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Abbreviations: a-SMA, alpha-smooth muscle actin; BAL, bronchoalveolar lavage; HVEM,
herpesvirus entry mediator; LIGHT, homologous to lymphotoxins, exhibits inducible
expression, competes with HSV Glycoprotein D for HVEM, a receptor expressed by T
lymphocytes; LTPR, lymphotoxin beta receptor; Mch, Methacholine; TNFSF, Tumor

necrosis factor superfamily protein; WT, Wild type.

ABSTRACT

Background: Rhinovirus (RV) can exacerbate allergen-driven asthma. However, it has been
suggested that serial infections with RV may also lead to asthma-like features in childhood
without prior allergen exposure.

Aim: We sought to test the effects of RV infection in the absence of allergen challenge on
lung tissue remodeling and to understand if RV induced factors in common with allergen that
promote remodeling.

Methods: We infected C57BL/6 mice multiple times with RV in the absence or presence of
allergen to assess airway remodeling. We used knockout mice and blocking reagents to
determine the participation of LIGHT (TNFSF14), as well as IL-1f and TGF-f, each
previously shown to contribute to lung remodeling driven by allergen.

Results: Recurrent RV infection without allergen challenge induced an increase in
peribronchial smooth muscle mass and subepithelial fibrosis. RV induced LIGHT expression
in mouse lungs after infection, and alveolar epithelial cells and neutrophils were found to be
potential sources of

LIGHT. Accordingly, LIGHT-deficient mice, or mice where LIGHT was neutralized,
displayed reduced smooth muscle mass and lung fibrosis. Recurrent RV infection also

exacerbated the airway remodeling response to house dust mite allergen and this was
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significantly reduced in LIGHT deficient mice. Furthermore, neutralizing IL-1 or TGF-j
also limited subepithelial fibrosis and/or smooth muscle thickness induced by RV.
Conclusion: Rhinovirus can promote airway remodeling in the absence of allergen through

upregulating common factors that also contribute to allergen-associated airway remodeling.

Keywords: asthma; collagen; rhinovirus; smooth muscle; TNFSF14.

INTRODUCTION

The development of asthma is linked not only to respiratory allergen sensitization, but
also to viral respiratory tract infections. Viral infections are thought to trigger 80% of asthma
exacerbations in children and nearly 50% in adults, with human rhinovirus (RV) being the
most common virus identified (1, 2). However, in addition to exacerbating pre-existing
asthma, it has been suggested that viral infection may predispose to development of asthma
or induce symptoms similar to those seen in allergic asthmatics. Clinical studies have shown
that children at an early age who wheeze because of RV infections are at significantly
increased risk of developing asthma (3, 4). Moreover, longitudinal analyses found that
preschool children can have more than six RV infections per year and serial infections can
lead to episodes of wheezing reminiscent of asthma (5, 6). This has then led to the hypothesis
that recurrent RV infection may not only be a stimulus for asthma progression but could also
play a significant role in the development of asthmatic inflammatory features in the lung in
childhood without an allergen trigger (7). In line with this a number of mouse studies have
shown that RV infection can lead to rapid transient influx of inflammatory cells into the

lungs, including neutrophils and T cells, that result in acute asthma-like symptoms (8-11).
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Airway remodeling is an important feature in severe asthma that manifests as
subepithelial thickening, extracellular matrix deposition or fibrosis, and an increase in airway
smooth muscle (ASM) mass (12-14). Originally, it was thought that chronic airway
inflammation precedes airway structural changes, as remodeling features were suggested to
be absent in symptomatic infants with an airflow limitation (15). However, it has been
suggested more recently that components of an airway remodeling response can also be
present in preschool children with airflow limitation even before any diagnosis of asthma (16,
17). Thus, remodeling may also begin in early childhood due to extrinsic influences such as
viral infections that could be unrelated to allergen exposure (7). Substantiating this idea,
several studies have shown that RV infection of cultured lung epithelial cells can upregulate
several soluble inflammatory molecules linked to airway remodeling in asthma including
amphiregulin, vascular endothelial growth factor (VEGF), fibroblast growth factor (FGF),
and matrix metalloproteinase 9 (MMP-9) (18-21).

In this context, previous work from our laboratory showed that another inflammatory
molecule, tumor necrosis factor (TNF) superfamily member 14 (TNFSF14), also termed
LIGHT or CD258, is a strong driver of airway remodeling in models of allergen-induced
severe asthma (22). Moreover, we recently also showed that LIGHT can contribute to fibrosis
in the lungs and skin in models of scleroderma (23, 24). This led us to question whether RV
might also upregulate the expression of LIGHT and then whether recurrent RV infection
could promote airway remodeling that involved this cytokine regardless of allergen exposure.
Indeed, here we show that infection of naive mice with RV1B alone promotes expression of
LIGHT in the lungs, and that LIGHT, together with TGF-B and IL-1fB, are active in
promoting airway fibrosis and increases in smooth muscle mass when mice are infected
multiple times with RV1B. The data suggest that even without allergen sensitization RV can

drive production of inflammatory factors that can contribute to airway remodeling, and that
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RV may enhance asthma-related remodeling through upregulating common factors that are

also active with allergen.

METHODS
Mice

WT and LIGHT-/- C57BL/6 mice (22) were either purchased from The Jackson
Laboratory (Bar Harbor, ME) or bred in-house. All experiments were in compliance with the
regulations of the La Jolla Institute for Allergy and Immunology Animal Care Committee in
accordance with guidelines of the Association for the Assessment and Accreditation of

Laboratory Animal Care.

RY generation and experimental protocols

RVIB stocks were generated as described elsewhere (25). Mice were infected
recurrently with 50 pul of RVIB (~5 x 10" PFU/ml) intranasally (i.n.) twice a week for a
period of 3 weeks and then sacrificed 24 h after the last i.n. infection. For blocking LIGHT
signaling or neutralizing TGF-B and IL-1B, control rat IgG (100 pg; Millipore Sigma,
Darmstadt, Germany), LTBR.Fc (100 pg; made in-house), a-TGF-B (300 ug; Bio X Cell,
West Lebanon, NH) or a-IL-1f (100 pg R&D Systems Inc. Minneapolis, MN) were
administered i.p. 24 h before every RV challenge throughout the study period. For HDM
experiments, mice were exposed i.n. to 50 pg of HDM extract on days 0, 1, 7, and 8, and then
to 25 ug of HDM extract on days 21-23. The next week HDM extract (25 pg) was given
alone, or with concomitant i.n. infection with RV1B (~5 x 107 PFU/ml), twice a week for

another 4 weeks.
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Bronchoalveolar lavage and lung histology

Bronchoalveolar lavage (BAL) was performed 24 h after the last RV1B challenge.
Part of the lung was kept in RNAlater solution (Invitrogen, San Diego, CA) for RNA
isolation and the other part was snap frozen and homogenized for analysis of total lung
collagen using Sircol™ Assay kit (Biocolor Assay, UK). For lung histology, 5-6 um sections
were cut and stained with hematoxylin and eosin (H&E) for examining cell infiltration.
Magnificationx200 was used for histologic scoring, and at least 5 fields were scored to obtain
the average for each mouse. For airway remodeling analysis, paraformaldehyde fixed lung
sections were stained with Masson’s Trichrome blue or anti-alpha smooth muscle actin
(Sigma) and scored with an image analysis system (Image-Pro Plus, Media Cybernetics,
Rockville, Md) (22, 23). In some experiments, smooth muscle thickness was also evaluated
using immunofluorescence staining as described elsewhere (23). Results using gene-deficient
mice or blocking reagents are expressed as induced responses above background levels in

naive un-manipulated mice.

Lung cell isolation

For sorting of cell populations where indicated, lungs were digested using 1x
collagenase/hyaluronidase solution and DNase (StemCell Technologies). After incubation
with mouse Fc-blocking antibody (2.4G2), neutrophils (CD45+CD11b+Ly6G+), Ly6G- cells
(CD45+CD11b+Ly6G-), and CD45- cells, were isolated using a FACSAria cell sorter (BD

Biosciences).

RT-PCR and real-time PCR

Mouse lung tissue or sorted cells, or human cell lines A549 and BEAS-2B, were

homogenized using TRIzol reagent (Invitrogen, Carlsbad, CA) with gentleMACS Dissociator
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(Miltenyi Biotech, San Diego, Ga) for RNA isolation. An aliquot of total RNA (1 pg) from
whole lung or 0.4 pg of total RNA from sorted cells were reverse transcribed to cDNA by
using Transcriptor First Strand cDNA Synthesis Kit (Roche Diagnostics Corporation,
Indianapolis, IN). RVIB viral RNA expression in the lung was conducted using RVI1B
specific primers. Data are presented as normalized to ribosomal protein housekeeping gene

L32 for lung samples or GAPDH for A549 or BEAS-2B cell lines.

Statistical analyses

All results are presented as mean + SEM. Statistical analyses were performed with
GraphPad Prism software (GraphPad Software, La Jolla, CA). Mann-Whitney U test was
performed for analysis of two groups, where indicated. Non-parametric Kruskal Wallis test
was used along with Dunn’s post-hoc analysis when more than two groups were compared.

*P<0.05, **P<0.01, ***P<0.001.

RESULTS
Recurrent rhinovirus infection induces airway remodeling in vivo

The minor group rhinovirus serotype, RV1B, that infects both humans and mice by
binding low density lipoprotein receptor, induces airway neutrophilia in mice reminiscent of
the response in humans (8). In this context, acute RVIB infection of mice can lead to
inflammatory factors that participate in the initial influx of neutrophils, as well as
lymphocytes and other lymphoid cell types, and can contribute to exacerbation of acute lung
inflammation driven by allergen (8-11, 26). However, little attention has been given to
whether RV1B infection can promote airway remodeling. As multiple exposures to RV in
children have been associated with wheezing and possible development of lung remodeling

before asthma diagnosis, we asked whether recurrent RV1B challenge was able to drive
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airway fibrosis and lung remodeling in the mouse in the absence of allergen sensitization. RV
is thought to largely infect lung epithelial cells, and the proportion of infectible upper and
lower epithelial cells increases with the inoculum but does not exceed 10% even when using
different strains of RVs (27, 28). Furthermore, with a single RV1B dose given via the lungs
to mice, viral load is maximal at 1-day post infection, and RV 1B is not detectable thereafter
(29). Thus, mice were exposed i.n. to RV1B twice a week for a period of 3 weeks to allow
increased infection in the lower airways and attempt to create a model that potentially mimics
inflammatory activity associated with multiple exposures in children (Fig. 1).

Significantly, we observed that multiple infections with RV1B led to collagen
deposition in the subepithelial regions (Fig. 1A), and total lung collagen was significantly
increased (FIG. S1A). Furthermore, recurrent RV1B challenge also led to an increase in the
thickness of peribronchial smooth muscle (Fig. 1B). As expected, we found marked
bronchovascular inflammation, and significantly elevated numbers of BAL neutrophils but
not eosinophils compared to control mice (FIG. S1B, C). Thus, mice exposed multiple times
to RV display salient features of airway remodeling without concomitant allergen

sensitization or a primary Th2 environment as shown by the lack of eosinophilia.

Blockade of LIGHT reduces features of airway remodeling induced by RV

We then assessed whether the TNF family molecule LIGHT might play a role in lung
remodeling driven by RV infection. Our previous studies in mice challenged intranasally with
HDM allergen, or intratracheally with the antibiotic bleomycin, showed that LIGHT was
upregulated in the lungs and was a major participant in driving maximal airway fibrosis and
tissue remodeling (22, 23). Because there is no reliable reagent to detect LIGHT protein in
the mouse, we measured LIGHT mRNA in whole lung tissue and found its expression was

induced within 24 h of initial infection (Fig. 2A). There are several possible sources of
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LIGHT, including T cells, dendritic cells, and macrophages. However, given the early
expression in vivo, the fact that RV primarily infects and replicates in lung epithelial cells,
and that RV also induces rapid lung neutrophilia in the initial 24 h of infection, we tested
whether these two cell types might also be sources of LIGHT. Due to the difficulty of
isolating mouse lung epithelial cells, we infected the human alveolar epithelial cell line,
A549, in vitro and found significant upregulation of LIGHT mRNA (Fig. 2B). We then
sorted CD45+CD11b+Ly6G+ neutrophils from the lungs and compared LIGHT expression in
these cells with that in CD11b+Ly6G- cells, both in naive mice or 24 h after infection with
RVI1B. Interestingly, in naive lungs LIGHT mRNA was detectable in Ly6G- cells, which
represent a mixture of dendritic cells and macrophages, but stronger expression was seen in
Ly6G+ neutrophils and this expression was substantially enhanced after infection (Fig. 2C).
In contrast, CD45- cells had little/no expression of LIGHT. These data suggest that
neutrophils and myeloid cells may primarily produce LIGHT during RV infection, although
given the complications in extracting CD45- cells this does not exclude epithelial cells as also
being a source. To further implicate neutrophils, we injected mice with a depleting anti-
Ly6G/Gr-1 antibody and found that expression of LIGHT mRNA was reduced in total lung
extracts (Fig. 2D), albeit not to background levels, again implying that there are several
sources of LIGHT.

Next, we challenged LIGHT-/- mice with RV1B as in Fig. 1. Gene-deficient mice
displayed significantly less fibrosis compared to WT mice, as measured by peribronchial
trichrome staining (Fig. 3A) and assay for total lung collagen (FIG. S2A), although this
phenotype was not reduced completely. Staining and quantification of a-SMA expression
also revealed a decrease in peribronchial smooth muscle mass (Fig. 3B), although again not
to baseline levels. Unlike the airway remodeling features, LIGHT-/- mice had relatively

unaffected lung inflammation as measured by histologic scoring of infiltrates around the
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bronchioles, albeit analysis of BAL fluid showed a significant decrease in neutrophilia and
slightly elevated lymphocyte levels (FIG. S2B-D). Airway hyperresponsiveness (AHR), as
measured by response to methacholine, was elevated in RV-challenged WT mice but was not
reproducibly reduced in LIGHT-/- mice (data not shown), correlating with significant levels
of inflammation still remaining in the lungs of these mice. This implies that in this scenario
AHR was primarily a feature of the inflammatory cell response rather than the remodeling
response. The viral load was also similar in LIGHT-/- mice as measured by qPCR 24 h after
the last infection (FIG. S2E), suggesting the reduced remodeling response in the absence of
LIGHT was not related to altered viral load.

To further confirm these results, we treated WT mice with an lymphotoxin beta
receptor fusion protein (LTBR.Fc) that can block the interaction between LIGHT and its two
receptors LTBR and HVEM (22). Similar to LIGHT-/- mice, WT mice treated with LTBR.Fc
had less fibrosis (Fig. 3C) and smooth muscle mass (Fig. 3D). LTBR-/- mice lack lymph
nodes and display other developmental issues, and thus cannot be used to effectively assess
the contribution of this receptor. However, we carried out similar experiments in HVEM-/-
mice and observed no significant difference in terms of RV-induced collagen accumulation
and a-SMA expression (data not shown) suggesting LTPR is the primary LIGHT receptor
that is active. Collectively, these data show that LIGHT is expressed during infection with
RV in the absence of allergen exposure and can contribute partially to airway remodeling that

occurs during repetitive infections, although it is not the only factor driving this phenotype.

LIGHT plays a role in promoting collagen and smooth muscle thickness with
concomitant rhinovirus and allergen challenge
We then tested whether LIGHT was involved in airway remodeling when rhinovirus

infection was combined with allergen exposure. We sensitized and challenged mice with

This article is protected by copyright. All rights reserved.



HDM extract alone over a period of 3 weeks to develop acute airway inflammation and then
exposed mice to either HDM alone or HDM with RV1B twice a week for another four weeks.
Co-exposure of mice to RV1B resulted in an approximate doubling of the remodeling
response in terms of peribronchial collagen and smooth muscle mass (Fig. 4A,B) over that
seen with HDM. We previously reported that LIGHT contributed to remodeling in the lungs
of HDM-challenged mice but eosinophil numbers, the overall extent of peribronchial cellular
infiltrates, and the overall Th2 response were largely unaltered (22), and this observation was
reproduced here. Moreover, LIGHT still contributed to remodeling driven by HDM given
together with RV1B (Fig. 4A,B), although a substantial level of remodeling was evident in

the absence of LIGHT.

IL-1p and TGF-B also participate in airway remodeling induced by recurrent
rhinovirus exposure

As remodeling was not completely negated by neutralizing the activity of LIGHT, we
then sought other molecules that might be upregulated by RV and could contribute to the
remodeling process. IL-1P is one candidate as revealed by induction of lung remodeling in
mice where this cytokine was over-expressed in the lungs using a transgenic (30) or
adenoviral approach (31). RV1B has been shown to induce IL-1f in the lungs in vivo (8), and
we confirmed an early increase in mRNA for IL-1f in lung tissue of RV1B infected mice.
Expression of IL-1p mRNA was primarily in sorted Ly6G+ neutrophils and to a lesser extent
Ly6G- cells from naive mouse lungs and this was upregulated after RV1B infection (FIG.
S3A,B). Further suggesting that neutrophils were a primary source of this cytokine, depletion
of these cells with anti-Ly6G antibody significantly reduced RV 1B-induced IL-1[ expression
(FIG. S3C). We did not see a strong signal for IL-1f in lung CD45- cells, again with the

caveats discussed above, but observed significant upregulation of IL-1B mRNA after
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infection of human bronchial epithelial cells (BEAS-2B), but not in A549 alveolar epithelial
cells (FIG. S3D, and data not shown). This is consistent with a previous study of IL-
1B expression in isolated bronchial epithelial cells infected with RV (20).

We then treated mice with a neutralizing antibody to IL-1 given 24 h before each
recurrent RV1B challenge. Similar to inhibiting LIGHT activity, blocking IL-1f significantly
reduced fibrosis (Fig. 5A) as well as smooth muscle mass (Fig. 5B). This was also
accompanied by a significant decrease in BAL neutrophils but comparable lymphocytes
numbers, reminiscent of the effect when LIGHT was neutralized (FIG. S4A,B). Viral load
was again comparable in both groups (FIG. S4C).

Lastly, we assessed any contribution of TGF-f3, a cytokine thought to be central to
lung remodeling driven by many stimuli. TGF-f activation has been suggested to be
modulated in part by IL-1p (31), and we previously found that TGF-3 expression could be
upregulated in lung macrophages by LIGHT (22), although many other factors are likely to
determine its production. We did not find a significant change in total lung TGF-f1 levels in
mice acutely exposed to RV1B, but we did observe increased TGF-f1 mRNA expression
from sorted Ly6G+ neutrophils after infection (FIG. SSA). We then treated mice with a TGF-
B1 neutralizing antibody. TGF-f has been primarily associated with collagen production.
However, a significant decrease in a-SMA expression was seen in the treated group whereas
collagen accumulation in the sub-epithelial region was comparable with the control group
(Fig. 6A,B). Neutralizing TGF-f also significantly decreased BAL neutrophils, but
comparable lymphocyte numbers were observed (FIG. S5B,C). Similar to the prior results,
the viral load was not significantly affected by neutralizing TGF-B (FIG. S5D). Taken
together, these data show that recurrent RV1B infection of the lungs results in airway
remodeling that is dependent on LIGHT and IL-1p in terms of smooth muscle hyperplasia

and collagen deposition and TGF-J also contributes to the smooth muscle mass.
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DISCUSSION

Rhinovirus has long been associated with allergen-induced asthma exacerbations in
humans and transient lung inflammation (7, 32), but how much RV can promote lung
remodeling in the absence of allergen has not been clear. Here we show that repetitive
challenges with RV1B in mice without allergen sensitization can drive lung-remodeling
features that are similar to those in allergen-induced severe asthma. Moreover, we show that
several inflammatory factors, LIGHT, IL-10, and TGF-3, which have been linked to allergen-
driven lung tissue remodeling, are induced or active in the lungs during RV 1B infection. This
provides a mechanistic explanation of why rhinovirus infection might promote remodeling in
the absence of allergen as well as how rhinovirus could augment specific asthma symptoms
that result from allergen exposure.

Although RV infection has been primarily linked to exacerbations of asthma, RVs
have the potential to induce asthma-like changes in the lungs before allergen exposure (3, 4,
28, 33). In line with this, several clinical studies have recognized that multiple infections with
RVs can often occur in non-asthmatic preschool children that lead to recurrent wheezing
episodes (3, 6). While one argument is that the clinical symptoms would simply reflect the
acute cellular infiltrate in the lung induced by RV infection, which includes neutrophils, T
cells, and other lymphoid cells, it is possible that airway remodeling also contributes to lung
dysfunction seen with repeated RV insults. Supporting this idea, several in vitro studies
reported that infection of cultured lung epithelial cells could lead to production of molecules
that have been associated with severe asthma-associated airway remodeling, including
amphiregulin, VEGF, FGF, and MMP-9 (18-21). One publication also reported RV could
induce collagen V expression in bronchial epithelial cells, although whether this was a direct
activity was not clear (34). The latter study additionally observed in mice that a single dose of

RV1B could enhance fibronectin and collagen I gene expression within 2 days of infection
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(34). Our data further add to these findings and suggest that RV is capable of inducing lung
remodeling without allergen exposure. Moreover, we found that an appreciable increase in
airway remodeling was observed in the lungs only with repeated rhinovirus infection,
implying that the clinical studies related to wheezing in children following recurrent
infections may indeed be partially related to airway remodeling.

Which molecules promote airway remodeling downstream of allergen or in this case
RV are still being elucidated. Our data highlight three molecules, LIGHT, IL-18, and TGF-§3,
as important for the RV-induced response, although others may also be active. We previously
showed that LIGHT is a strong mediator of airway remodeling induced by repetitive
intranasal exposure of mice to HDM allergen (22), and we demonstrate here that LIGHT is
also upregulated and active during RV infection. Furthermore, LIGHT still significantly
contributed to airway remodeling features in mice concomitantly challenged with RV and
allergen. As suggested from the previous literature on rhinovirus that relates to lung epithelial
cells, it is likely that any induction of asthma-like symptoms is due to the production of
inflammatory molecules in these cells, and/or production of molecules in lung infiltrating
cells such as neutrophils that are recruited by chemokines made as a direct consequence of
the infection. We now substantiate these ideas. There may not be a single cell type that makes
LIGHT (35), but based on in vitro and in vivo studies we suggest that neutrophils are a likely
primary source during RV infection, with epithelial cells and lung myeloid cells also capable
of contributing to its production. LIGHT can bind two receptors, HVEM and LTBR, which
are expressed on hematopoietic cells such as macrophages and dendritic cells as well as non-
hematopoietic stromal cells including epithelial cells and fibroblasts. As HVEM and LTBR
are constitutively expressed at moderate/low levels on the above cell types, this suggests the
limiting factor in determining whether these molecules participate in driving lung remodeling

is the availability of LIGHT and how strongly it is induced.
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Exactly how LIGHT promotes lung tissue remodeling is still being determined.
LIGHT can in some circumstances control T cell responses via HVEM expressed on these
cells, and a minor possibility exists that reduced T cell activity to RV1B could have
accounted for the phenotype we describe in LIGHT-deficient animals. We did not assess this
in our experiments due to the lack of reagents to track RV-specific T cells and the weak
replicative capacity of RVI1B that likely results in poor T cell responses. However, others
found no difference in the T cell or antibody response to lung infection with influenza A virus
(36). Rather we think LIGHT primarily induces remodeling through activities on other
inflammatory cells and on structural cells. We have previously shown that it can induce
several inflammatory molecules in lung macrophages and epithelial cells, such as TGF-f3,
TSLP, and MMP-9, and thus it may enhance the lung remodeling response indirectly (22, 23,
37). Moreover, LIGHT is likely to further amplify the remodeling phenotype by inducing
various chemokines including CXCLI1, 3, and 5 that we have previously demonstrated are
targets of LIGHT in bronchial epithelial cells. In this regard, although overall lung
inflammation in RV infected WT and LIGHT-/- mice was comparable, we observed a partial
but significant decrease in BAL neutrophils in LIGHT-/- mice, which is likely related to an
altered chemokine environment. Correlating with this, we did find a significant decrease in
mouse lung CXCL1 gene expression in the absence of LIGHT (data not shown) that could
explain this phenotype. Additional direct effects of LIGHT are also likely to be important. In
vitro studies have found that LIGHT can promote some aspects of epithelial-mesenchymal
transition in lung epithelial cells such as downregulation of E-cadherin and upregulation of
fibronectin (37-39). Moreover, our recent studies suggest it can also drive proliferation of
lung fibroblasts/myofibroblasts that could contribute to increases in smooth muscle mass (da
Silva Antunes and Croft, unpublished). Therefore, LIGHT has the possibility to contribute to

lung remodeling in several ways.
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Along with LIGHT, we found that RV infection also induced IL-1B gene expression
and again at least in part this was a consequence of the neutrophilia that accompanied
infection. IL-13 was also active in driving airway remodeling, although similar to LIGHT its
targets and mechanisms of action in this regard are not clear. IL-1B has been suggested to
control avp8-mediated activation of TGF-B in fibroblasts (31), and thus neutralization of IL-
1B in mice infected with RV1B could have led to reduced TGF-f activity, although its likely
range of activities linked to remodeling may be numerous. Correlating with the former, we
did find that TGF-f} was also required for features of the remodeling response induced by RV
infection, and like blocking IL-1p or LIGHT, this was accompanied by decreased
neutrophilia. Again, the latter is likely related to migration as TGF-J has previously been
found to be capable of directly stimulating neutrophil adhesion and chemotaxis (40, 41).
However, although TGF-B is universally considered to be central to airway fibrosis by
directly promoting ECM proteins from epithelial cells or fibroblasts (42), we observed that
TGF-B neutralization only decreased smooth muscle thickness but did not affect collagen
deposition around the bronchioles, which was in contrast to blocking either LIGHT or IL-1
that reduced both features. Thus, the interplay between LIGHT, IL-1B, and TGF- is
complex, and a requirement for all three proteins in the remodeling response induced by RV
may not simply reflect that one molecule is upstream or downstream of another molecule.
Production of LIGHT, IL-1P and TGF-B may be directly or indirectly dependent on TLR3
and/or RIG-I and MDAS that have been implicated in mediating responses to RV in lung
epithelial cells (43). We found a dose dependent increase in LIGHT mRNA expression when
bronchial epithelial cells (BEAS-2B) were stimulated with the TLR3 agonist poly I:C (data
not shown). However, LIGHT, IL-1B, and TGF-3 might be primary products of neutrophils
and possibly other inflammatory cells (Figs. 2, and S4 and 5), and thus whether these

cytokines are directly downstream of the pattern recognition receptor signals induced by RV
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is perhaps unlikely given that RV primarily infects epithelial cells. This is of interest to
understand in future studies.

In summary, this study extends our present knowledge of how RV alone or in
combination with an allergen might contribute to airway dysfunction and specifically to
fibrosis and lung tissue remodeling. We identify three molecules that contribute to these
processes, although it is likely that other factors will also be induced directly or indirectly by
RV that additionally are active. Importantly, two of these molecules in LIGHT and IL-1f
might be amenable to targeting that could minimize the effects of multiple RV infections in
early life that could contribute to wheezing in non-asthmatics, as well as could reduce

exacerbations of wheezing in asthmatics that have previously responded to allergen.
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FIG. LEGENDS

FIG. 1. Recurrent RV1B infection induces airway remodeling in vivo. Naive mice were
infected i.n. with RV1B, twice a week for three weeks and sacrificed 24 h after the last
challenge. (A), Lung sections stained with Masson’s trichrome blue, and scored for the extent
of fibrosis in the right panel. (B), IHC of lung sections stained for a-smooth muscle actin
(brown), and scored for the extent of smooth muscle mass in the right panel. Results are

means = SEM from 3-4 mice/group, and representative of 3 experiments. ***P<0.001

FIG. 2. RV1B infection induces LIGHT expression. (A), LIGHT mRNA expression in lungs
of mice infected a single time with RV1B after 14 h compared to naive animals, normalized
to L32. (B), LIGHT mRNA expression in RV1B infected alveolar epithelial cells (A549).
Fold increase normalized to GAPDH. (C), LIGHT mRNA expression in sorted lung cell
populations from 6-8 naive and RV 1B-infected mice. Fold increase normalized to L.32. (D),
LIGHT mRNA expression in lungs of mice treated with control IgG or anti-Ly6G and

infected with RV1B for 14 h, normalized to L32. Results are means + SEM from 3-4
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mice/group or replicates of 2 cell cultures, and representative of at least 2 experiments each.

*P<0.05

FIG. 3. Neutralizing LIGHT reduces lung remodeling following recurrent RV1B infection.
(A, B) WT and LIGHT-/- mice were infected with RV1B twice a week for three weeks as in
Fig. 1 and sacrificed 24 h after the last i.n exposure. (A), Lung sections stained with
Masson’s trichrome blue, and scored for the extent of fibrosis. (B), IHC of lung sections
stained for a-smooth muscle actin (brown), and scored for smooth muscle mass. (C,D) WT
mice were infected with RV1B as above and treated with control IgG or LTBR.Fc, given 24 h
before each RV challenge. (A), Lung sections stained with Masson’s trichrome blue, and
scored for the extent of fibrosis. (B), IF of lung sections stained for a-smooth muscle actin
(red), and scored for smooth muscle mass (white dashed line, bronchial lumen). Data are
induced responses above background levels in naive un-manipulated mice. Results are means

+ SEM from 3-4 mice/group, and representative of 2-3 experiments. *P<0.05, **P<0.01

FIG. 4. Airway remodeling with co-exposure to rhinovirus and allergen is dependent on
LIGHT. WT and LIGHT-/- mice were sensitized and acutely challenged with HDM for a
period of 3 weeks, and then chronically challenged with HDM over the next 4 weeks with or
without co-exposure to RV1B. (A), Lung sections stained with Masson’s trichrome blue, and
scored for the extent of fibrosis. (B), IF of lung sections stained for a-smooth muscle actin
(red), and scored for smooth muscle mass (white dashed line, bronchial lumen). Data are
induced responses above background levels in naive un-manipulated mice. Results are means

+ SEM from 4 mice/group, and representative of 2 experiments. *P<0.05, **P<0.01
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FIG. 5. Blocking IL-1P reduces RV1B-induced airway remodeling. WT mice were infected
with RV1B twice a week for 3 weeks and treated with control IgG and o-IL-1B antibody
given 24 h before each RV challenge. (A), Lung sections stained with Masson’s trichrome
blue, and scored for the extent of fibrosis. (B), IF of lung sections stained for a-smooth
muscle actin, and scored for smooth muscle mass (white dashed line, bronchial lumen). Data
are induced responses above background levels in naive un-manipulated mice. Results are

means = SEM from 3-4 mice/group, and representative of 2 experiments. ***P<0.001

FIG. 6. Neutralizing TGF-f inhibits smooth muscle mass but not collagen deposition induced
by RV1B. (A), Lung sections stained with Masson’s trichrome blue, and scored for the extent
of fibrosis. (B), IHC of lung sections stained with a-smooth muscle actin, and scored for
smooth muscle mass. Data are induced responses above background levels in naive un-
manipulated mice. Results are means + SEM from 3-4 mice/group and representative of 2

experiments. **P<(.01

FIG. S1. Recurrent rhinovirus infection induces bronchovascular inflammation and airway
neutrophilia. Mice were exposed to RV1B as in Fig. 1. (A), Total lung collagen content in
naive mice compared with RV1B infected mice. (B), H & E staining of lung sections and
inflammation score. (C), BAL neutrophils and eosinophils. Results are means = SEM from 3-

4 mice/group and representative of 3 experiments.

FIG. S2. Reduced neutrophilia in LIGHT-deficient mice infected multiple times with RV1B.

WT and LIGHT-/- mice were exposed to RV1B as in Fig. 3. (A), Induced total lung collagen.

(B), H & E staining of lung sections and inflammation score. (C), BAL neutrophils. (D), BAL
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lymphocytes. (E), Viral load normalized to L32. Results are means + SEM from 4

mice/group and representative of 3 experiments.

FIG. S3. RV1B infection induces IL-13 mRNA expression. (A), IL-13 mRNA expression in
lungs of mice infected once for 14 h with RV1B. (B), IL-13 mRNA expression in sorted lung
cell populations from 6-8 naive and RV1B-infected mice. Fold increase normalized to L32.
(C), IL-1B mRNA expression in lungs of mice treated with control IgG or anti-Ly6G and
infected with RV1B for 14 h, normalized to L32. (D), IL-13 mRNA expression in BEAS-2B
cells infected with RV1B, normalized to GAPDH. Results are means + SEM from 3-4

mice/group, and representative of at least 2 experiments each or replicates of 2 cell cultures.

FIG. S4. Neutralizing IL-1p inhibits RV1B-induced BAL neutrophils. Mice were infected
with RV1B and treated with control IgG or anti-IL-1p as in Fig. 6. (A), BAL neutrophils. (B),
BAL lymphocytes. (C), Viral load normalized to L32. Results are means + SEM from 3-4

mice/group and representative of 2 experiments.

FIG. S5. Neutralizing TGF- reduces neutrophilia induced by RV1B. (A), TGF-f1 mRNA
expression in sorted lung cell populations from 6-8 naive and RV1B-infected mice. Fold
increase normalized to L32. (B-D) Mice were infected with RV 1B and treated with anti-TGF-
B as in Fig. 7. (B), BAL neutrophils. (C), BAL lymphocytes. (D), Viral load normalized to

L32. Results are means = SEM from 3-4 mice/group and representative of 2 experiments.
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