Thymic stromal lymphopoietin is induced by respiratory
syncytial virus-infected airway epithelial cells and promotes

a type 2 response to infection
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Background: Respiratory viral infection, including respiratory
syncytial virus (RSV) and rhinovirus, has been linked to
respiratory disease in pediatric patients, including severe acute
bronchiolitis and asthma exacerbation.

Objective: The study examined the role of the epithelial-derived
cytokine thymic stromal lymphopoietin (TSLP) in the response
to RSV infection.

Methods: Infection of human airway epithelial cells was used to
examine TSLP induction after RSV infection. Air-liquid
interface cultures from healthy children and children with
asthma were also tested for TSLP production after infection.
Finally, a mouse model was used to directly test the role of TSLP
signaling in the response to RSV infection.

Results: Infection of airway epithelial cells with RSV led to
the production of TSLP via activation of an innate signaling
pathway that involved retinoic acid induced gene I,
interferon promoter-stimulating factor 1, and nuclear factor-
kB. Consistent with this observation, airway epithelial cells
from asthmatic children a produced significantly greater
levels of TSLP after RSV infection than cells from healthy
children. In mouse models, RSV-induced TSLP expression
was found to be critical for the development of
immunopathology.

Conclusion: These findings suggest that RSV can use an innate
antiviral signaling pathway to drive a potentially nonproductive
immune response and has important implications for the role of
TSLP in viral immune responses in general. (J Allergy Clin
Immunol 2012 ;SN NEE-EEN,)
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Abbreviations used
AEC: Airway epithelial cell
AHR: Airway hyperresponsiveness
ALI: Air-liquid interface
BEC: Bronchial epithelial cell
BEGM: Bronchial epithelial growth medium
ChIP: Chromatin immunoprecipitation
DMEM: Dulbecco modified Eagle medium
DN: Dominant-negative
HAU: Hemagglutinating unit
IKKR: I-k kinase subunit 3
IPS-1: Interferon promoter-stimulating factor 1
IRF-3: Interferon regulatory factor 3
KO: Knockout
MEF: Mouse embryonic fibroblast
MOI: Multiplicity of infection
NF-kB: Nuclear factor-«B
PAS: Periodic acid Schiff
Pfu: Plaque-forming unit
RIG-I: Retinoic acid induced gene 1
RSV: Respiratory syncytial virus
RV: Rhinovirus
SeV: Sendai virus
siRNA: Small interfering RNA
TLR: Toll-like receptor
TSLP: Thymic stromal lymphopoietin
WT: Wild-type

Asthma is a chronic airway inflammatory disease characterized
by Ty2-type lung immune infiltrate, airway hyperresponsiveness
(AHR), goblet cell metaplasia, and mucus hypersecretion. Impor-
tantly, early childhood infection with respiratory viruses such as
respiratory syncytial virus (RSV) and rhinovirus (RV) strongly
correlates with subsequent asthma development. Furthermore,
respiratory viral infection is a leading cause of exacerbated dis-
ease in preexisting asthmatic patients.' Murine studies have
found that production of the Ty2-associated cytokine, IL-13, in
response RSV can serve as both an exacerbating and predisposing
factor during subsequent allergen exposure.* It remains unclear as
to the mechanism by which this uncharacteristic Ty2-like re-
sponse is stimulated.

Thymic stromal lymphopoietin (TSLP) is a key factor in the
development of allergic asthma. It is expressed at elevated levels
in the lungs of humans with asthma and mice with antigen-
induced airway inflammation.’ Mice lacking TSLP responses fail
to develop antigen-driven airway disease. In contrast, elevating
TSLP levels in the lungs of mice drive the development of disease
akin to human asthma.®’ Importantly, both in vitro and in vivo
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studies have shown a strong link between TSLP expression and
the production of Ty2-associated effector cytokines IL-4, IL-5,
IL-13, and TNFa.>"""?

The strong association of both TSLP and respiratory viruses
with asthma development suggests that respiratory viral infection
may stimulate pathways that lead to TSLP expression. Here, we
report that viral activation of retinoic acid induced gene I (RIG-I)
induced rapid TSLP production in primary human bronchial
airway epithelial cells (AECs). In addition, we show that this is
through activation of the nuclear factor-kB (NF-kB) arm of the
RIG-I signaling pathway. Interestingly, bronchial epithelial cells
(BECs) from asthmatic children produced significantly more
TSLP than BECs from healthy children. Furthermore, TSLP
promotes Ty2 skewing during RSV infections and participates in
the development of immunopathology by promoting by mucus se-
cretion and AHR. This study found that activation of the RIG-Iin-
nate signaling pathway serves to induce the Ty2-promoting
cytokine TSLP and may provide a link between respiratory viral
infection and asthma.

METHODS

Cells and virus

Normal human BECs (NHBECs) were maintained in appropriate medium
according to the manufacturer’s instruction (Lonza, Walkersville, Md). The
human lung epithelial cell line A549 was maintained in Dulbecco modified
Eagle medium (DMEM) with 10% FBS and antibiotics. Murine air-liquid
interface (ALI) cultures were grown from mouse tracheal epithelial cells and
differentiated as described.'® Generation of RIG-I knockout (KO) and IFN-a
receptor KO mouse embryonic fibroblasts (MEFs) was previously de-
scribed.'®!5 Sendai virus (SeV) was obtained from Charles River Laborato-
ries (Wilmington, Mass). Viral infections were done with SeV at 50
hemagglutinating unit (HAU)/mL for A549 and NHBECs and at 100
HAU/mL for MEFs. RSV virus (Line 19, A strain) was originally isolated
from an infected patient at the University of Michigan. Virus was propa-
gated as previously published.'® In brief, Hep2 cells were infected with
RSV for approximately 2 days until syncytia were visible. Cells were
then frozen at 80°C overnight to lyse, and the supernatant fluid was har-
vested, clarified, and divided into aliquots. To determine viral titers in cul-
ture supernatant fluids, an immunoplaque assay was performed as previously
described.'” Infections were performed at a multiplicity of infection (MOI)
of 1 unless otherwise indicated. IL-1 receptor antagonist (anakinra) was
kindly provided by Dr. Srinath Sanda (Benaroya Research Institute, Seattle,
Wash), and anti-human TNFa antibody was purchased from BioLegend
(San Diego, Calif).

ALI cultures

Primary BECs were obtained by unsheathed bronchoscope cytologic
brushings via an endotracheal tube during elective surgical procedures as
described by Lane et al.'® Written consent was obtained from parents of all
subjects. The protocol was approved by the Seattle Children’s Hospital Insti-
tutional Review Board. Primary cultures were established by seeding freshly
brushed BECs into hormonally supplemented bronchial epithelial growth me-
dium (BEGM; Clonetics; Lonza) that contained gentamicin and amphotericin
B and further supplemented with penicillin/streptomycin (100 wg/mL). When
confluent, the cells were passaged (P0) with trypsin and were allowed to fur-
ther split into 3 new passage 1 (P1) T25 flasks. At passage 2, cells were seeded
onto transwells and screened negative for evidence of mycoplasma infection.
Cells were grown submerged in BEGM until 100% confluent, at which time
apical medium was removed, and basolateral medium was replaced with ALI
medium. ALI medium consisted of a 1:1 mixture of BEGM and DMEM sup-
plemented with all-trans retinoic acid (30 ng/mL), human recombinant
epidermal growth factor (0.5 ng/mL), MgCl, (0.6 mmol/L), CaCl,
(1 mmol/LM), and penicillin/streptomycin (100 pg/mL). Differentiated
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BECs were exposed at the apical surface of transwells with RSV strains A2
and Line 19 at a MOI of 0.5 or an equivalent volume of control Vero cell su-
pernatant fluid for 2 hours. Sampling of basolateral supernatant fluid was per-
formed 96 hours after RSV or control exposure. Each experimental condition
per cell line consisted of triplicate transwells. More detailed analysis of sub-
jects and cultures are provided (see this article’s Methods section in the
Online Repository at www.jacionline.org).

Real-time quantitative PCR and ELISA

Total RNA and cDNA preparation, and PCR conditions and TSLP primers,
were as previously described.'” TSLP ELISAs were performed with either
human or murine TSLP ELISA kits (R&D Systems, Minneapolis, Minn).
Human primers used included RIG-I (NM_014314.3) purchased from
InvivoGen (San Diego, Calif), Toll-like receptor 3 (TLR3; NM_003265.2;
forward, 5'-CTCCATCTCATGTCCAACTC-3'; reverse, 5'-TCCAGCTGA
ACCTGAGTTCC-3’), and GAPDH (NM_002046.3; forward, 5'-CATC
CCTGCCTCTACTGGCG-3"; reverse, 5'-TAGACGGCAGGTCAGGTC
CAC-3") manufactured by Invitrogen (Carlsbad, Calif). RSV infection of
human epithelial cultures was confirmed by examining RSV-F expression
by real-time PCR as previously described.?

Transfection and luciferase assay

A549 cells (2 X 10%) were seeded into 6-well plates and transfected with
Mirus transfection reagent (Mirus Bio Corp, Madison, Wis) with various plas-
mids (see figure legends for details) and pRSV-B-Gal as normalization control.
After 19 hours, cells were infected with SeV or RSV for 6 hours. The lysates
from these cells were assayed for luciferase activity as described.'” Small in-
terfering RNA (siRNA) against human RIG-I and control siRNA were pur-
chased from Santa Cruz Biotechnology (Santa Cruz, Calif). NHBECs were
transfected at 100 nmol/L siRNA with the use of Lipofectamine 2000 (Invitro-
gen). After transfection for 30 hours, cells were infected with SeVor RSV. The
efficiency of siRNA silencing was evaluated with real-time PCR.

In vivo RSV infection

Wild-type (WT) Balb/c or TSLPRKO?' mice (backcrossed to Balb/c for
12 generations) were infected with 4 X 10* plaque-forming unit (pfu) RSV
(Line 19%?) via intratracheal injection in 40 wL of total volume or appropriate
mock control on day 1. Mice were analyzed 8 to 10 days later for cytokine
production, for AHR, and histologically for mucus production. Airway hyper-
reactivity was assessed as previously described with the use of the direct ven-
tilation method and airway resistance measurements.'” Briefly, mice were
anesthetized, intubated via cannulation of the trachea, and ventilated (0.3
mL of tidal volume, 120 breaths/minute). AHR was measured with mouse
plethysmography (Buxco, Wilmington, NC) and software for calculation of
the measurements. After baseline measurements, mice were injected intrave-
nously with 7.5 mg of methacholine (Sigma-Aldrich, St. Louis, Mo), and the
peak airway resistance was recorded as a measure of AHR. For histologic
examination of mucus production, sections from formalin-fixed and
paraffin-embedded lungs were stained with periodic acid Schiff (PAS). For
RSV-specific CD4 T-cell responses, single cell suspensions from mediastinal
lymph nodes of infected TSLPR ™/~ and control mice were plated at 10° cells/
well and infected with 4 X 10* pfu of RSV. Twenty-four hours later superna-
tant fluids were collected for analysis on the Bio-Rad Bioplex 200 system
(Bio-Rad, Hercules, Calif), according to the manufacturer’s protocol. Kits
(Bio-Rad) containing antibody beads to Ty cytokines (IL-17, IFN-vy, IL-4,
IL-5, and IL-13) were used to assay for cytokine production in each of the
samples.

Statistical analysis

Experimental results were analyzed for statistical significance (Student ¢
test or ANOVA with Tukey posttest when appropriate). Statistical signifi-
cance is indicated in the figures with *P <.05 and NS = not statistically dif-
ferent, unless noted otherwise.
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FIG 1. RSV induces TSLP expression in primary AECs. A, NHBECs were exposed to UV-irradiated RSV or
RSV with indicated virus titers for 12 hours, and TSLP mRNA was measured by real-time quantitative
PCR for virus titer. B and C, NHBECs were exposed to UV-irradiated RSV or RSV (MOI, 1) for indicated
time course. Cell or culture supernatant fluids were harvested, and TSLP mRNA was measured by real-
time quantitative PCR (Fig 1, B). TSLP protein levels were measured by ELISA (Fig 1, C). D and E, NHBECs
were exposed to RSV (MOI, 1) without or with anti-TNFa antibodies (10, 50, or 100 ng/mL) (Fig 1, E), anti-IL-
1R (1, 10, or 50 pg/mL) (Fig 1, E) for 24 hours, and culture supernatant fluids were harvested. TSLP protein
levels were analyzed by ELISA. Data represent means * SDs of 3 independent measurements. Similar re-
sults were obtained for 5 independent experiments (Fig 1, A-E). *P < .05.
RESULTS with RSV resulted in high production of TSLP at 24 hours after

Induction of human TSLP expression by RSV
infection of primary AECs

Severe infection with the family Paramyxoviridae virus during
childhood was found to strongly correlate with subsequent asthma
development, and infection in adults with asthma commonly led to
significant bouts of exacerbated disease. Further, a significant
body of work has now reported the critical nature of TSLP expres-
sion by AECs in promoting the asthma phenotype.5 " In addition,
several studies have now reported that infection of AECs with a
variety of viruses or treatment with the viral mimetic poly(I:C)
can induce TSLP secretion by these cells.'®?? Given these data,
we first determined whether RSV infection induced the expression
of human TSLP in primary NHBECs and the optimal viral titer for
this effect. As shown in Fig 1, A, induction of TSLP mRNA level
depended on the amount of virus and reached maximal response in
4 X 10° pfu/mL RSV. Importantly, TSLP expression required pro-
ductive infection because there was no significant induction of
TSLP mRNA levels in infection of UV-irradiated RSV. We used
this dose (4 X 10° pfu/mL) of RSV for subsequent experiments.
RSV (Fig 1, B and C) infection of NHBECs markedly increased
TSLP mRNA transcription from about 2 hours and reached max-
imal levels at 12 hours after infection (Fig 1, B). Next, infection

infection (Fig 1, C). Similar results were obtained with the human
AEC line, A549 (data not shown). These results are in agreement
with prior work that found TSLP induction by RSV in rat AECs**
but extended this by highlighting TSLP induction by RSV in pri-
mary human AECs for the first time.

Previous studies from our laboratory have found that the
inflammatory cytokines, TNFa and IL-1(, are strong inducers for
TSLP production.”® We next addressed the possibility that RSV-
induced TSLP expression was a downstream effect of viral induc-
tion of these factors, rather than a direct effect of the virus itself.
NHBECs were infected with RSV alone, or together with anti-
TNFa (Fig 1, D) or anti-IL-18 antibodies (Fig 1, E). After 24
hours, the supernatant fluids were collected for ELISA. The level
of TSLP was not decreased when either anti-TNFa or anti—IL-13
antibodies were added. These results argue that TSLP production
is a direct result of viral infection and not secondarily induced
downstream of TNFa.

RIG-I viral recognition pathway mediates human
TSLP gene expression during SeV infection

The innate immune system initially recognized RNA viruses
through activation of TLRs and cytoplasmic RNA helicases
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FIG 2. RIG-I and IPS-1 activation mediates Paramyxovirus-induced TSLP expression. A and B, A549 cells
were transfected with control plasmid or luciferase constructs containing the human TSLP promoter alone
or in combination with expression vectors for DN-RIG-I (Fig 2, A) or IPS-1 (Fig 2, B) followed by infection with
RSV (MOI, 1). C, Normal littermate control (NLC) or RIG- KO MEFs were infected with or without RSV, and
TSLP protein expression was measured by ELISA. n.d. indicates not detected. D, NHBECs were transfected
with control or RIG-I siRNA, followed by RSV infection, and TSLP mRNA was assessed at 8 hours after in-
fection. Data represent means * SDs of 3 independent measurements. Similar results were obtained for 5

independent experiments (Fig 2, A-D). *P < .05.

(RIG-I and melanoma differentiation-associated gene 5), leading
to the production of type I interferon and inflammatory cyto-
kines.'> %’ Importantly, the response to both RSV and SeV in-
fection was shown to be primarily mediated by the RIG-I
pathway.15 To determine whether Paramyxoviridae activation
of the RIG-I signaling pathway controlled TSLP expression,
A549 cells were cotransfected with a human TSLP promoter re-
porter25 and a dominant-negative form of RIG-I (DN-RIG-1).%®
Expression of DN-RIG-I inhibited RSV-mediated TSLP pro-
moter activation (Fig 2, A). We next tested interferon
promoter-stimulating factor 1 (IPS-1), an essential factor in the
RIG-I pathway.*® IPS-1 overexpression led to enhanced TSLP
promoter activity after RSV infection (Fig 2, B). Further,
IPS-1 overexpression alone, which has been shown to activate
downstream elements of the RIG-I pathway,” was sufficient to
induce activation of the TSLP promoter in the absence of RSV

infection. To further evaluate the requirement for RIG-I and
IPS-1 signaling in Paramyxovirus-induced TSLP expression,
MEFs from RIG-I KO mice were infected with RSV. Although
MEFs from WT mice expressed TSLP after RSV infection,
MEFs from RIG-I KO mice expressed dramatically reduced
levels of TSLP (Fig 2, C). Similar results were seen for SeV in
all of these settings (see Fig E1, A-D, in this article’s Online Re-
pository at www.jacionline.org). In addition, no difference was
found in the ability of IFN-a receptor-deficient (lacking respon-
siveness to type I interferon) and WT MEFs to express TSLP in
response to SeV (see Fig El, F), suggesting that virus-induced
TSLP is not a secondary effect because of type I interferon
signaling.

To confirm the role of RIG-I in inducing TSLP in primary cells,
we used siRNA to knockdown endogenous RIG-I in NHBECs
before infection with RSV. Endogenous TSLP mRNA and protein


http://www.jacionline.org

J ALLERGY CLIN IMMUNOL

LEEETAL 5

VOLUME mmm, NUMBER um

A 15 - B 15-
60\ —_~
5 10 — :&_; 1.0 4
: :
oC 5- —
LT_:' 0.5
0- .
SeV + + o+ SeV 00 + + +
hTSLP Promoter +  + + + + hTSLP Promoter + + + +
NFxB P65 (g DNA) 01 01 05 DN-IKK B (g DNA) 01 05
C
50
D
40+ 30 CA-IRF3 _+
) [
2 30- S
(&]
< 3 %7
7 20— §
10— .\ 5 197
0- T T T T —— 0
ﬁ?gLPP e hTSLP IFN B
romoter\vr 1 3 12 23 1.03 Promoter Reporter

mutant

E
15 7 CA-IRF7
C
ks)
S 10
©
<
© —
2 5
L

hTSLP IFN B
Promoter Reporter

FIG 3. RIG-I-mediated NF-kB activation controls SeV-induced TSLP expression. A and B, A549 cells were
transfected with NF-kB p65 (Fig 3, A) and DN-IKKB expression vectors with a human TSLP promoter con-
struct (Fig 3, B). Cells were subsequently infected with SeV as above and analyzed for luciferase activity.
Data are the means *= SDs with >3 for each group. C, A549 cells were transfected with control or constructs
containing the WT hTSLP promoter or promoter NF-kB site mutants. WT, Nonmutated human TSLP pro-
moter; 7, deletion of —3.2-kb site, 2, deletion of —1.3-kb site, 3, deletion of —0.2-kb site. Cells were subse-
quently infected with SeV as above and analyzed for luciferase activity. D and E, Human TSLP or IFNB
promoter reporters were cotransfected with expression vectors encoding IRF-3 (Fig 3, D) or IRF-7 (Fig 3,
E) and infected with SeV. After 6 hours cell lysates were analyzed for luciferase activity. Data are the means
+ SDs with >3 for each group. *P < .05.

expression in response to RSV infection were markedly reduced  these data indicated that activation of the RIG-I pathway is both
by RIG-I siRNA (Fig 2, D, and data not shown). Similar results  necessary and sufficient for robust Paramyxoviridae-induced
were seen with SeV infection (see Fig E1, E). Taken as a whole, TSLP expression.
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FIG 4. Human asthmatic epithelium produces greater levels of TSLP in response to RSV infection. ALI
cultures were generated from primary BECs isolated from healthy or asthmatic children via bronchial
brushing. Data show TSLP protein levels, measured by ELISA, in basolateral culture supernatant fluids after
infection with either RSV Line 19 or RSV A2 or control at an MOI of 0.5 (n = 12 patients for all groups).
P values were calculated with an ANOVA with Tukey posttest.

RIG-l-induced activation of NF-kB mediates SeV-
induced expression of TSLP

The transcriptional effect of RIG-I pathway activation was
mediated by the transcription factors interferon regulatory factor
3 (IRF-3), IRF-7, and NF-kB.***! We have previously shown that
the human TSLP promoter has putative IRF and NF-«kB binding
sites, and we and others have also shown that NF-kB is critical
for TSLP gene induction by inflammatory cytokines.”>~* We
next assessed which pathway mediated RIG-I-induced TSLP ex-
pression. Overexpression of NF-kB alone resulted in activation of
TSLP promoter activity, which was further increased after SeV in-
fection (Fig 3, A). Consistent with these data, expression of a DN
form of I-k kinase subunit 3 (IKKf3), which blocks NF-«B activa-
tion, strongly inhibited TSLP-promoter activity in response to
SeV (Fig 3, B). The human TSLP gene promoter has 3 potential
NF-kB binding sites 3.8 kb, 1.3 kb, and 0.2 kb upstream of the
start of transcription.”> Mutational analysis showed that the sites
at —3.8 and —0.2, but not the —1.3 site, were critical for TSLP
promoter activation (Fig 3, C). In addition, chromatin immuno-
precipitation (ChIP) analysis of the endogenous promoter showed
NF-kB binding at the —3.8 and —0.2 sites (see Fig E2 in this ar-
ticle’s Online Repository at www.jacionline.org). In contrast,
overexpression of constitutive active IRF-3 or IRF-7 failed to ac-
tivate the TSLP promoter, although both strongly activated the
IFN-@ promoter (Fig 3, D and E). As a whole, these results indi-
cated that NF-kB acts as the crucial transcription factor down-
stream of RIG-I in mediating TSLP expression.

Response of asthmatic and nonasthmatic BECs to
RSV infection

The above-mentioned data indicated that RSV infection of
normal BECs, grown in submerged cultures, can induce the

production of TSLP. To extend these studies we compared the
response of BECs isolated from healthy and asthmatic children to
RSV infection. These studies used ALI cultures generated from
cells isolated from bronchial brushings. Once established the
cultures were infected on the apical surface with RSV (both the
Line 19 and A2 strains), and 4 days later the level of TSLP in the
basolateral supernatant fluid was determined. As shown in Fig 4,
cultures generated from cells isolated from asthmatic subjects
showed significantly higher levels of TSLP production that those
from healthy subjects in the absence of infection, consistent with
previous reports of increased TSLP levels in the lungs of patients
with asthma.>>*3* As a whole, cultures from the asthmatic sub-
jects displayed a marked increase in TSLP after RSV infection,
whereas cultures from the healthy subjects did not (Fig 4). In ad-
dition, when analyzed individually, cultures from the asthmatic
subjects also displayed a significant within-subject increase in
TSLP after RSV infection compared with uninfected cultures
(RSV A2: 392 vs 33 pg/mL, P =.007; RSV Line 19: 137 vs 33
pg/mL, P = .01; see Fig E3 in this article’s Online Repository
at www.jacionline.org). We observed smaller increases in TSLP
production by most epithelial cell lines from healthy children in
response to RSV infection, which reached statistical significance
for RSVA2 (RSV A2: 27 vs 13 pg/mL, P =.02; RSV Line 19: 26
vs 13 pg/mL, P = .1; Fig E3). There was not a significant differ-
ence in RSV-F expression between asthmatic and healthy epithe-
lial cultures, indicating that the RSV infection status was not
different between cells from the 2 groups (data not shown). These
data were consistent with a role for TSLP in both the development
of asthma as well as in RSV-induced exacerbations.

As described earlier, the response of AECs to virus infection
involves 2 recognition pathways, TLR3 and RIG-1. As shown in
Fig 2, we have found that RIG-I signaling was critical for RSV-
induced TSLP gene expression. To determine whether these
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VC groups. TLR3 expression: ANOVA P = .003 between groups; healthy RSV A2 group 1.4-fold greater
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group (1P = .002); no significant difference in TLR3 expression between asthmatic and healthy VC groups.
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maximums.

RNA sensors could account for the differences seen in the re-
sponse of ALI cultures from healthy or asthmatic children to
RSV infection we examined RIG-I and TLR3 expression in con-
trol and virus-infected cultures. We found that, although both
sets of cultures showed a significant increase in TLR3 expres-
sion after infection, only the asthmatic cultures showed a signif-
icant increase in RIG-I expression (Fig 5). These results
potentially implicated RIG-I in the differential responses seen
for polarized AECs from asthmatic and healthy children to
RSV infection.

TSLP contributes to RSV-induced T2 inflammation
in vivo

Infection of Balb/c mice with RSV leads to immunopathology
that includes AHR and increased mucus production due to
elevated levels of IL-13.**° To evaluate the contribution of
TSLP to the immune response to RSV we first examined whether
RSV infection in vivo led to elevated TSLP expression. At late
times during infections (days 8-10; the peak of immunopathology)
RSV infected mice showed elevated TSLP protein levels in lung
tissue homogenate relative to uninfected controls (Fig 6, A). To de-
termine whether TSLP responses were involved in RSV-mediated
immunopathology, TSLPR-deficient mice were infected with

RSV. Although WT mice displayed significant increases in lung
resistance, indicative of the development of AHR, and displayed
enhanced mucus overproduction due to elevated IL-13 levels,
RSV-infected TSLPR '~ mice had reduced AHR and signifi-
cantly reduced mucus overproduction (Fig 6, B-D). The latter
was likely because of a marked diminution in the induction of
IL-13 expression in the lungs of RSV-infected TSLPR ™/~ mice,
leading to a decrease in Gob-5 expression and in overall mucus
production, as shown by PAS staining (Fig 6, B and D). Consistent
with these data, when CD4 T cells from the mediastinal lymph no-
des of infected mice were restimulated with RSV, T cells from
TSLPR ~/~ mice showed a significant decrease in IL-13 produc-
tion (as well as IL-5), whereas Ty;1 and Ty;17 responses (measured
by IFNy and IL-17A production, respectively) were unchanged
(Fig 6, E). Taken together, these data indicated that TSLP is in-
volved in promoting the T2 response to RSV infection and in pro-
moting associated immunopathology.

DISCUSSION

The important role of respiratory virus infection on the onset
of asthma, as well as the exacerbation of disease in patients with
established asthma, has become clear.’®>® However, the mech-
anism responsible for these effects has remained unclear. In this
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FIG 6. TSLP promotes RSV-mediated immunopathology in vivo. A, WT Balb/c mice were infected intratra-
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infection. B-D, WT or TSLPRKO mice were infected with RSV intratracheally and analyzed for immunopa-
thology at day 6 after infection. B, IL-13 and mucin (Muc5AC, Gob5) mRNA expression between WT (filled
bars) and TSLPRKO (open bars) mice. C, Airway resistance after methacholine challenge, measured by
plethysmography, in RSV infected WT (filled bars) and TSLPRKO (open bars) mice infected with RSV for
8 days. D, PAS stain of lung section from WT or TSLPRKO mice after RSV infection. E, Cytokine production
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study, we report that infection of airway epithelium with Para-  that it is the ability of RSV to induce TSLP expression by
myxoviridae family viruses induces robust expression of TSLP, = AECs that is responsible for the subsequent Ty2 aspects of
a Ty2-promoting cytokine. This finding is particularly interest-  the response.

ing given that RSV infection in young children has been shown We report RIG-I as a novel pathway that leads to TSLP
to generate a mixed Tyl/Ty2 response.”’40 Our data suggest  expression after respiratory virus infection of AECs. This finding
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is consistent with several recent studies, including treatment of
NHBECs with poly(I:C) or with RV,'® and HIV and simian immu-
nodeficiency virus infection,*' showing potent TSLP induction.
Our finding that RSV and SeV are capable of inducing TSLP sug-
gests that this may be a common feature of the host immune re-
sponse to viruses. TSLP has been shown to both promote
Ti2%"? and inhibit Tyl responses.“z’43 Thus, virus-induced
TSLP production may be either a mechanism for increasing viral
clearance (eg, through increased mucus production) or a viral eva-
sion mechanism to dampen the Ty1 response to infection. Data in
support of the latter hypothesis come from studies that suggest the
Ty2 response to respiratory virus infection blunts memory devel-
opment.*** We have found that TSLPR-deficient mice infected
with RSV have significantly reduced immunopathology, support-
ing the notion that RSV-induced TSLP is involved in promoting
the T2 aspect of the response.

Respiratory viruses such as RSV and RV have been found to
significantly affect both the development and exacerbation of
allergic airway diseases.">* Although several factors, including
IL-4, IL-13, CCR4, and CCL17,** have been implicated in
this phenomenon, the driver of this seemingly paradoxical Ty2 re-
sponse to infection remains unclear. Our findings suggest that
TSLP provides the mechanistic link between respiratory viral in-
fections and the development and exacerbation of allergic airway
disease.

Numerous studies have now implicated various TLR path-
ways in the pathogenesis of asthma.'®**® However, a link be-
tween RIG-I and asthma has not been established. Our finding
that the innate immune pathway downstream of RIG-I induces
TSLP expression suggests a possible role for RIG-I in asthma
development. Indeed, the finding that only the ALI cultures
from asthmatic children displayed increased RIG-I expression
after RSV infection is consistent with a possible role. Further,
because TSLP plays important roles in bridging the innate
and adaptive immune re:sponse,6’7’9’49 RIG-I-induced TSLP
expression may be an aspect of the adaptive response to virus
infection.

The final important aspect of this study is the differential
response of AECs from healthy and asthmatic children to RSV
infection. It is becoming clear that the airway epithelium is more
than a physical barrier; it is an important player in the response to
barrier insult.’®>" It is also apparent that this population of cells
plays an important role in the development and progression of
asthma.”®>* Airway epithelium defects in patients with asthma
leads to decreased barrier function, which serves to enhance the
access of environmental allergens and viruses.”*> In addition,
patients with asthma displayed impaired airway repair, leading
to the remodeling of the airways seen in patients with chronic
asthma.’®>’ Consistent with these observations, we have found
that ALI cultures established from bronchial brushings from asth-
matic children produce significantly more TSLP after infection
with RSV than cultures that used cells from healthy children.
This finding provides a possible mechanistic explanation for the
ability of RSV to drive disease exacerbations in persons with
established asthma.

We thank John Mcguire and William Parks (University of Washington) for
murine ALI cultures, Theingi Aye and Whitney Xu for excellent technical
assistance, and Drs Campbell and Hamerman for critical discussion of the
manuscript prior to submission. We thank Matt Warren for his administrative
support.
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Key messages

e TSLP is induced by RSV infection of AECs through the
antiviral RIG-I pathway.

TSLP contributes to the type-2 response to RSV infection,
and loss of TSLP signaling during infection decreases
immunopathology.

BECs from asthmatic children produce significantly more
TSLP after RSV infection than the same cells from
healthy children, showing a potential role for TSLP in vi-
ral exacerbations and providing a model for therapeutic
intervention.
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METHODS

Subjects

Atopic asthmatic and age-matched healthy children without asthma, 6 to 16
years of age, who were undergoing an elective surgical procedure that required
endotracheal intubation and general anesthesia were recruited. Children with
asthma (n = 12; mean age, 12.2 year) had at least a 1-year history of physician-
diagnosed asthma, used albuterol at least twice a month or were taking a daily
inhaled corticosteroid or leukotriene receptor antagonist, and were born at >36
weeks of gestation. Healthy subjects (n = 9; mean age, 11.4 years) were born
at >36 weeks of gestation; had no history of asthma, reactive airway disease,
chronic daily cough, or physician-diagnosed obstructive lung disease; and had
no history of prior treatment with a systemic or inhaled corticosteroid,
albuterol, or oxygen (see Table E1 in this article’s Online Repository at www.
jacionline.org). Children with asthma had a history of one or more of the fol-
lowing atopic features: positive skin prick test or RAST for a common aero-
allergen, elevated serum IgE (>100 IU/mL), physician-diagnosed allergic
rhinitis, or physician-diagnosed atopic dermatitis. Healthy subjects lacked a
history of any of these atopic features. Written consent was obtained from par-
ents of subjects. The study was approved by the Seattle Children’s Hospital
Institutional Review Board.

Epithelial cell isolation

Immediately after the endotracheal tube was secured 3 BEC samples were
obtained from subjects while under general anesthesia with the use of 4-mm
Harrell unsheathed bronchoscope cytology brushes (Conmed Corporation,
Utica, NY). As described by Lane et al,El the unprotected brush was inserted
through an endotracheal tube, advanced until resistance was felt, and rubbed
against the airway surface for 2 seconds. Cells were seeded onto T-25 cell culture
flasks precoated with type I collagen. Cultures were maintained at 37°C in an
atmosphere of 5% CO, in a humidified incubator. Cells were cultured in
BEGM (Clonetics BEGM; Lonza, Basel, Switzerland) containing gentamicin
and amphotericin B and were further supplemented with penicillin/streptomy-
cin (100 wg/mL; Invitrogen). Fluconazole (25 pwg/mL) was added to primary
cultures for the first 96 hours, after which medium was aspirated and replaced
with BEGM without fluconazole. BEGM was thereafter changed every 48 hours
until the culture reached ~70% to 90% confluence. When PO flasks became 70%
to 90% confluent, cells were passaged into 3 new passage 1 (P1) T25 flasks.
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ALI epithelial cell cultures

For ALI cultures, Corning Costar 12-mm 0.4-pm Transwells (Corning Life
Sciences, Tewksbury, Mass) were precoated with type I collagen, then seeded
with P2 epithelial cells at a concentration of 100,000 cells per transwell. All
seeded cells screened negative for evidence of mycoplasma infection
(Mycoprobe Mycoplasma Kit; R&D Systems, Minneapolis, Minn). Cells
were grown submerged in BEGM until 100% confluence, at which time apical
medium was removed, and basolateral medium was replaced with ALI
medium. ALI medium consisted of a 1:1 mixture of BEGM and DMEM
supplemented with all-trans retinoic acid (30 ng/mL), human recombinant ep-
idermal growth factor (0.5 ng/mL), MgCl, (0.6 mmol/L), CaCl, (1 mmol/L),
and penicillin/streptomycin (100 pg/mL). ALI medium in the basolateral
compartment was changed every other day, and cells were differentiated at
an ALI for 21 days before initiation of cell culture experiments. Differentiated
BECs were exposed at the apical surface of transwells with RSV A2 strain at a
MOTI of 0.5 or an equivalent volume of control Vero cell supernatant fluid for 2
hours. Sampling of basolateral supernatant fluid was performed 96 hours after
RSV or control exposure. Each experimental condition per cell line consisted
of triplicate transwells.

Subject clinical characterization

A blood sample was drawn and used to measure total serum IgE and RAST
allergen-specific IgE to dust mites, cat epithelium, dog epithelium, Alternaria
tenuis, Aspergillus fumigatus, and timothy grass. The fraction of exhaled nitric
oxide was measured according to ATS guidelines with the use of a NIOX
chemiluminescent nitric oxide analyzer (Aerocrine, Solna, Sweden). Forced
vital capacity, FEV, and forced expiratory flow at 25% to 75% of forced vital
capacity were measured according to ATS guidelines with the use of a VMAX
series 2130 spirometer (VIASYS Healthcare, Hong Kong). Spirometry was re-
peated 15 minutes after administration of 2 puffs of albuterol in children with
asthma.

REFERENCE
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FIG E1. RIG-I and IPS-1 activation mediate SeV-induced TSLP expression. A and B, A549 cells were tran-
siently transfected with control plasmid or promoter-luciferase constructs that contained human TSLP pro-
moter plasmid alone or in combination with expression vectors for a DN-RIG-I (0.1, 0.5, or 1 ng) (Fig E1, A) or
IPS-1 (0.1 or 0.5 pg) (Fig E1, B). Luciferase activity in the whole cell lysate was normalized with 3-galactosid-
ase activity. Data are the means + SDs of triplicate data points from a representative experiment of 5 inde-
pendent experiments. C and D, MEFs from WT, RIG-IKO (Fig E1, C) or IPS-1KO (Fig E1, D) mice were infected
with SeV (100 HAU/mL), and TSLP protein was measured in supernatant fluids after 24 hours. E, NHBECs
were transiently transfected with control or RIG-I siRNA. After 30 hours, cells were infected with SeV (50
HAU/mL). After 24 hours hTSLP levels in the supernatant fluid were measured by ELISA. F, WT or IFNARKO
MEFs were infected with SeV (100 HAU/mL) and analyzed for TSLP protein in supernatant fluids by ELISA
after 24 hours (n >3 independent experiments in all cases). *P < .05.
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FIG E2. NF-kB is recruited to the endogenous TSLP promoter in response to SeV infection. A-C, NHBECs
were infected with SeV (50 HAU/mL) for the indicated time course. Soluble chromatin preparation was im-
munoprecipitated with normal IgG or anti-NF-«B. Purified ChIP and input DNA were analyzed by real-time
quantitative PCR with the primers, against the —3.2 (Fig E2, A), —1.3 (Fig E2, B), and —0.2 (Fig E2, C) kb TSLP
promoter NF-kB sites, respectively. The amount of ChIP DNA was normalized to that of input DNA. Data are
the means * SDs of triplicate data points from a representative experiment. *P <.05.
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FIG E3. TSLP production increased in response to RSV infection in most individual asthmatic (A and B) and
healthy (C and D) human epithelial cell cultures; however, the magnitude of increase was greater by cultures
from asthmatic children. Data show TSLP protein levels, measured by ELISA, in basolateral culture super-
natant fluids from uninfected control cultures and after infection with either RSV A2 or Line 19 at a MOI of 0.5
(n = 12 asthmatic and n = 9 healthy cell lines). P values were calculated with the Wilcoxon signed-rank test
for paired samples.
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TABLE E1. Subject characteristics

LEE ET AL 10.e5

Healthy controls (n = 9) Patients with asthma (n = 12) P value

Age (y), mean = SD 10.9 = 4.6 113 = 3.8 i
Female sex (%) 44 42 7
Current use of inhaled steroids, no. (%) NA 7 (58)

IgE IU/mL, mean = SD 23.1 £ 21.5 341 *= 289 .06
FVC (% predicted), mean = SD 105 = 8.5 103 = 14.2 .8
FEV/FVC ratio, mean £ SD 0.93 = 0.06 0.81 = 0.08 .01
FEV; (% predicted), mean * SD 104 = 124 95 = 16.5 2
FEF,5.75 (% predicted), mean = SD 98 = 20.3 82.1 £ 225 2
BDR, no. (%) NA 6 (50)

FENO (ppb), mean * SD 132 = 17.2 29.6 = 41.7 2

BDR, Bronchodilator responsiveness (defined as an increase of >12% in FEV; or >25% in FEF,s ;5 after 2 puffs of albuterol via a metered dose inhaler); FEF,s._;s, forced
expiratory flow between 25% and 75% of expiration; FENO, fractional exhaled nitric oxide; FVC, forced vital capacity; NA, not applicable; ppb, part per billion.
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