3 9.02 2.63
Ifi204 Interferon-activated gene 204 8.61 2.97
Herc5 Hect domain and RLD5 6.84 2.02
Ifi1* Interferon-inducible protein 1 6.77 2.25
Irf7 Interferon regulatory factor 7 6.72 4.95
Stat1* Signal transducer and activator of transcription 1 6.70 2.48
Ifih1 Interferon induced with helicase C domain 1 6.47 2.28
Ifit2 Interferon-induced protein with tetratricopeptide repeats 2 5.95 1.25
Gbp2 Guanylate nucleotide binding protein 2 5.82 1.48
Rtp4 RIKEN cDNA 5830458K16 gene 5.58 3.01
Isg20 Interferon-stimulated protein 4.81 1.71
Ifi203 Interferon-activated gene 203 4.27 1.91
Iigp2 Interferon-inducible GTPase 2 4.22 1.64
Ifi27 Interferon alpha-inducible protein 27 4.20 6.93
Igtp* Interferon-gamma-induced GTPase 4.20 1.44
Stat2* Signal transducer and activator of transcription 2 4.02 1.95
Usp18 Ubiquitin-specific protease 18 4.01 1.80
Oas1a 2�–5� Oligoadenylate synthetase 1A 3.68 2.24
Daxx Fas death domain-associated protein 3.67 1.39
Ifi35* Interferon-induced protein 35 3.07 1.44
Nmi* N-myc (and STAT) interactor 2.96 1.37
Ifi47* Interferon-gamma-inducible protein 47 2.75 1.34
Gbp1 Guanylate nucleotide binding protein 1 2.71 1.31
Prkr Protein kinase, interferon-inducible double-stranded RNA dependent 2.60 1.32
Ifitm3 Interferon-induced transmembrane protein 3 2.49 1.87
Cd69* CD69 antigen 2.38 1.14
Ube1l Ubiquitin-activating enzyme E1-like 2.31 1.31
Isgf3g Interferon-dependent positive-acting transcription factor 3 gamma 2.17 1.60
Fcgr1* Fc receptor, IgG, high-affinity I 2.05 1.66
Aif1* Allograft inflammatory factor 1 2.04 1.79

Inflammation
Tgtp T-cell-specific GTPase 10.60 2.65
Gbp4 Guanylate nucleotide binding protein 4 9.79 2.76
Tyki Thymidylate kinase family LPS-inducible member 7.90 1.66
Il6 Interleukin-6 4.77 1.22
Lcn2 Lipocalin 2 4.59 6.08
Il18bp* Interleukin-18 binding protein 4.07 1.63
Lilrb4 Leukocyte Ig-like receptor, subfamily B, member 4 3.80 2.52
Il1rn Interleukin-1 receptor antagonist 3.25 1.37
Timp1 Tissue inhibitor of metalloproteinase 1 3.14 1.93
Irg1 Immunoresponsive gene 1 3.04 1.38
Alox12 Arachidonate 12-lipoxygenase 2.74 3.43
Asb15 Ankyrin repeat and SOCS box-containing protein 15 2.73 1.14
Mpa2 Macrophage activation 2 2.73 1.49

Continued on following page
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entially expressed genes (20). Another interesting difference
between our RSV data and those found for influenza virus is
the difference in kinetics: responses to influenza virus are
stronger on day 3 than on day 1. Although differences in
experimental setup and replication kinetics of the viruses have

to be taken into account, these data show that RSV alters
transcriptional responses differently from influenza virus and
suggest that viral load correlates with influenza virus-induced
gene expression but not with RSV-induced gene expression.
This is consistent with the findings of Zhang et al., who show
that ribavirin treatment, which results in reduced viral replica-
tion, alters the expression of only a subset of RSV-regulated
genes in an in vitro infection model (42). Based on these
findings, they postulated that gene expression in response to
RSV infection is not dependent on high levels of viral repli-
cation.

IFN response in the lung. RSV has been shown to be a very
potent inhibitor of type I IFN expression and responses in a
manner that depends on the viral NS1 gene (31, 34, 36). RSV
is believed to accomplish this by various mechanisms, including
interference with IFN regulatory factor 3 (IRF3) (37) and
STAT2 (31, 32). Consistent with this, the type I IFNs, IFN-�
and IFN-�, were not up-regulated in the lungs of our RSV-
infected mice. Surprisingly, however, a large set of genes that
is involved in IFN signaling or that is under IFN-�/� control
was strongly up-regulated after RSV infection. In fact, the

TABLE 3—Continued

Category and gene productc Description
Fold change on:

Day 1a Day 3b

Samhd1 SAM domain and HD domain 1 2.66 1.37
IL-15 Interleukin-15 2.63 1.17
Cd19 CD19 antigen 2.49 1.17
IL-1b Interleukin 1 beta 2.43 1.52
Casp11 Caspase 11, apoptosis-related cysteine protease 2.36 1.40
Tlr2 Toll-like receptor 2 2.36 1.41
Ear4** Eosinophil-associated, RNase A family, member 4 2.35 1.13
Fcer1g** Fc receptor, IgE, high-affinity I, gamma polypeptide 2.32 2.17
Il1rl1 Interleukin 1 receptor-like 1 2.32 1.38
Cd14 CD14 antigen 2.29 1.91
Gzmb Granzyme B 2.18 1.36
Ankrd1 Ankyrin repeat domain 1 (cardiac muscle) 2.15 1.33
Tlr3 Toll-like receptor 3 2.11 1.06
Gata3** GATA binding protein 3 2.10 1.29
Cd274 CD274 antigen 2.06 1.06
Osmr Oncostatin M receptor 2.05 �1.01
Clec4e C-type lectin domain family 4, member e 2.04 1.11
C2 Complement component 2 (within H-2S) 2.03 1.80
Zc3hav1 Zinc finger CCCH type, antiviral 1 2.02 1.41
Cd83 CD83 antigen 2.02 1.46
Ig region Ig region 2.01 1.36
Lrg1 Leucine-rich alpha-2-glycoprotein 1 2.01 1.78
C3 Complement component 3 1.79 2.06
Ly64 Lymphocyte antigen 64 1.71 2.03
C3ar1** Complement component 3a receptor 1 1.48 3.05
Cd72 CD72 antigen 1.43 3.90
Clec7a C-type lectin domain family 7, member a 1.39 2.71

Antigen processing and presentation
Psmb10* Proteasome (prosome, macropain) subunit, beta type 10 2.39 1.30
Psmb8* Proteasome (prosome, macropain) subunit, beta type 8 3.05 1.93
Psme1* Proteasome (prosome, macropain) 28 subunit alpha 2.35 1.41
Psme2* Proteasome (prosome, macropain) 28 subunit beta 2.51 1.48
Tap2 Transporter 2, ATP-binding cassette, subfamily B (MDR/TAP) 2.56 1.21
n � 7 genes MHC class I molecule/genes 2.42 2.42
n � 5 genes* MHC class II molecule/genes 2.46 2.94

a Change (n-fold) in regulation compared to that for mock infection on day 1.
b Change (n-fold) in regulation compared to that for mock infection on day 3.
c Gene products with * are products of Th1-associated genes, and those with ** are products of Th2-associated genes.

TABLE 4. Th1- and Th2-regulated genes induced in the lung
during primary RSV infection

Category
No. of genes regulated by:

Th1a Th2b

Chemoattraction 4
IFN response 11
Antigen processing 9
Inflammation 1 5
Metabolism

Total 25 5

a Th1 genes are genes regulated by IFN-	 or involved in IFN-	-mediated
responses.

b Th2 genes are genes that have been associated with Th2 responses or that
were shown to be up-regulated in two models for allergic asthma (22).
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genes belonging to this category displayed the strongest regu-
lation upon infection (Table 3). How can we explain the ap-
parent discrepancy of such a strong IFN response in the ab-
sence of IFN-�/�? One explanation for the absence of type I
IFN expression is that the type I IFNs are induced very early
after exposure to pathogens (reviewed in reference 18). There-
fore, we may have missed a possible increased transcription.
However, a more likely explanation is that there is an alterna-
tive pathway for the activation of IFN-regulated genes. Indeed,
such a pathway has been described previously (reviewed in
reference 21). When single-stranded or double-stranded RNA
is recognized by TLR7, TLR3, or RIG-I, the transcription
factors IRF3, -5 and -7 are activated. Activated IRF3, -5, and
-7 can subsequently induce the transcription of type I IFNs but
can also directly activate the transcription of genes encoding an
IFN-stimulated response element. Thus, although the genes
encoding IFN-stimulated response elements can be regulated
by type I IFNs in a STAT1- and STAT2-dependent manner,
they can also be activated in the absence of type I IFNs them-
selves. Consistent with this, Zhang et al. have shown that in-
fection of human epithelial cells with RSV results in far greater
up-regulation of genes that encode an IFN-stimulated re-
sponse element than that of the IFN-� gene itself (42). IRF3 is
constitutively expressed, and upon activation by single-stranded
or double-stranded RNA, it is activated by phosphorylation. IRF7
is activated in a similar way but is also up-regulated at the
transcriptional level upon infection with a virus (reviewed in
reference 21). Our data are consistent with this model since in
the lungs of our infected mice, IRF7 is highly (6.72- and 4.95-
fold, respectively) up-regulated on days 1 and 3 after RSV

infection and IRF5 is 1.7-fold up-regulated on day 1 after
infection, whereas IRF3 expression is unaltered. Although
transcription profiles do not give a complete picture of the IRF
pathway in the lungs of RSV-infected cells, the type I IFN
response in the lungs of RSV-infected mice is much larger than
we anticipated, indicating that IFN-�/� production is low upon
infection but that the expression of genes regulated by IFN is
very high. Interestingly, this subset of genes includes the Prkr
and Oas1 genes, involved in the antiviral response (reviewed in
reference 29), suggesting that, despite RSV’s ability to modu-
late the IFN response, the antiviral response is still activated
upon infection. These findings are consistent with a postulated
role for innate IFNs in determining the nature and severity of
RSV disease, as postulated by Johnson et al. (19).

IFN-�-regulated genes. RSV infection also enhanced the
expression of a set of genes, categorized in the IFN cluster,
which are under IFN-	 control. IFN-	 did not reach a level of
twofold up-regulation. However, it was 1.7-fold increased,
which explains the induction of IFN-	-regulated genes. The
source of early IFN-	 production in the murine model could be
either NK cells or CD8 T cells, although the latter cells are
probably activated at a later stage in the infection process.
Among the up-regulated genes in the lung-draining lymph
nodes were the granzyme A and granzyme B genes (Table 5).
When less stringent criteria (�1.5-fold up-regulation, P �
0.001) were used, the granzyme K and Klrc2 genes were also
up-regulated. All of these genes are expressed by activated NK
cells. The first three genes are also expressed by CD8 T cells.
However, markers such as CD8 and MHC molecules are not
up-regulated in the lymph nodes. Therefore, the observed ex-
pression profile is probably associated with NK cell activation
in the bronchial lymph nodes, and these cells are the most
likely source of early IFN-	 production in infected mice and
account for the expression of IFN-	-regulated genes. This also
fits well with the reported observation that NK cell influx into
the lung peaks on day 4 after infection (17).

Other genes under the control of IFN-	 include those encoding
immunoproteasome subunits, which replace conventional protea-
some components in response to IFN-	 stimulation. In addition,
up-regulation of immunoproteasome subunits indicates that
shortly after infection with RSV, the antigen-processing ma-
chinery necessary for the induction of CD8 responses is acti-
vated. Consistent with findings in other studies, primary RSV
infection induces more genes associated with Th1 responses
than with Th2 responses (9, 17).

Chemokines regulated by RSV infection. Another important
category of genes that is regulated upon RSV infection is that
of the genes encoding chemokines, indicating that the expres-
sion of chemokines is an important early host response during
RSV infection and probably initiates cellular influx that is
observed at later time points in infection. This is consistent
with earlier studies in which RSV infection of lung epithelial
cells also resulted in a response dominated by chemokine ex-
pression (43) and with studies that analyzed chemokine expres-
sion at the protein level in the lung (10, 28). Also, chemokines
are transiently expressed in our model and this is consistent
with the observations of Miller et al., who showed that Ccl2,
Ccl3, and Cxcl10 show a protein peak on day 1 after infection
(28) and are not detectable on day 3. Ccl5 displays a similar
profile but is expressed at all time points. Our data show a

TABLE 5. Genes differentially expressed (�2-fold change) in
bronchial lymph nodes on day 3 after RSV infection

compared to mock infection

Category and gene
product Description Fold

changea

Acute phase
Saa2b Serum amyloid A 2 2.06

Apoptosis
Bid BH3-interacting domain death

agonist
2.39

Cell cycle
Slfn4b Schlafen 4 2.05

Chemokine
Cxcl9b Chemokine (C-X-C motif) ligand 9 2.19

Inflammation
Glycam1 Glycosylation-dependent cell

adhesion molecule 1
�2.07

Gzmbb Granzyme B 4.14
Gzma Granzyme A 3.19
Ly6a Lymphocyte antigen 6 complex,

locus A
2.24

Unknown function
Plac8b Placenta-specific 8 2.20

a Change of expression (n-fold) in lymph nodes of RSV-infected mice com-
pared to expression in mock-infected mice.

b Products of genes also at least twofold up-regulated in the lung on day 1 or
3 after RSV infection.

VOL. 81, 2007 HOST TRANSCRIPTION PROFILES IN RSV INFECTION 5965



similar pattern for Ccl2, Cxcl10, Ccl3, and Ccl5 expression,
although the last two do not reach a change of twofold. Miller
et al. also observed a second peak on day 8 after infection (28),
a time point which we did not study.

Overall, primary RSV infection induces more Th1- than
Th2-associated genes. Specifically looking at chemokines, our
data show that genes encoding the IFN-	-regulated chemo-
kines Cxcl10 (IP10) and Cxcl11 (I-TAC) are up-regulated
9.8- and 8.7-fold, respectively, whereas two Th2-associated
chemokines, Ccl11 (eotaxin) and Ccl17 (TARC), were only
marginally up-regulated (1.7- and 1.2-fold, respectively). Other
chemokines associated with Th2 responses, such as Ccl18 and
Ccl22, were not regulated by RSV infection. Taken together,
these data indicate that, consistent with the overall response to
primary infection, the chemokine response is Th1 skewed.

In conclusion, our observations of the primary RSV infec-
tion model show a rapid activation of innate responses, as
exemplified by pronounced IFN responses and chemokine ac-
tivation. IFN-	-mediated responses are also activated and ap-
pear more prolonged. Taken together, these data are sugges-
tive of a proinflammatory response with Th1 characteristics. In
addition, the antigen-processing machinery necessary for CD8
cell activation is induced. It is, however, striking that this re-
sponse is so transient. On day 3 after infection, only a small set
of 18 genes is activated and genes that are up-regulated at both
time points are almost all expressed at higher levels on day 1
than on day 3. Although we did not measure viral replication in
these mice, previous data from our laboratory and data pub-
lished by others show that viral replication in the BALB/c
model peaks between days 4 and 6 and that on day 8 after
primary infection no virus is detectable (1, 3, 9, 28, 40). We did
not determine transcription profiles at later time points in
infection because influx of cells, which appears around and
after day 4, would make the interpretation of transcription
data very complex, an unfortunate limitation of the microarray
technique. Our data, however, strongly suggest that the events
necessary for viral clearance are initiated very early in this
model for acute self-limiting infection and that this acute re-
sponse fades rapidly but is sufficient for viral clearance. Genes
involved in the IFN response, in antigen processing, in inflam-
mation, and in chemoattraction are highly up-regulated in
RSV infection. The importance of these processes and path-
ways in RSV infection and disease in children can now be
studied in human association studies, and this will contribute
to our understanding of RSV infection and disease.
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