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spectively. RSV replication was markedly diminished in Th1-
primed airway epithelial cells but not in Th2-primed cells, 
which was presumably caused at least in part by the early 
induction of antiviral genes.  Conclusions:  These results sug-
gest that Th1/Th2 predisposition in the host prior to RSV in-
fection critically regulates inflammatory reactions in the air-
ways through alteration of gene expression, and that MCP-1/
CCL2 plays an important role in the pathogenesis of severe 
RSV infection and the subsequent development of asthma 
in Th2-predisposed hosts.  Copyright © 2010 S. Karger AG, Basel 

 Introduction 

 Acute bronchiolitis is a distressing, potentially life-
threatening respiratory condition in infancy. The major-
ity of cases are caused by respiratory syncytial virus 
(RSV), and all affected infants experience an intense in-
flammatory response in the airways. Both retrospective 
and prospective studies have well documented that in-
fants with RSV bronchiolitis who develop symptoms se-
vere enough to warrant hospitalization often develop re-
current wheezing, allergic sensitization, and bronchial 
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 Abstract 

  Background:  Respiratory syncytial virus (RSV) infection in 
infants with Th2 predisposition is thought to increase the risk 
of allergic sensitization, recurrent wheezing, and bronchial 
asthma during childhood. We attempted to clarify the mo-
lecular mechanisms by which Th1/Th2 predisposition in the 
host alters RSV infection and facilitates airway inflammation. 
 Methods:  A549 human airway epithelial cells were inoculat-
ed with live or UV-treated RSV after pretreatment with either 
a combination of tumor necrosis factor (TNF)- �  and interfer-
on- �  (Th1-primed) or a combination of TNF- �  and interleu-
kin-4 (Th2-primed) for 48 h. The gene and protein expression 
profiles of RSV-infected A549 cells were examined.  Results:  
GeneChip analysis indicated that, at 96 h after inoculation 
with RSV, the expression of 62 genes was specifically en-
hanced (more than 2-fold by normalized data) in Th2-primed 
cells compared to that in unprimed or Th1-primed cells. An 
increase in mRNA and protein levels of monocyte chemoat-
tractant protein (MCP)-1/CCL2 among those 62 genes was 
confirmed by real-time PCR and cytometric bead assay, re-
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asthma during childhood  [1, 2] . Sigurs et al. followed up 
a cohort of 47 children who had been admitted to the hos-
pital with severe RSV bronchiolitis in infancy until the 
age of 13 years and noted that RSV bronchiolitis severe 
enough to cause hospitalization is a risk factor for allergic 
asthma in early adolescence  [1] . Although the relation-
ship between RSV bronchiolitis and asthma has been 
widely reported, it remains unclear whether RSV bron-
chiolitis contributes to asthma inception or simply iden-
tifies infants who are at an increased risk for subsequent 
wheezing  [3–5] . 

  Several investigators have shown the possibility that 
RSV per se directly induces Th2-type immune responses 
 [6–8]  and airway hyperresponsiveness  [9, 10] . However, 
although 70–80% of previously healthy infants are infect-
ed with RSV in the first year of life, only a small propor-
tion of these infants develops severe bronchiolitis and 
asthma. Recent interest has been focused on the associa-
tions of the host immune responses with disease severity 
 [11] . Children exposed to RSV in early life or at a specific 
age tend to have a higher risk of severe lower respiratory 
infection  [12] , and this association was explained at least 
in part by the immature or impaired Th1 immune re-
sponse in infancy  [13, 14] . In prospective studies, reduced 
interferon (IFN)- �  secretion from mitogen-stimulated 
cord blood cells has been linked to an increased number 
of moderate-to-severe viral respiratory infections  [15] . 
Moreover, allergic sensitization increased mucous hyper-
secretion and airway hypersensitivity in a murine model 
of RSV infection  [16, 17] . Indeed, polymorphisms of in-
terleukin (IL)-13, IL-4, and IL-4R have been reported to 
be associated with the onset of bronchiolitis  [18, 19] . 
These findings indicate that variation in host immune 
responses is relevant to the development of bronchiolitis 
and subsequent asthma.

  RSV-inducing genes in unprimed epithelial cells have 
been well documented using a differential display meth-
od or microarrays  [20–22] . Although a few investigators 
reported that RSV and Th1/Th2 cytokines enhanced 
the expression of thymus- and activation-regulated che-
mokine  [23]  and costimulatory molecules  [24] , the effect 
of Th1/Th2 cytokine pretreatment on RSV-induced 
gene expression profiles in human airway epithelial 
cells has not yet been systematically studied. In the pres-
ent study, to clarify the mechanism by which Th1/Th2 
predisposition in the host alters RSV infection and fa-
cilitates airway inflammation, we evaluated gene ex-
pression profiles using the GeneChip system in RSV-
infected human airway epithelial cells pretreated with 
Th1/Th2 cytokine. 

  Materials and Methods 

 Reagents 
 Recombinant human tumor necrosis factor (TNF)- �  and IL-4 

were purchased from R&D Systems (Minneapolis, Minn., USA). 
Recombinant human IFN- �  was purchased from Genzyme 
(Cambridge, Mass., USA).

  RSV Preparation 
 RSV strain Long (prototype RSV group A strain) grown in 

HEp-2 cells was provided by Dr. Hiroyuki Tsutsumi, Sapporo 
University, Hokkaido, Japan  [25] . The stock virus titer was 10 7  
PFU/ml by standard plaque assay. Virus pools were aliquoted, 
quick-frozen, and stored at –70   °   C until used. RSV inactivated by 
ultraviolet (UV) light irradiation  [25]  was UV-RSV, and nonirra-
diated RSV was live RSV. Thus, complete virus inactivation was 
confirmed by plaque formation assay.

  Cell Culture  
 The human pulmonary epithelial type II cell line A549 was 

obtained from the American Type Culture Collection (Rockville, 
Md., USA) and cultured in Dulbecco’s modified Eagle’s medium 
(DMEM)/F12 (Invitrogen, Carlsbad, Calif., USA) supplemented 
with 5% fetal calf serum (HyClone, Logan, Utah, USA). These 
cells provide a useful model for the study of RSV infection  [22, 
26] . For the experiments, cells were detached from the plastic by 
incubation in 5% trypsin and EDTA for 5 min, washed, and then 
seeded into 6-well microplates at a density of 5  !  10 4  cells/well 4 
days before RSV infection. The cells were generally 80% confluent 
by the second passage after seeding. 

  Experimental Design 
 The experimental design is outlined in  figure 1 . To mimic the 

immune predisposition of the host, A549 cells were pretreated for 
48 h with 0.1% bovine serum albumin (BSA)-phosphate-buffered 
saline (PBS) (vehicle or unprimed), 10 ng/ml TNF- �  alone, a com-
bination of 10 ng/ml TNF- �  and 10 ng/ml IFN- �  (Th1-primed), 
or a combination of 10 ng/ml TNF- �  and 10 ng/ml IL-4 (Th2-
primed) before inoculation with RSV. These optimal concentra-
tions were determined in our preliminary experiments and by 
referring to previous reports  [27] .

A549 cell
seeding

Cytokine
treatment
• Vehicle
• Th1
• Th2

Virus
inoculation
• Vehicle
• UV-RSV
• RSV

Virus
replication

assay

–96 –48 0 48 96
Hours

Sampling

  Fig. 1.  Experimental design. 
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  After this cytokine priming, A549 cells were inoculated with 
live or UV-RSV at a multiplicity of infection of 2, and adsorbed 
for 1 h at 37   °   C under 5% CO 2 . After removal of the viral solution 
by washing, 2 ml of DMEM was added to the plates. The cells were 
cultured for up to 96 h at 37   °   C. Cells and supernatants were har-
vested at various time points and stored at –70   °   C until needed for 
analysis. The supernatants were used for cytometric bead array 
and virus replication assay. 

  GeneChip Expression Analysis 
 Total RNA samples were isolated from A549 cells using an 

RNeasy kit (Qiagen, Hilden, Germany), and digested with RNase-
free DNase I (Qiagen) following the manufacturer’s instructions. 
Five micrograms of total RNA from cells harvested at 96 h was 
used to prepare cRNA. Gene expression was examined using a 
GeneChip Human Genome U133 Plus 2.0 probe array (Affyme-
trix, Santa Clara, Calif., USA), which contains the oligonucleotide 
probe set for 54,120 full-length genes/expressed sequence tags, ac-
cording to the manufacturer’s protocol  [28] . Data analysis was 
performed with GeneSpring software version 7.3.1 (Silicon Ge-
netics, Redwood City, Calif., USA). To normalize the staining in-
tensity variations among chips, the average difference values for 
all genes on a given chip were divided by the median value for the 
expression of all genes on the chip. To eliminate genes containing 
only background noise, genes were selected only if the raw data 
were  1 200 and the gene expression was judged to be ‘present’ by 
GeneChip Analysis Suite 5.0 (Affymetrix). Hierarchical cluster-
ing analysis was performed using a minimum distance value of 
0.001, a separation ratio of 0.5, and the standard definition of the 
correlation distance.

  Quantitative Real-Time RT-PCR 
 Total RNA samples were reverse transcribed to cDNA using 

SuperScript III reverse transcriptase (Invitrogen). The primers 
were designed based on sequences from GenBank and are shown 
in  table  1 . Real-time quantitative RT-PCR analyses were per-
formed with the ABI Prism 7700 Sequence Detection System (Ap-
plied Biosystems, Foster City, Calif., USA) using SYBR Green I 
PCR reagents (Applied Biosystems) as previously reported  [28] . 

The copy number is expressed as the number of transcripts per 
nanogram of total RNA. To determine the exact copy numbers of 
the target genes, quantified concentrations of the purified PCR 
product of CCL2, CCL5, CCL20, ICAM-1, MMP-1, MMP-10, 
SOCS-3, and IL-8 were serially diluted and used as standards in 
each experiment. Aliquots of cDNA equivalent to 5 ng of the total 
RNA samples were used for each real-time PCR. The mRNA ex-
pression levels were normalized with glyceraldehyde 3-phosphate 
dehydrogenase (GAPDH) levels in each sample  [28] .  

 Assay of Chemokines by Cytometric Bead Array  
 The concentrations of monocyte chemoattractant protein-1 

(MCP-1)/CCL2 in the supernatant at 96 h of incubation was mea-
sured with a cytometric bead array (CBA) kit (BD Biosciences 
Pharmingen, San Diego, Calif., USA) using a 4-color FACSCali-
bur flow cytometer (Becton Dickinson, San Diego, Calif., USA). 
In the CBA, 3 beads of regulated on activation, normal T cells ex-
pressed and secreted (RANTES)/CCL5, IL-8, and CCL2 popula-
tions with distinct fluorescence intensities had been coated with 
capturing antibodies specific for these different chemokines. 
These bead populations could be resolved in the fluorescence 
channels of the flow cytometer. After the beads had been incu-
bated with 12.5  � l of culture supernatant, different chemokines 
in the supernatant were captured by their corresponding beads. 
The chemokine-capturing beads were then mixed with phycoer-
ythrin-conjugated detection antibodies to form sandwich com-
plexes. Following incubation, washing, and the acquisition of flu-
orescence data, the results were generated in a graphic format us-
ing BD CBA software. Standard curves were generated for each 
chemokine using the mixed chemokine standard provided in the 
kit. The concentration for each chemokine in the culture super-
natants was determined by interpolation from the corresponding 
standard curve. The minimal detection limit of the assay for each 
cytokine was as follows: 0.2 pg/ml IL-8, 2.7 pg/ml CCL2, and 1.0 
pg/ml CCL5.

  RSV Replication Assay 
 The cell suspension and supernatant fluids stored at 48 h after 

inoculation were subjected to the measuring of the RSV yield, as 

Table 1.  Primers for real-time RT-PCR

Target gene Accession
No.

Forward sequence (5�–3�) Reverse sequence (5�–3�) Amplicon
size, bp

CCL5 NM002985 CAGTCGTCTTTGTCACCCGAA TCCCAAGCTAGGACAAGAGCA 165
CCL20 NM004591 GGCCAATGAAGGCTGTGACAT TGGATTTGCGCACACAGACA 73
ICAM-1 NM000201 GGTAGCAGCCGCAGTCATAATG TGGCGGTTATAGAGGTACGTGC 60
MMP-1 NM002421 ACATGCGCACAAATCCCTTCT CGTAAGCAGCTTCAAGCCCAT 93
MMP-10 NM002425 TGCCAGGATGGTGACACACA CCCCCTATCTCGCCTAGCAA 65
IL-8 NM000584 GTCTGCTAGCCAGGATCCACAA GAGAAACCAAGGCACAGTGGAA 51
SOCS-3 NM003955 GGATTCTACTCTGTGCCTCCTGACT GAGTATGTGGCTTTCCTATGCTGG 101
CCL2 NM002982 TCAGCCAGATGCAATCAATGC GGACACTTGCTGCTGGTGATTC 111
IFIT1 NM001548 GCCATTTTCTTTGCTTCCCCTA TGCCCTTTTGTAGCCTCCTTG 330
MX1 NM002462 AGCTGCCAGGCTTTGTGAATTA GGACTGGAAAGCCCCAAAATC 368
GAPDH NM002046 GAAGGTGAAGGTCGGAGTC GAAGATGGTGATGGGATTTC 226
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previously described  [29] . Briefly, the sample and medium were 
added to the plates containing HEp-2 cells, and then incubated at 
34   °   C for 7 days. Syncytium formation in the wells was visually 
inspected, and viral yields were expressed as log 50% tissue cul-
ture infective dose units/ml using the Karber method  [30] .

  Results 

  Gene Expression Profiles in RSV-Infected Cells 
Pretreated with Th1/Th2 Cytokines 
  To identify genes enhanced in RSV-infected air -

way epithelial cells pretreated with Th1/Th2 cytokines, 
the gene expression profiles were explored using the 
GeneChip system at 96 h after inoculation. We first di-
vided the genes into the following 2 probe sets: the first 
probe set was increased more than 2-fold in unprimed 
RSV-infected cells when compared to the vehicle control, 
UV-RSV, and Th1- or TNF- � -primed RSV-infected cells 
(I in  fig. 2 ); the second probe set was increased more than 
2-fold in Th2-primed RSV-infected cells when compared 
to the vehicle control, UV-RSV, and Th1- or TNF- � -

primed RSV-infected cells (II in  fig.  2 ). Within these 
probes, the expression of 348 probe sets commonly in-
creased more than 2-fold (III in  fig. 2 ). These 348 probe 
sets included chemokines (RANTES/CCL5, LARC/
CCL20), cytokines (IL-8), an adhesion molecule (inter-
cellular adhesion molecule ICAM-1), tissue remodeling 
genes (matrix metalloproteinases MMP-1 and MMP-10), 
and suppressor of cytokine signaling (SOCS)-3.

  On the other hand, the expression of 62 probe sets spe-
cifically increased in Th2-primed RSV-infected cells. By 
clustering analysis of these 62 probe sets, we found that 
the expression level of CCL2 (GenBank accession No. 
S69738) was the most markedly increased ( fig. 3 ).

I

Vehicle control

Live RSV, UV-RSV

TNF-�-primed RSV/UV-RSV

Th1-primed RSV/UV-RSV

Th2-primed RSV/UV-RSV

Filter on 2-fold
change restriction

Unprimed RSV cells upregulated Th2-primed RSV cells upregulated

III II

  Fig. 2.  Relationships between probe sets upregulated in unprimed 
RSV-infected cells or Th2-primed RSV-infected cells by more 
than 2-fold compared to those in the vehicle control, UV-RSV, and 
Th1- or TNF- � -primed RSV-infected cells. The Venn diagram 
shows the intersections between 2 probe sets upregulated in 
unprimed RSV-infected cells (I) and Th2-primed RSV-infected 
cells (II) at 96 h after inoculation. A total of 348 genes was com-
mon to both probe sets (III). 
  Fig. 3.  The expression of 62 probe sets was specifically increased 
in Th2-primed RSV-infected cells (fig. 2). Hierarchical clustering 

analysis shows the expression level of these 62 probe sets. The ar-
row indicates the gene expression level of CCL2. The upregulated 
genes are indicated by shades of red and the downregulated genes 
are indicated by shades of blue in clustering analysis.    
  Fig. 4.  Expression levels of the mRNAs of representative mole-
cules (CCL2, CCL5, CCL20, ICAM-1, MMP-1, MMP-10, SOCS-3, 
and IL-8) in A549 cells at 6, 48, and 96 h after inoculation as de-
termined by real-time PCR. The results are expressed as the mean 
 8  SEM of duplicates from a single experiment.   
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  Time Course of Expression of mRNA of Representative 
Molecules by Real-Time PCR  
 To confirm the result of the microarray analysis, we 

next examined the actual expression levels of the mRNAs 
of the representative molecules: CCL2, CCL5, CCL20, 
ICAM-1, MMP-1, MMP-10, SOCS-3, and IL-8 in A549 

cells at different time points (6, 48, and 96 h) by real-time 
PCR ( fig.  4 ). Expression of CCL2 and CCL5 mRNAs
was induced in all Th1-primed cells at 6 h, but not at 48 
and 96 h. Notable expression of CCL20, ICAM1, MMP-1, 
MMP10, SOCS-3, and IL-8 mRNAs was induced only in 
unprimed RSV-infected and Th2-primed RSV-infected 
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  Fig. 5.  CCL2 ( a ), IL-8 ( b ), and CCL5 ( c ) concentration in the cul-
ture supernatant as determined by CBA at 96 h after inoculation. 
The results are expressed as the mean  8  SEM from 2 separate 
experiments.   
  Fig. 6.   a  RSV replication assay in unprimed, TNF-       � -primed, Th1-
primed, and Th2-primed cells at 48 h after inoculation with live 

RSV. The results are shown as the mean  8  SEM from 3 separate 
experiments. TCID 50  = 50% tissue culture infective dose. Expres-
sion levels of mRNAs of antiviral genes IFIT1 ( b ) and MX1 ( c ) in 
A549 cells at 6, 48, and 96 h after inoculation as determined by 
real-time PCR. The results are expressed as the mean  8  SEM of 
duplicates from a single experiment. 
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cells at 96 h, but not in all Th1-primed cells; the expres-
sion levels were higher in unprimed RSV-infected cells 
than in Th2-primed RSV-infected cells. In contrast, the 
expression level of CCL2 mRNA in Th2-primed RSV-in-
fected cells at 96 h was 6-fold higher than that in Th1-
primed cells, and 2.5-fold higher than that in unprimed 
RSV-infected cells. TNF- �  alone or TNF- � -primed RSV-
infected cells expressed mRNA levels similar to the con-
trol and unprimed RSV-infected cells, respectively (data 
not shown).

  Chemokine Concentrations in the Supernatant 
 We further confirmed CCL2 concentrations in the su-

pernatant by CBA at 96 h after inoculation ( fig. 5 ). Simi-
lar to mRNA expression, the levels of CCL2 and IL-8 pro-
teins were remarkably high in unprimed RSV-infected 
and Th2-primed RSV-infected cells, and low in Th1-
primed cells ( fig. 5 a, b). Moreover, the CCL2 protein lev-
el in Th2-primed RSV-infected cells was slightly (1.2-
fold) higher than that in unprimed RSV-infected cells, 
but was 3-fold higher than that in Th1-primed cells 
( fig. 5 a). The expression of the CCL5 protein was induced 
in all Th1-primed cells and live RSV-infected cells ( fig. 5 c).

  Viral Replication Assay and mRNA Expression Levels 
of Antiviral Proteins by Real-Time PCR  
 To examine whether Th1/Th2 cytokine  affects viral 

replication in an in vitro culture, viral replication assay 
was performed using supernatant at 48 h after the inocu-
lation of live RSV. The viral yield was notably suppressed 
in Th1-primed cells but not in Th2-primed cells ( fig. 6 a). 
To clarify the mechanisms by which Th1-priming sup-
pressed viral replication, the mRNA expression of 2 anti-
viral proteins [interferon-induced protein with tetratri-
copeptide repeats 1 (IFIT1) and myxovirus resistance 1 
(MX1)] was measured at different time points (6, 48, and 
96 h) by real-time PCR. In all Th1-primed cells, mRNA 
expression for these 2 molecules was notably induced at 
6 h ( fig. 6 b, c). On the other hand, in unprimed RSV-in-
fected cells and Th2-primed RSV-infected cells, these 
mRNA levels increased at 48 h, whereas the levels de-
creased in Th1-primed cells ( fig. 6 b, c).

  Discussion 

 Several lines of evidence suggest that the immune pre-
disposition of the host prior to RSV infection plays an 
important role in the progression of bronchiolitis as well 
as on the subsequent development of asthma. In the pres-

ent study, we examined the effect of Th1/Th2 cytokine 
priming on the RSV-inducible gene expression profiles in 
airway epithelial cells in order to clarify the molecular 
mechanisms by which RSV infection causes bronchiolitis 
or subsequent asthma in some individuals, particularly 
in Th2-predisposed hosts.

  In the first series of experiments, we analyzed the gene 
expression profiles at 96 h to clarify the effect of Th1/Th2 
cytokine priming on the RSV-inducible gene. It is well 
known that viral antigen production and syncytium for-
mation in cell lines appear 48–96 h after live RSV inocu-
lation  [31] . Several studies using A549 cells infected with 
live RSV have identified an induction of molecular ex-
pression at 48 h  [32, 33] . Therefore, first, the gene expres-
sion profiles were explored at 96 h after inoculation in 
this study. By hierarchical clustering analysis, we extract-
ed the expression profiles of 348 genes including CCL5, 
CCL20, IL-8, ICAM-1, MMP-1, MMP-10, and SOCS-3 
whose expression levels increased more than 2-fold by 
live RSV and Th2 priming but not by Th1 priming in 
A549 cells at 96 h after inoculation. Recent studies have 
revealed that RSV infection in airway epithelial cells in-
duces the expression and secretion of various cytokines, 
chemokines, arachidonic acid metabolites, reactive oxy-
gen species, cell surface molecules, and transcription fac-
tors by oligonucleotide arrays  [20, 22] . In the present 
study, we found that Th1/Th2 predisposition in the host 
prior to RSV infection critically regulates inflammatory 
reactions in the airways through an alteration of the in-
duction of these genes. However, the expression levels of 
these mRNA and proteins were higher in unprimed RSV-
infected cells than in Th2-primed RSV-infected cells 
( fig. 4 ). Therefore, these genes were considered not to be 
specific Th2 priming-responsible genes. CCL5 mRNA 
and protein expression was induced in all Th1-primed 
cells and live RSV-infected cells ( fig. 4 ,  5 c). This finding 
suggests that CCL5 was predominantly induced by low-
dose Th1 cytokine in A549 cells. CCL5 has been known 
to be associated with the severity of RSV bronchiolitis 
 [34]  and the risk of recurrent wheezing  [35] . In support of 
this hypothesis, the exposure of epithelial cells to IFN- �  
in combination with RSV infection induced a significant 
increase in RANTES production, which was synergistic 
with respect to that obtained by RSV infection or IFN- �  
treatment alone  [33] .

  Specifically, the expression of 62 probe sets was
increased in Th2-primed RSV-infected cells but not
in unprimed or Th1-primed RSV-infected cells ( fig. 2 ). 
Clustering analysis of these 62 probe sets revealed that 
CCL2 was the most significantly induced gene ( fig.  3 ). 
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When we further analyzed the kinetics of CCL2 mRNA 
expression by real-time PCR, CCL2 mRNA in Th2-
primed RSV-infected cells was induced at 48 h after RSV 
inoculation and peaked at 96 h ( fig. 4 ). We also confirmed 
the protein levels of CCL2 in the supernatant of the cells 
at 96 h after inoculation ( fig. 5 a). The expression of MCP-
1 in RSV-infected A549 cells has been previously de-
scribed by several studies  [22, 32] . Chemokine CCL2 at-
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phils, basophils, monocytes, NK cells, and activated T 
cells, but not eosinophils  [36, 37] . The progressive in-
crease in CCL2 gene expression is consistent even with 
previous reports in nasopharyngeal secretions of infants 
and adults with severe RSV  [38, 39] . Therefore, CCL2 may 
play an important role in the development of more severe 
forms of RSV bronchiolitis by attracting neutrophils to 
the lung. CCL2 is also known as an important chemokine 
in the development of bronchial asthma, because CCL2-
knockout mice did not develop Th2-type immune re-
sponses  [40] , and CCL2 levels in bronchoalveolar lavage 
fluid in allergic asthma subjects were significantly higher 
than in the control subjects  [41, 42] . It was long assumed 
that CCR6 was the predominant chemoattractant of im-
mature dendritic cells to the airways  [43] . However, 
CCR2, the receptor for CCL2, but not CCR6 has recently 
been found to be the predominant receptor for attracting 
Th2-cell-inducing dendritic cells to the lungs of asthma 
model mice  [44] . Moreover, Culley et al.  [45]  suggested 
that CCL2 expression was increased and prolonged dur-
ing Th2 cytokine-mediated immunopathology in BALB/c 
mice with RSV infection. Our study presents new infor-
mation on highly inducible CCL2 expression in Th2-
primed RSV-infected A549 cells. It is suggested that our 
results can be reproduced in a mouse model with RSV 
infection. Thus, a blockade of CCL2 may elucidate the 
mechanism of immunopathology in RSV disease and 
lead to novel interventional therapeutics for reducing 
both the severity of RSV infection and the risk of sub-
sequently developing asthma, especially in Th2-predis-
posed hosts. Further studies are needed to evaluate the 
association between CCL2 production and infants with 
RSV bronchiolitis and asthma.

  Because it is well known that Th1 cytokines induce 
antiviral proteins in epithelial cells, we further examined 
the expression of antiviral proteins, including IFIT1 and 
Mx1, in terms of time kinetics. Interestingly, these anti-
viral proteins were induced in unprimed RSV-infected 
cells and Th2-primed RSV-infected cells at later time 
points, but induced at early time points in all Th1-primed 
cells ( fig. 6 b, c). In addition, the viral yield was markedly 

diminished in Th1-primed cells but not in Th2-primed 
cells by RSV replication assay at 48 h after inoculation 
( fig. 6 a). There is convincing evidence that the induction 
of antiviral proteins, including IFIT1 and Mx1, prior to 
RSV infection may suppress virus replication early on 
 [46–48] . RSV replication is prolonged by a concomitant 
allergic response in cotton rats  [49] . Therefore, in con-
trast to the Th1-predisposed hosts, it is possible to assume 
that the Th2-predisposed hosts prior to RSV infection 
could result in delayed RSV clearance, persistently lead-
ing to an increased inflammatory response by promoting 
viral replication and resulting in more severe illness. 

  In summary, we have demonstrated for the first time 
the gene expression profiles and viral replication in RSV-
infected human airway epithelial cells pretreated with 
Th1/Th2 cytokines. The priming of airway epithelial cells 
with Th2 cytokine increased CCL2 expression specific to 
live RSV inoculation, and the viral yield was markedly di-
minished in Th1 cytokine-primed cells. The intrinsic host 
immunologic factors prior to RSV infection may be im-
portant in understanding its influence on the severity of 
RSV infection and the subsequent development of asthma.
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