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Abstract

Background—Rhinovirus (RV) infection during an early age has been associated with
development of asthma, but how RV influences the immune response is not clear.

Objective—Tolerance to inhaled antigen is mediated via the induction of regulatory T cells
(Treg), and we asked whether RV infection of the respiratory tract might block airway tolerance
by modulating Treg cells.

Methods—The immune response to intranasal ovalbumin (OVA) in mice was assessed with
concomitant infection with RV1B, and the factors induced in vivo were compared to factors made
by human lung epithelial cells infected in vitro with RV16.

Results—RV1B infection of mice abrogated tolerance induced by inhalation of soluble OVA,
suppressing the normal generation of Foxp3* Treg cells while promoting Th2 cells. Furthermore,
RV1B infection led to susceptibility to develop asthmatic lung disease when mice subsequently
reencountered aeroantigen. RV1B promoted early in vivo expression of the TNF family protein,
OX40L, on lung dendritic cells that was dependent on the innate cytokine thymic stromal
lymphopoietin (TSLP), and also induced another innate cytokine IL-33. Inhibiting each of these
pathways allowed the natural development of Treg cells while minimizing Th2 differentiation, and
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restored tolerance in the face of RV1B infection. In accordance, RV16 infection of human lung
epithelial cells upregulated TSLP and IL-33 expression.

Conclusions—These results suggest that infection of the respiratory epithelium with RV can
antagonize tolerance to inhaled antigen through a combined induction of TSLP, IL-33 and
OX40L, and this may lead to susceptibility to developing asthmatic lung inflammation.
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INTRODUCTION

The development of asthma has been linked to respiratory tract infections in early
childhood. Viral infections trigger 80% of asthma exacerbations in children and nearly 50%
in adults, with rhinovirus (RV) being the most common virus identified 13, Rhinoviruses
not only infect the upper respiratory tract but also lead to lower respiratory tract disease in
infants and young children 4-5, and there is a strong correlation with the development of
respiratory allergies or asthma later in life 7- 8. However, the mechanism(s) by which RV
promotes or enhances allergic or asthmatic reactions is not clear and is the subject of great
interest.

RV is a positive-stranded RNA virus of the picornaviridae family. Ninety percent of more
than 100 serotypes that comprise the genetic HRV-A and HRV-B clades, such as RV16 and
RV39, comprise the major group and bind to ICAM-1, whereas the minor group viruses,
such as RV1B and RV2, bind to low-density lipoprotein receptors (LDLR) 9. Rhinovirus
mainly infects and replicates inside airway epithelial cells > 10, suggesting factors produced
by epithelial cells that influence the immune response may explain why RV infection
triggers asthmatic and allergic reactions. Immune response in the lung mucosal system is a
balance between inflammatory activity against dangerous antigens and regulatory cell
activity that maintains immune tolerance, RV infection also has the potential to alter this
natural balance.

Recently, we have made strong progress in understanding how tolerance and regulatory T
cells (Treg) are promoted in the lung and how allergens or pathogen-derived molecules
might antagonize tolerance and suppress Treg cells 11-14. In particular, several pieces of
evidence suggest that induction of OX40L (TNFSF4), a TNF family ligand expressed on
antigen-presenting cells (APCs), may be critical for promoting the initial differentiation of
Th2 cells, as well as expanding existing Th2 cells, through signals from its receptor OX40
(TNFRSF4/CD134) 15-18_ Concomitantly, OX40-OX40L activity can antagonize the
generation of Treg cells that mediate airway tolerance 111219, As OX40L can be induced
by the bronchial epithelial-derived cytokine TSLP 12:20. 21 \ye hypothesized that RV
infection might promote this pathway and this could be a mechanism by which this virus
contributes to asthmatic responses.

Here, we show in mouse models that infection with RV1B, at the time of inhalation of
soluble antigen, resulted in lung expression of TSLP and OX40L-dependent antagonism of
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lung tolerance via suppressing the generation of inducible Foxp3* peripheral regulatory CD4
T cells (pTreg). The combined activity of TSLP and OX40L did not however fully explain
the effect of RV, and we also found another innate cytokine, IL-33, was involved.
Neutralizing or deleting TSLPR, IL-33R, or OX40L prevented the block of tolerance
induced by RV and led to reduced susceptibility to develop allergic airway disease. In line
with this being a likely mechanism applicable to human RV-related lung inflammation,
infection with the major serotype, RV16, promoted TSLP and IL-33 production by either
normal human bronchial epithelial (NHBE) cells or primary bronchial epithelial cells
(PBEC). These results suggest that respiratory tract exposure to RV can promote a program
of inflammatory molecules that includes OX40L, and neutralizing OX40-OX40L
interactions together with TSLP and/or IL-33 might be applicable to controlling asthma
exacerbations that are driven by RV or other similar viruses.

METHODS

Mice

See Methods section in the Online Repository at www.jacionline.org for full details.

C57BL/6 and B6.PLThyla (Thyl.1) mice were purchased (Jackson Laboratory, Bar Harbor,
ME) and OT-Il TCR transgenic and TSLPR knockout mice bred in-house as described in
online repository.

RV Generation and Use

RV1B was generated as described?? . Mice were infected i.n. with 5 x 107 plaque forming
units (PFU) per ml of RV1B in 50 pl with or without OVA. Human RV-16 was propagated
as described?3 . Bronchial epithelial cells were exposed to HRV-16 at 10%-° 50% tissue
culture-infective dose (TCID%%) U/ml (MOI of ~1) 24,

Airway tolerance and allergic airway inflammation

Airway tolerance was induced with i.n. OVA as before 1112 and described in the online
section. Briefly, mice were exposed to 100 ug soluble OVA (Low Endo™, Purified; < 1
EU/mg, Worthington Biochemical Corp, Lakewood, NJ) for 3 consecutive days (day —10 to
-8). Rhinovirus was given i.n. at day —10 with antigen. Mice were subsequently sensitized
with OVA/alum i.p, and challenged later with 20 pg of OVA for 4 consecutive days, as
depicted in Fig. 1, to test the ability to modulate airway tolerance.

Bronchoalveolar lavage and lung histology

Bronchoalveolar lavage (BAL) was performed 24 hours after the last OVA challenge. BAL
fluid (BALF) was examined for cytokine content by ELISA. For lung histology, 5-6 pm
sections were stained with hematoxylin and eosin (H & E). Magnification x200 was used for
histologic scoring, and at least 6-8 fields were scored to obtain the average for each mouse.

Adoptive transfer to track Treg development

Naive OVA-specific CD25-CD4+ T cells were isolated from spleens of OT-1l1 TCR
transgenic mice with CD4 T Cell Isolation Kits (Miltenyi Biotec, San Diego, CA). 5x10°
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OT-II cells were injected i.v. into B6.PL Thy1.1 congenic mice and then 1 day later mice
were exposed to soluble OVA, or OVA with RV1B, given i.n. After 5 days, Foxp3
expression was assessed in gated OT-11 cells by flow cytometry as described in online
repository.

RT-PCR

Total RNA was isolated from lung tissue or PBEC using TRIzol reagent (Life Technologies,
NY) and from NHBE using RNeasy Kit from Qiagen (Valencia, CA). RNA was reverse
transcribed to cDNA by using Transcriptor First Strand cDNA Synthesis Kit (Roche
Diagnostics Corporation, Indianapolis, IN). Data are presented as normalized to ribosomal
protein housekeeping gene L32 or GAPDH.

ELISA and ELISPOT

Murine cytokines in BALF were assayed by ELISA by using paired antibodies according to
the manufacturers’ recommendations. ELISPOT assay for IL-4 and IL-13-secreting cells in
lymph nodes (LN) was performed at the time of analysis of Foxp3 expression, as described
before 11. 12,

Statistical analyses

Statistical analyses were performed with GraphPad Prism software (La Jolla, CA). Data are
expressed as means + SEMs and were analyzed by using student t test and one-way
ANOVA with bonferroni post-hoc tests where applicable. *P < 0.05.

RESULTS

Rhinovirus infection prevents airway tolerance and initiates Th2 lung inflammation

Recent studies have shown that the minor group RV serotype, RV1B, that infects both
humans and mice by binding to LDLR, induces airway neutrophilic inflammation and
airway hyper-responsiveness in mice reminiscent of the response in humans, thereby
providing a suitable model to study how RV affects adaptive immunity to model

allergens 2% 26_ Of particular interest is whether RV infection might antagonize the
development of tolerance in the lungs to inhaled protein antigens. To address this, mice were
exposed i.n. to pure soluble OVA protein as a nominal innocuous antigen for three
successive days. These are the conditions that we have shown results in the conversion of
antigen-reactive naive T cells into peripheral iTreg cells, and the development of tolerance
to the inhaled antigen as assessed by the absence of response when mice are subsequently
sensitized with OVA in alum and challenged with i.n. OVA 11.12 (see protocol Fig. 1, A).
Significantly, we observed that infection with RV1B at the time of inhalation of soluble
OVA antagonized tolerance, in that it led to the development of Th2 allergic airway disease
upon subsequent exposure to OVA (Fig 1). Rhinovirus infection led to eosinophilia (Fig 1,
B), neutrophilia (Fig 1, C), increased lymphocyte infiltration (Fig 1, D), and peribronchial
inflammation in the lungs (Fig 1, E), as well as elevated levels of Th2 cytokines in BALF
(Fig 1, F and G; upper panel) and a Th2 response in LN T cells revealed after restimulation
invitro with OVA (Fig 1, F and G; lower panel). These phenotypes almost recapitulated
those that developed in mice that were not tolerized with soluble OVA but were only
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exposed to PBS, although some evidence of a tolerogenic effect was still seen in
eosinophilia and Th2 cytokines.

Intranasal RV1B infection in mice has previously been found to result in transient
neutrophilia in the lungs along with influx of other inflammatory cells over the initial week
of infection 25, To show that our results represented a true block of tolerance to inhaled
protein antigen and not simply a residual response to the virus, we monitored the extent of
cellular infiltration in mice that were not subsequently challenged with OVA. These mice
displayed no significant eosinophilia and neutrophilia compared to mice that were
challenged with OVA (Fig 1, H). Thus, RV infection abrogated the induction of airway
tolerance to inhaled protein antigen, which resulted in susceptibility to mount a Th2-biased
lung inflammatory response upon re-encounter with the inhaled antigen.

We furthermore observed that rhinovirus infection had a small effect when inhaled by mice
that had already been tolerized, albeit the action was not as striking. Rhinovirus exposure 10
days after inhalation of soluble OVA (day 0) led to a low level of peribronchial
inflammation in the lungs (not shown), with some eosinophilia, neutrophilia, and IL-5
detectable in BALF and LN (see Fig E1 in this article’s Online Repository at
www.jacionline.org and data not shown). However, this was not statistically significant
compared to controls or compared to the response in mice receiving RV1B at the time of
tolerization. This suggests that RV likely exerts its major effect at the time of establishing
tolerance. However, as some activity was evident, these data lead to the hypothesis that RV
might lead to a break of established tolerance if infection was accompanied by another
insult, such as from a second virus or an allergen with strong TLR or protease activity.

Rhinovirus infection antagonizes airway tolerance through OX40L

We then pursued the critical molecules that RV infection can promote that prevented
tolerance induction. We previously reported that the interaction of the TNF family molecule
OX40 on activated T cells with OX40L on APCs strongly promotes T cell

responses 18 27. 28 and is critical to the development of Th2-driven airway

inflammation 1 16, We also found that OX40L is induced by signaling through the pattern
recognition receptors TLR4 and Nod2 in the lung resulting in a loss of tolerance 1. 12,
OX40L is not constitutively expressed, but suggesting RV infection might promote the same
pathway, we detected an increase in mMRNA within 5 hours of RV1B infection and also
visualized OX40L on CD11c* within 24 hours (Fig 2, A and B). To examine if OX40L was
active, mice were treated with blocking antibody once at the time of i.n. exposure to antigen
and RV1B. Mice were then subsequently sensitized and challenged with OVA as before, 10
days after the infection and treatment (see Fig. 1, A). Anti-OX40L significantly, albeit not
completely, inhibited the OVA-induced airway eosinophilia and neutrophilia,
bronchovascular inflammation, and Th2 cytokine response (Fig 2, C-F). The dose of the
antibody was chosen to ensure that OX40L was only blocked within a 5-7 day timeframe
when the virus was active and that it was not affecting the response to OVA during the
sensitization and challenge phases 11. To confirm this, mice were given anti-OX40L without
exposure to soluble OVA or RV1B, and then 10 days later sensitized and challenged with
OVA. Importantly, there was no effect on airway eosinophilia, Th2 cytokines, and other
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hallmarks of inflammation (see Fig E2 in this article’s Online Repository at
www.jacionline.org and data not shown). Thus, RV led to susceptibility to developing
antigen-induced airway inflammation via the OX40-OX40L pathway.

Rhinovirus suppresses the generation of antigen-specific Foxp3* T cells through OX40L

We previously reported that Foxp3* pTreg cells are part of the tolerogenic mechanism that
results upon inhalation of soluble antigen and that OX40 signaling can inhibit the generation
of these pTreg cells 11: 1219 e therefore tracked their generation by adoptive transfer of
naive (CD25-Foxp3-) Thyl.2* OVA-specific OT-Il TCR transgenic CD4 T cells into
Thy1.1 recipients, assessing conversion by staining for Foxp3 expression 1112, Flow
analysis demonstrated that ~3-4% of OT-11 CD4 cells converted into Foxp3* cells in vivo
with soluble OVA inhalation, and this was reduced to less than 1% after RV1B infection.
When converted to total numbers of cells, RV1B resulted in an approximate 50% decrease
in OVA-specific Foxp3* pTreg cells that developed over 5 days following the initial
exposure to soluble OVA, both in the lung draining LN (Fig 3, A; left panel) and lungs (Fig
3, A, right panel). Furthermore, RV1B promoted the appearance of OVA-specific IL-4 and
IL-13-secreting CD4 T cells at the same time (Fig 3, B and C), whereas few were found
under tolerizing conditions without RV1B infection. We estimated that the ratio of Treg
cells to IL-4-secreting or IL-13-secreting cells was approximately 250:1 and 500:1,
respectively, under tolerizing conditions. In contrast, upon exposure to RV1B the balance
between these cells changed to approximately 10:1 and 30:1, respectively (Fig 3, D and E).
Moreover, blocking OX40L partially prevented suppression of the generation of pTreg cells
(Fig 3, A) and also reduced the development of IL-4 and IL-13-secreting T cells by ~50%
(Fig. 3, Band C). The approximate ratio of Foxp3™* to IL-4 or IL-13-secreting T cells was
then skewed back in favor of the Treg cells, although the balance of these subsets was not
restored to the level seen under conditions without RV1B infection (Fig. 3, D and E).

TSLP participates in the rhinovirus response that blocks airway tolerance

Previous data suggested that TSLP, a product of epithelial cells, fibroblasts, and smooth
muscle cells, stimulates DCs to induce Th2 differentiation 22 30 through the induction of
OX40L 20, As RV primarily infects and replicates inside airway epithelial cells 9, we tested
whether RV1B induced TSLP in the lungs. Kinetic studies showed that RV1B induced
TSLP mRNA within 2 hours, and this peaked after 5 hours when OX40L mRNA was found.
TSLP protein was also detected in BALF at 24 hours (Fig 4, Aand B).

When TSLP receptor-deficient mice were given soluble i.n. OVA and infected with RV1B,
and then sensitized with OVA i.p. in alum 10 days later and subsequently challenged with
OVA (protocol Fig. 1a), they failed to mount a strong lung inflammatory response (see Fig
E3 in this article’s Online Repository at www.jacionline.org). However, from this
experiment it was not possible to conclude that RV1B promoted TSLP activity because
TSLPR-deficient mice are not able to mount a normal Th2 inflammatory response to OVA
when it is given in alum i.p. 1231, We therefore assessed early parameters in TSLPR-
deficient mice, before alum sensitization, to determine if TSLP was involved in the
induction of OX40L by RV1B, and suppression of the development of pTreg cells. Notably,
RV 1B failed to promote OX40L expression in the lungs of TSLPR-deficient mice as
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assessed at 5 hours post infection (Fig 4, C). Furthermore, the absence of TSLPR also
resulted in RV1B being less active in suppressing the development of OVA-reactive Foxp3*
pTreg cells and in promoting the appearance of I1L-4-secreting T cells when assessed 5 days
after infection and exposure to i.n. OVA (Fig 4, D and E). This resulted in a less pronounced
shift in the Treg/Th2 cell balance, in favor of the tolerogenic response (Fig 4, F). These data
suggest that RV exposure induces TSLP that is active in regulating OX40L expression on
APCs and this process then in part contributes to blocking the development of a suppressive
environment and tolerance. In the pTreg cell analysis, the induction of Foxp3 in WT OT-II
cells was assessed in TSLPR-/- mice, suggesting that TSLP activity was required on cells
other than the responding T cells, in line with the reduced OX40L expression. However, it
was still possible that TSLP also directly acted on the T cells, as suggested by one study that
found TSLP could suppress the induction of Foxp3 in isolated naive T cells 43,

IL-33 is essential to block airway tolerance after rhinovirus exposure

As blocking OX40L or TSLPR did not completely restore a state of tolerance in the context
of RV exposure, we sought another molecule that might synergize with these factors. IL-33
has been suggested to function as an alarmin that is expressed mostly by epithelial cells,
fibroblasts and endothelial cells 32. 1L-33 might have several functions and targets, but
interestingly was described to promote DC maturation that led to the differentiation of Th2
cells 33, Kinetic studies showed that 1L-33 mRNA levels peaked in the lungs within 2 hours
of RV1B infection, and the production of IL-33 protein was also detected in BALF at 24
hours (Fig 5, A and B).

Mimicking the phenotype observed when OX40L was blocked, and in TSLPR-deficient
mice, we found that inhibiting IL-33R with an antibody (a-T1/ST2) limited the activity of
RV1B in enabling an OVA-specific lung inflammatory response to develop (Fig 5, C-H).
Significantly, and in contrast to the absence of TSLPR signaling, blocking IL-33R had no
effect on OX40L expression induced by RV1B in the lung (Fig 6, A). However, IL-33 still
participated in the suppression of pTreg cell development and promotion of early I1L-4-
secreting T cells that were generated over the initial 5 days after inhalation of RV1B (Fig 6,
B-D). a-T1/ST2 treatment only affected the response generated to OVA during exposure to
RV as the antibody given to a naive mouse 10 days before OVA sensitization and challenge
have no effect on airway eosinophilia, neutrophilia and other inflammatory parameters (see
Fig E4 in this article’s Online Repository at www.jacionline.org and data not shown). Thus,
RV infection in the lung also elicits 1L-33 that synergizes with TSLP and OX40L to
antagonize the development of pTreg cells and airway tolerance.

TSLP and IL-33 are upregulated in airway epithelial cells after rhinovirus infection

To provide clinical significance, we found that RV16, a major group RV, also induced TSLP
MRNA in vitro in a time dependent manner in NHBE cells, although interestingly TSLP was
not induced in PBEC obtained from non-transplanted normal human lungs (Fig 7, Aand B).
This correlated with prior data that also described TSLP expression in NHBE cells infected
with RV16 34, Corresponding to the idea that 1L-33 was also derived from bronchial
epithelial cells, we found a time dependent increase of IL-33 mRNA in PBEC from normal
human lungs (Fig 7, C and D), although in this case not from NHBE cells, contrasting with
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TSLP (Fig. 7, A). However, in line with OX40L being derived from APCs, we did not detect
OX40L mRNA induced by RV16 in NHBE cells or PBEC (data not shown). Thus,
rhinovirus infection of the lung epithelium can antagonize airway tolerance to inhaled
antigen through the combined induction of TSLP and IL-33.
DISCUSSION

Rhinovirus infections can contribute to asthma and COPD exacerbations 9, but whether RVs
can initiate Th2-driven inflammation has not been clear. RV infects epithelium in both the
upper and lower respiratory tract % 3%, and RV-induced exacerbations in asthmatics have
been linked to defective expression of protective type I and 111 interferons in epithelial
cells 36: 37 However, epithelial cells are capable of producing many inflammatory
mediators 3° after stimulation of pattern recognition receptors 3839 which may be critical
for leading to Th2-biased disease. We now show in an experimental animal model that RV
infection of the respiratory tract can prevent the induction of tolerance to inhaled protein
antigen. Significantly, this is mediated through several molecules, likely derived from
airway epithelium, that link innate and adaptive immunity, and this results in susceptibility
to developing acute allergic airway inflammation.

In healthy lungs, tissue macrophages and DCs promote immune tolerance to innocuous
antigens, at least in part by promoting suppressive pTreg cells 14 40, We previously showed
that stimulation of the TLR4 and Nod2 pattern recognition receptors in the lungs, both of
which are expressed by airway epithelial cells, resulted in OX40L expression in lung and
lung-draining LN DCs. Antigen presentation in the context of this pattern recognition
receptor-induced OX40L then blocked pTreg cell formation, and concomitantly directed
Th2 cell development through signals transmitted from its receptor OX40 that is expressed
on antigen-stimulated T cells 11 12, Our studies here show that RV can promote the same
OX40L-dependent mechanism leading to susceptibility to developing allergic lung
inflammation. RV may target TLR3 and/or RIG-1 and MDA-5, suggesting a similar cascade
of molecular events may be downstream of several pattern recognition receptors.

OX40L can be directly induced in APCs by TLR signals 18, however it was likely that RV
induction of OX40L was indirect. Innate cytokines, particularly TSLP 12:20, that are mostly
the product of epithelial and fibroblast cells, have been reported to participate in promoting
OX40L expression in DCs. Thus, cross-talk between RV-infected epithelial cells and DCs
may be central to blocking airway tolerance and driving CD4 T cells into the Th2 pathway.
In line with this, we found that RV1B infection induced lung expression of TSLP in mice,
and also that RV16 induced TSLP in NHBE cells. Furthermore, we also found that TSLP
expression was promoted by RV1B infection of an alveolar epithelial cell line (A549; data
not shown). TSLP has been well documented as a factor that promotes Th2

differentiation 30 4142 put recently injection of TSLP in vivo was also shown to antagonize
airway tolerance against OVA and inhibit the generation of pTreg cells 43 confirming our
earlier results in TSLPR—/- mice 12. The data in the current study with TSLPR-/- mice
further support this contention and suggest TSLP is central to the inflammatory activity of
RV. TSLP may have both direct and indirect activities on T cells 43 44, however, with RV
here, and in our previous study in vivo with pattern recognition receptor ligands, we found
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OX40L expression in CD11c* DCs in the lung was dependent on TSLP. Moreover, much of
the activity of RV in suppressing naive T cell conversion into pTreg cells and promoting
IL-4-secreting effector T cells was lost when wild-type (TSLPR+) transgenic T cells were
responding in TSLPR-deficient hosts. This therefore supports the idea that the primary
action of TSLP in these scenarios is mediated by cross talk with APCs, albeit does not rule
out an additional direct action on the responding T cells.

TSLP has been shown to control the induction of lung inflammation in responses involving
OVA when the adjuvant is alum or a Nod ligand 123142 and when house dust mite (HDM)
extract was used as the allergen 45. Additionally, a recent clinical study 46, supported these
data and found that anti-TSLP reduced allergen-induced bronchoconstriction and
eosinophilia in mild allergic asthmatics, including patients allergic to HDM, cat dander,
grass pollen, ragweed, horse, and alternaria. Thus, TSLP may be central to many allergic/
type 2 responses that develop in the lungs. Surprisingly, one report found that TSLP was not
important for airway inflammation, also with HDM as the antigen 47, in this case using a
protocol of administration that was markedly shorter (10 days versus 32 days) than in the
aforementioned study where TSLP was active with HDM 45. However, interestingly, 1L-33
was required for this HDM-driven response, and also I1L-33 partially contributed to OX40L
expression that additionally participated in driving Th2 immunity 47. In our study here with
RV infection, IL-33 was active, but it synergized with TSLP in controlling the Treg/Th2 cell
balance. Epithelial cells in the lung are again the most likely candidates for producing

IL-33 4849 and we showed that RV infection could lead to production of 1L-33 in primary
epithelial cell cultures. Interestingly RV infection did not induce 1L-33 from NHBE cells,
contrasting with TSLP that was oppositely regulated. NHBE cells are usually isolated from
normal donor airway tissue positioned above the branching of the lungs and often passaged
before use, and the primary epithelial cells are established from mainstem to third generation
bronchi and used immediately. Thus, the variability in producing IL-33 versus TSLP might
then be due to alternate subsets of epithelial cells or simply phenotypic drift.

In contrast to blocking TSLP, we found no effect of blocking IL-33 on the ability of RV to
induce OX40L expression in the lung, contrasting with the study described above where
HDM-driven OX40L was IL-33 dependent in a system where TSLP was not active 47, It is
possible that both TSLP and IL-33 may have overlapping activities, but their relative
concentrations in vivo could dictate which is dominant for promoting OX40L. Likely, the
variability in the model systems used to analyze lung inflammation contribute to which
cytokine is active in this regard. However, in our study, even though OX40L was not
controlled by IL-33, this cytokine still was critical in determining the pTreg cell balance.
IL-33 can stimulate mast cells, basophils, INKT, ILC2, and NK cells 59-53 but has been
suggested to contribute directly to differentiation of naive CD4 T cells into Th2 cells %4,
Therefore, it is possible that IL-33 acted in our model system at least in part directly on the
antigen-responding T cells, providing synergistic signals that integrated with those from
OX40-OX40L interactions.

To summarize, the results of the present study demonstrate that RV can alter the respiratory
environment to disrupt the normal ability to induce T cell unresponsiveness. RV infection
induces TSLP and IL-33 expression, and TSLP-dependent upregulation of OX40L, and all
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three of these molecules contribute to the development of an adaptive immune response that
is characterized by an altered balance between suppressive pTreg cells and Th2 effector
cells. This may be a common response of viruses associated with allergic disease as recent
data with respiratory syncytial virus also found that it could promote TSLP expression in the
lung with concomitant OX40L expression in DCs °°. Neutralizing OX40L, TSLPR, or
IL-33R alone, or in combination, may represent a potential strategy for limiting the effects
of these respiratory viruses in contributing to asthma and allergic disease.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgements
We thank Steve Ziegler for originally making available mice deficient in TSLPR. This work was supported by NIH

grants Al070535 and Al103021 to M.C. This is manuscript number # 1734 from the La Jolla Institute for Allergy
and Immunology.

Abbreviations used

APCs Antigen presenting cells
BAL Bronchoalveolar lavage
DC Dendritic cell
Foxp3 Forkhead box protein 3
H&E Hematoxylin and eosin
.n. intranasal
LN Lymph node
NHBE Normal human bronchial epithelial
OVA Ovalbumin
OX40L 0OX40 ligand
PBEC Primary bronchial epithelial cell
RV Rhinovirus
pTreg peripherally-induced Regulatory T cell
TSLP Thymic stromal lymphopoietin
WT Wild-type
References

1. Johnston SL, Pattemore PK, Sanderson G, Smith S, Lampe F, Josephs L, et al. Community study of
role of viral infections in exacerbations of asthma in 9-11 year old children. BMJ. 1995; 310:1225-
1259. [PubMed: 7767192]

2. Nicholson KG, Kent J, Ireland DC. Respiratory viruses and exacerbations of asthma in adults. BMJ.
1993; 307:982-986. [PubMed: 8241910]

J Allergy Clin Immunol. Author manuscript; available in PMC 2017 January 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Mehta et al.

11.

12.

13.

Page 11

. Nagarkar DR, Bowman ER, Schneider D, Wang Q, Shim J, Zhao Y, et al. Rhinovirus infection of

allergen-sensitized and -challenged mice induces eotaxin release from functionally polarized
macrophages. J Immunol. 2010; 185:2525-2535. [PubMed: 20644177]

. Gern JE, Galagan DM, Jarjour NN, Dick EC, Busse WW. Detection of rhinovirus RNA in lower

airway cells during experimentally induced infection. Am J Respir Crit Care Med. 1997; 155:1159—
1161. [PubMed: 9117003]

. Papadopoulos NG, Bates PJ, Bardin PG, Papi A, Leir SH, Fraenkel DJ, et al. Rhinoviruses infect the

lower airways. J Infect Dis. 2000; 181:1875-1884. [PubMed: 10837165]

. Rakes GP, Arruda E, Ingram JM, Hoover GE, Zambrano JC, Hayden FG, et al. Rhinovirus and

respiratory syncytial virus in wheezing children requiring emergency care. IgE and eosinophil
analyses. Am J Respir Crit Care Med. 1999; 159:785-790. [PubMed: 10051251]

. Lemanske RF Jr, Jackson DJ, Gangnon RE, Evans MD, Li Z, Shult PA, et al. Rhinovirus illnesses

during infancy predict subsequent childhood wheezing. J Allergy Clin Immunol. 2005; 116:571—
577. [PubMed: 16159626]

. Jackson DJ, Gangnon RE, Evans MD, Roberg KA, Anderson EL, Pappas TE, et al. Wheezing

rhinovirus illnesses in early life predict asthma development in high-risk children. Am J Respir Crit
Care Med. 2008; 178:667—672. [PubMed: 18565953]

. Hershenson MB. Rhinovirus-Induced Exacerbations of Asthma and COPD. Scientifica (Cairo).

2013; 2013:405876. [PubMed: 24278777]

10. Wos M, Sanak M, Soja J, Olechnowicz H, Busse WW, Szczeklik A. The presence of rhinovirus in

lower airways of patients with bronchial asthma. Am J Respir Crit Care Med. 2008; 177:1082—
1089. [PubMed: 18276945]

Duan W, So T, Croft M. Antagonism of airway tolerance by endotoxin/lipopolysaccharide through
promoting OX40L and suppressing antigen-specific Foxp3+ T regulatory cells. J Immunol. 2008;
181:8650-8659. [PubMed: 19050285]

Duan W, Mehta AK, Magalhaes JG, Ziegler SF, Dong C, Philpott DJ, et al. Innate signals from
Nod2 block respiratory tolerance and program T(H)2-driven allergic inflammation. J Allergy Clin
Immunol. 2010; 126:1284-1293. e10. [PubMed: 21051079]

Duan W, So T, Mehta AK, Choi H, Croft M. Inducible CD4+LAP+Foxp3- Regulatory T Cells
Suppress Allergic Inflammation. J Immunol. 2011; 187:6499-6507. [PubMed: 22079987]

14. Soroosh P, Doherty TA, Duan W, Mehta AK, Choi H, Adams YF, et al. Lung-resident tissue

macrophages generate Foxp3+ regulatory T cells and promote airway tolerance. J Exp Med. 2013;
210:775-788. [PubMed: 23547101]

15. Jember AG, Zuberi R, Liu FT, Croft M. Development of allergic inflammation in a murine model

of asthma is dependent on the costimulatory receptor OX40. J Exp Med. 2001; 193:387-392.
[PubMed: 11157058]

16. Salek-Ardakani S, Song J, Halteman BS, Jember AG, Akiba H, Yagita H, et al. 0X40 (CD134)

Controls Memory T Helper 2 Cells that Drive Lung Inflammation. J Exp Med. 2003; 198:315-
324. [PubMed: 12860930]

17. So T, Song J, Sugie K, Altman A, Croft M. Signals from OX40 regulate nuclear factor of activated

T cellscl and T cell helper 2 lineage commitment. Proc Natl Acad Sci U S A. 2006; 103:3740—
3745. [PubMed: 16501042]

18. Croft M. Control of immunity by the TNFR-related molecule OX40 (CD134). Annu Rev Immunol.

2010; 28:57-78. [PubMed: 20307208]

19. So T, Croft M. Cutting Edge: OX40 Inhibits TGF-beta- and Antigen-Driven Conversion of Naive

CDA T Cells into CD25+Foxp3+ T cells. J Immunol. 2007; 179:1427-1430. [PubMed: 17641007]

20. Ito T, Wang YH, Duramad O, Hori T, Delespesse GJ, Watanabe N, et al. TSLP-activated dendritic

cells induce an inflammatory T helper type 2 cell response through OX40 ligand. J Exp Med.
2005; 202:1213-1223. [PubMed: 16275760]

21. Seshasayee D, Lee WP, Zhou M, Shu J, Suto E, Zhang J, et al. In vivo blockade of OX40 ligand

inhibits thymic stromal lymphopoietin driven atopic inflammation. J Clin Invest. 2007; 117:3868—
3878. [PubMed: 18060034]

J Allergy Clin Immunol. Author manuscript; available in PMC 2017 January 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Mehta et al.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Page 12

Nagarkar DR, Wang Q, Shim J, Zhao Y, Tsai WC, Lukacs NW, et al. CXCR2 is required for
neutrophilic airway inflammation and hyperresponsiveness in a mouse model of human rhinovirus
infection. J Immunol. 2009; 183:6698-6707. [PubMed: 19864593]

Sanders SP, Siekierski ES, Porter JD, Richards SM, Proud D. Nitric oxide inhibits rhinovirus-
induced cytokine production and viral replication in a human respiratory epithelial cell line. J
Virol. 1998; 72:934-942. [PubMed: 9444985]

Proud D, Hudy MH, Wiehler S, Zaheer RS, Amin MA, Pelikan JB, et al. Cigarette smoke
modulates expression of human rhinovirus-induced airway epithelial host defense genes. PloS one.
2012; 7:e40762. [PubMed: 22808255]

Bartlett NW, Walton RP, Edwards MR, Aniscenko J, Caramori G, Zhu J, et al. Mouse models of
rhinovirus-induced disease and exacerbation of allergic airway inflammation. Nat Med. 2008;
14:199-204. [PubMed: 18246079]

Newcomb DC, Sajjan US, Nagarkar DR, Wang Q, Nanua S, Zhou Y, et al. Human rhinovirus 1B
exposure induces phosphatidylinositol 3-kinase-dependent airway inflammation in mice. Am J
Respir Crit Care Med. 2008; 177:1111-1121. [PubMed: 18276942]

Gramaglia I, Weinberg AD, Lemon M, Croft M. OX40 ligand: a potent costimulatory molecule for
sustaining primary CD4 T cell responses. J Immunol. 1998; 161:6510-6517. [PubMed: 9862675]
Rogers PR, Song J, Gramaglia I, Killeen N, Croft M. OX40 promotes Bcl-xL and Bcl-2 expression
and is essential for long-term survival of CD4 T cells. Immunity. 2001; 15:445-455. [PubMed:
11567634]

Sims JE, Williams DE, Morrissey PJ, Garka K, Foxworthe D, Price V, et al. Molecular cloning and
biological characterization of a novel murine lymphoid growth factor. J Exp Med. 2000; 192:671—
680. [PubMed: 10974033]

Soumelis V, Reche PA, Kanzler H, Yuan W, Edward G, Homey B, et al. Human epithelial cells
trigger dendritic cell mediated allergic inflammation by producing TSLP. Nat Immunol. 2002;
3:673-680. [PubMed: 12055625]

Al-Shami A, Spolski R, Kelly J, Keane-Myers A, Leonard WJ. A role for TSLP in the
development of inflammation in an asthma model. J Exp Med. 2005; 202:829-839. [PubMed:
16172260]

Liew FY, Pitman NI, Mclnnes IB. Disease-associated functions of IL-33: the new kid in the IL-1
family. Nat Rev Immunol. 2010; 10:103-110. [PubMed: 20081870]

Rank MA, Kobayashi T, Kozaki H, Bartemes KR, Squillace DL, Kita H. IL-33-activated dendritic
cells induce an atypical TH2-type response. J Allergy Clin Immunol. 2009; 123:1047-1054.
[PubMed: 19361843]

Kato A, Favoreto S Jr, Avila PC, Schleimer RP. TLR3- and Th2 cytokine-dependent production of
thymic stromal lymphopoietin in human airway epithelial cells. J Immunol. 2007; 179:1080-1087.
[PubMed: 17617600]

Proud D, Leigh R. Epithelial cells and airway diseases. Immunol Rev. 2011; 242:186-204.
[PubMed: 21682746]

Wark PA, Johnston SL, Bucchieri F, Powell R, Puddicombe S, Laza-Stanca V, et al. Asthmatic
bronchial epithelial cells have a deficient innate immune response to infection with rhinovirus. J
Exp Med. 2005; 201:937-947. [PubMed: 15781584]

Contoli M, Message SD, Laza-Stanca V, Edwards MR, Wark PA, Bartlett NW, et al. Role of
deficient type Il interferon-lambda production in asthma exacerbations. Nat Med. 2006; 12:1023—
1026. [PubMed: 16906156]

Hammad H, Lambrecht BN. Dendritic cells and epithelial cells: linking innate and adaptive
immunity in asthma. Nat Rev Immunol. 2008; 8:193-204. [PubMed: 18301423]

Kato A, Schleimer RP. Beyond inflammation: airway epithelial cells are at the interface of innate
and adaptive immunity. Curr Opin Immunol. 2007; 19:711-720. [PubMed: 17928212]

Khare A, Krishnamoorthy N, Oriss TB, Fei M, Ray P, Ray A. Cutting edge: inhaled antigen
upregulates retinaldehyde dehydrogenase in lung CD103+ but not plasmacytoid dendritic cells to
induce Foxp3 de novo in CD4+ T cells and promote airway tolerance. J Immunol. 2013; 191:25—
29. [PubMed: 23733880]

J Allergy Clin Immunol. Author manuscript; available in PMC 2017 January 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Mehta et al.

41.

42.

43.

44,

45,

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Page 13

Ying S, O’Connor B, Ratoff J, Meng Q, Fang C, Cousins D, et al. Expression and cellular
provenance of thymic stromal lymphopoietin and chemokines in patients with severe asthma and
chronic obstructive pulmonary disease. J Immunol. 2008; 181:2790-2798. [PubMed: 18684970]

Zhou B, Comeau MR, De Smedt T, Liggitt HD, Dahl ME, Lewis DB, et al. Thymic stromal
lymphopoietin as a key initiator of allergic airway inflammation in mice. Nat Immunol. 2005;
6:1047-1053. [PubMed: 16142237]

Lei L, Zhang Y, Yao W, Kaplan MH, Zhou B. Thymic stromal lymphopoietin interferes with
airway tolerance by suppressing the generation of antigen-specific regulatory T cells. J Immunol.
2011; 186:2254-2261. [PubMed: 21242516]

Rochman I, Watanabe N, Arima K, Liu YJ, Leonard WJ. Cutting edge: direct action of thymic
stromal lymphopoietin on activated human CD4+ T cells. J Immunol. 2007; 178:6720-6724.
[PubMed: 17513717]

Chen ZG, Zhang TT, Li HT, Chen FH, Zou XL, Ji JZ, et al. Neutralization of TSLP inhibits airway
remodeling in a murine model of allergic asthma induced by chronic exposure to house dust mite.
PLoS ONE. 2013; 8:51268. [PubMed: 23300949]

Gauvreau GM, O’Byrne PM, Boulet LP, Wang Y, Cockcroft D, Bigler J, et al. Effects of an anti-
TSLP antibody on allergen-induced asthmatic responses. N Engl J Med. 2014; 370:2102-2110.
[PubMed: 24846652]

Chu DK, Llop-Guevara A, Walker TD, Flader K, Goncharova S, Boudreau JE, et al. IL-33, but not
thymic stromal lymphopoietin or IL-25, is central to mite and peanut allergic sensitization. J
Allergy Clin Immunol. 2013; 131:187-200. e1-8. [PubMed: 23006545]

Hardman CS, Panova V, McKenzie AN. IL-33 citrine reporter mice reveal the temporal and spatial
expression of 1L-33 during allergic lung inflammation. Eur J Immunol. 2013; 43:488-498.
[PubMed: 23169007]

Yasuda K, Muto T, Kawagoe T, Matsumoto M, Sasaki Y, Matsushita K, et al. Contribution of
IL-33-activated type Il innate lymphoid cells to pulmonary eosinophilia in intestinal nematode-
infected mice. Proc Natl Acad Sci U S A. 2012; 109:3451-3456. [PubMed: 22331917]

Enoksson M, Moller-Westerberg C, Wicher G, Fallon PG, Forsberg-Nilsson K, Lunderius-
Andersson C, et al. Intraperitoneal influx of neutrophils in response to IL-33 is mast cell-
dependent. Blood. 2013; 121:530-536. [PubMed: 23093619]

Smithgall MD, Comeau MR, Yoon BR, Kaufman D, Armitage R, Smith DE. IL-33 amplifies both
Th1- and Th2-type responses through its activity on human basophils, allergen-reactive Th2 cells,
iNKT and NK cells. Int Immunol. 2008; 20:1019-1030. [PubMed: 18550585]

Neill DR, Wong SH, Bellosi A, Flynn RJ, Daly M, Langford TK, et al. Nuocytes represent a new
innate effector leukocyte that mediates type-2 immunity. Nature. 2010; 464:1367-1370. [PubMed:
20200518]

Chang YJ, Kim HY, Albacker LA, Baumgarth N, McKenzie AN, Smith DE, et al. Innate lymphoid
cells mediate influenza-induced airway hyper-reactivity independently of adaptive immunity. Nat
Immunol. 2011; 12:631-638. [PubMed: 21623379]

Kurowska-Stolarska M, Kewin P, Murphy G, Russo RC, Stolarski B, Garcia CC, et al. IL-33
induces antigen-specific IL-5+ T cells and promotes allergic-induced airway inflammation
independent of IL-4. J Immunol. 2008; 181:4780-4790. [PubMed: 18802081]

Han J, Dakhama A, Jia Y, Wang M, Zeng W, Takeda K, et al. Responsiveness to respiratory
syncytial virus in neonates is mediated through thymic stromal lymphopoietin and OX40 ligand. J
Allergy Clin Immunol. 2012; 130:1175-1186. €9. [PubMed: 23036746]

J Allergy Clin Immunol. Author manuscript; available in PMC 2017 January 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Mehta et al.

Page 14

Key Messages

1. RVI1B infection initiates Th2 responses in the lung and antagonizes Foxp3*
Treg cells and induction of tolerance.

2. RVI1B induces IL-33 and TSLP-dependent OX40L in the lung.
3. RV16 upregulates TSLP and IL-33 in human lung epithelial cells.
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Rhinovirus blocks induction of tolerance to inhaled antigen. A, Schematic of experimental
protocols. Mice were tolerized with i.n. OVA, with or without RV1B. Non-tolerized mice
received PBS i.n. All mice were sensitized with OVA/alum i.p. on day 10, and challenged

with i.n. OVA 2 weeks later to assess lung inflammation. B-D, BAL eosinophils,

neutrophils, and lymphocytes. E, H & E lung sections (upper) and inflammation score

(lower). Fand G, IL-5 and IL-13 in BALF (upper) and LN culture supernatant (lower). H,
BAL eosinophils and neutrophils in mice given i.n. OVA with RV that were not challenged
or challenged with OVA. Results are means £ SEM from 4 mice/group, and representative

of 3 experiments.
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FIG 2.

Rhinovirus infection inhibits airway tolerance through OX40L. A, OX40L mRNA in lung
tissue after RV1B infection. B, OX40L on CD11c™ cells. Isotype control (solid gray), naive
(dashed) and RV1B (solid black). C—-F, WT mice were tolerized, sensitized and challenged
as in Fig 1A. Anti-OX40L or control antibody were given i.p. at the time of RV1B infection.
CD, BAL eosinophils and neutrophils. E, H & E lung sections (left) and inflammation score
(right). F, BALF IL-5 and IL-13. Results are means + SEM from 3-4 mice/group and

representative of 3 experiments.

J Allergy Clin Immunol. Author manuscript; available in PMC 2017 January 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Mehta et al.
CD4+ Foxp3+
L5y =
— I
= 1.0 T
é
)
S
£ 0.5
Z
0.0 T T
04\\ \°‘Q 4."9\)
RS o
N &

250+
2004
150+

100+

Cell Number

50

1.n. OVA+RV

CD4+1IL-13+

I
S
&

1.n. OVA+RV

FIG 3.

Number (x 104)

Ratio

CD4+Foxp3+

% %k |

|1
LA 1

|
I
g

-

1n. OVA+RV

Foxp3+ : IL-4
300+
200 +
100
h——
B e
& Qv
S A
& o

1n. OVA +RV

Page 17

B

Cell Number

Ratio

CD4+ IL-4+
500- ————
4004
30 O-D Medium
jll OVA

2004
100~

0-

» O v
& O
N &

1.n. OVA+RV

Foxp3+: IL-13

6001

4004

200+

ol | mumm [
OQY’ \QS’ 4[39\/

S O
& 2 o_

1n. OVA+RV

Rhinovirus suppresses the generation of OVA-specific Foxp3* T cells through OX40L. A-
E, OVA-specific OT-II T cells were transferred into congenic mice, that were then tolerized
with OV given i.n. on 3 consecutive days, with or without RV1B infection. Mice were
treated with 1gG or a-OX40L at the time of RV1B infection. A, Number of Foxp3* OT-II T
cells enumerated in LN (left) and lung (right) by flow cytometry, 5 days after the first
inhalation of soluble OVA. B and C, Number of IL-4 and IL-13-secreting CD4 T cells
enumerated in LN by ELISPOT at the same time. D and E, Ratio of Foxp3* and IL-4 and
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IL-13-secreting CD4 T cells. Results are means + SEM from 3—4 mice/group and
representative of 2 experiments.
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FIG 4.

TSLP is required for rhinovirus to modulate the lung tolerogenic environment. A, TSLP
mMRNA in lung tissue after RV1B infection over 72h. B, TSLP protein in BALF after 24
hours. C, OX40L mRNA in lung tissue after RV1B infection of WT or TSLPR-/- mice at
5h. D-F, OT-1I T cells were transferred into WT or TSLPR—/- mice as in Fig. 3. Recipients
were tolerized with OVA and infected with RV1B as before. D, Number of Foxp3* OT-II T
cells in LN, 5 days after OVA inhalation. E, Number of IL-4-secreting CD4 T cells in LN.
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F, Ratio of Foxp3* and IL-4-secreting CD4 T cells in LN. Results are means + SEM from
3-4 mice/group and representative of 2 experiments.
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FIG 5.

IL-33 is necessary for rhinovirus to block airway tolerance. A, IL-33 mRNA in lung tissue
after RV1B infection over 72 hours. B, IL-33 protein in BALF after 24 hours. C-G, WT
mice were tolerized, sensitized and challenged as in Fig. 1A, to assess lung inflammation.
Anti-T1/ST2, or control antibody, were given i.p. at the time of RV1B infection. C-E, BAL
eosinophils, neutrophils, and lymphocytes. F and G, IL-5 and IL-13 in BALF (upper) and
LN culture supernatant (lower). H, H & E lung sections (left) and inflammation score
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(right). Results are means + SEM from 4 mice/group and representative of 2-3 independent
experiments.
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IL-33 is required for rhinovirus to modulate the Treg/Th2 balance. A, OX40L mRNA at 5
hours in lung tissue of control IgG and a-T1/ST2 treated mice after RV1B infection. B-D,
OT-1 T cells were transferred into wild type congenic mice as in Fig. 3. Recipients were
tolerized and infected with RV1B as before. B, Number of Foxp3* OT-II T cells enumerated
in LN by flow cytometry, 5 days after OVA inhalation. C, Number of IL-4-secreting CD4 T
cells in LN by ELISPOT. D, Ratio of Foxp3* to IL-4-secreting CD4 T cells. Results are
means + SEM from 3-4 mice/group and representative of 2 independent experiments.
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FIGT7.
TSLP and IL-33 are upregulated in human airway epithelial cells by rhinovirus. A-B, TSLP

mRNA and C-D, IL-33 mRNA from 24-72 hours in NHBE and PBEC after RV16 infection
in vitro, compared to unstimulated controls. Results are means + SEM from 3 independent
experiments with cells from a single donor for NHBE, and means + SEM from cells derived
from 3 different donors for PBEC. PBEC results are representative of 2 experiments.
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