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Abstract

Rhinovirus (RV), which is associated with acute exacerbations, also causes persistent lung
inflammation in patients with chronic obstructive pulmonary disease (COPD), but the underlying
mechanisms are not well-known. Recently, we demonstrated that RV causes persistent lung
inflammation with accumulation of a subset of macrophages (CD11b*/CD11c*), and CD8*

T cells, and progression of emphysema. In the present study, we examined the mechanisms
underlying the RV-induced persistent inflammation and progression of emphysema in mice with
COPD phenotype. Our results demonstrate that at 14 days post-RV infection, in addition to
sustained increase in CCL3, CXCL-10 and IFN-y expression as previously observed, levels of
interleukin-33 (1L-33), a ligand for ST2 receptor, and matrix metalloproteinase (MMP)12 are also
elevated in mice with COPD phenotype, but not in normal mice. Further, MMP12 was primarily
expressed in CD11b*/CD11c*™ macrophages. Neutralization of ST2, reduced the expression of
CXCL-10 and IFN-vy and attenuated accumulation of CD11b*/CD11c* macrophages, neutrophils
and CD8* T cells in COPD mice. Neutralization of IFN-y, or ST2 attenuated MMP12 expression
and prevented progression of emphysema in these mice. Taken together, our results indicate

that RV may stimulate expression of CXCL-10 and IFN-+y via activation of ST2/IL-33 signaling
axis, which in turn promote accumulation of CD11b+/CD11c+ macrophages and CD8* T cells.
Furthermore, RV-induced IFN-y stimulates MMP12 expression particularly in CD11b*/CD11c*
macrophages, which may degrade alveolar walls thus leading to progression of emphysema in
these mice. In conclusion, our data suggest an important role for ST2/IL-33 signaling axis in
RV-induced pathological changes in COPD mice.
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Introduction

Acute exacerbations often lead to accelerated loss of lung function in subjects with chronic
obstructive pulmonary disease (COPD). Rhinovirus (RV) is associated with one-third to half
of all the viral-related COPD exacerbations. Additionally, RV infection is relatively common
in patients with frequent exacerbations and associated with severe respiratory symptoms

[1]. Experimental infection with RV caused lower airway obstruction, systemic, and airway
inflammation that was more severe and prolonged in COPD than in healthy non-smokers
[2,3]. Although experimentally infected COPD patients showed slightly increased viral load
in the lower airways up to 12 days post infection, there was no difference in the kinetics

of viral clearance between COPD and normal persons [2]. Interestingly, RV-infected COPD,
but not normal persons also showed increase in neutrophils and lymphocytes even after the
virus was cleared indicating an abnormal host response to RV infection. The mechanisms
underlying these abnormal host responses that lead to accumulation of inflammatory cells
and their contribution to progression of lung disease are not well-understood.

Our recent studies demonstrate that RV infection is associated with sustained lung
inflammation up to 14 days in a mouse model of COPD [4,5]. This was associated with
accumulation of macrophages, particularly CD11b*/CD11c* inflammatory macrophages and
CDS8™* T cells. The sustained inflammation was not due to persistence of virus, because,
although mice with COPD phenotype show slightly higher viral load than normal mice
during initial stages of infection, both normal mice and mice with COPD phenotype clear
the virus by 7 days. The persistent lung inflammation in RV-infected mice with COPD
phenotype was associated with sustained up-regulation of CCL3, CXCL-10, and IFN-7y in
the absence of virus indicating abnormal host responses

Levels of CXCL-10 and IFN-y are elevated in COPD patients and further increases during
viral exacerbations [6,7]. CXCL-10 is a potent chemoattractant for T cells, inflammatory
CXCR3+ macrophages and neutrophils [8,9]. CXCL-10 also activates CD8* T cells during
viral infection and stimulates type 1 inflammation including the expression of IFN-y [10].
IFN-y plays an essential role in killing virus-infected cells. However, exaggerated levels of
IFN-y can further increase expression of CXCL-10, CXCL-9, thus enhancing recruitment
and accumulation of T cells, neutrophils and macrophages. IFN-y also promotes survival
of recruited macrophages and stimulates expression of matrix metalloproteinases (MMP)12
in macrophages [11-13], and MMP12 has been thought to contribute to development of
emphysema in COPD [14,15].

Previously, we demonstrated that RV stimulates CXCL-10 /in vivo, primarily by activating
interleukin-33 (IL-33)/ST2 signaling axis [16]. In addition, IL-33/ST2 also plays a

major role in RV-stimulated CXCL-10 /n vitroin human bronchial epithelial cells and
peripheral blood-derived macrophages [16]. In the lung, bronchial epithelium constitutively
expresses 1L-33 and is significantly increased in airway progenitor cells of COPD

patients [17,18]. IL-33 is released from the epithelial cells in response to stress or

infection to alert the immune system, but exaggerated expression and release of 1L.-33

may result in inflammation. Accordingly, respiratory viruses including RV have been
demonstrated to induce type 2 inflammation via exaggerated I1L-33/ST2 signaling axis in
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an allergic environment [19,20]. On the other hand, in cigarette smoke exposed mice,
IL-33/ST2 signaling stimulated by influenza virus enhances type 1 inflammation [18]. Since
RV stimulates CXCL-10 primarily via IL-33/ST2 signaling axis, we hypothesized that
IL-33/ST2 signaling pathway may contribute to continued recruitment and accumulation of
inflammatory cells, primarily CD8* T cells, CD11b*/CD11c* inflammatory macrophages
and neutrophils via CXCL-10 leading to sustained lung inflammation and progression of
emphysema in mice with COPD phenotype.

CCL3 is a chemoattractant for monocytes and lung macrophages [21], and therefore, CCL3
can also potentially contribute to lung inflammation by enhancing recruitment of these
cells following RV infection in mice with COPD phenotype. Therefore in the present
study, we assessed the role of CCL3 and ST2/1L-33 signaling axis in the accumulation of
inflammatory cells in Rv-infected mouse model of COPD. We also delineated one of the
mechanisms underlying sustained expression of CXCL-10 and IFN-y and determined the
contribution of IFN- iy to MMP12 expression and progression of emphysema in these mice.

Methods and materials

Mice

Mild COPD-like lung disease was induced in C57BL/6 mice (both males and females)

by exposing to combination of cigarette smoke and heat-killed non-typeable Hemophilus
influenzae as described previously [4,5]. We refer to these mice as mice with COPD
phenotype or COPD mice. Mice neither exposed to cigarette smoke nor treated with heat-
killed non-typeable H. influenzae were used as controls for mice with COPD phenotype
and we refer to these as mice as “normal mice”. All the experiments were approved by

the Animal Care and User Committee of the University of Michigan, Ann Arbor and
Temple University, Philadelphia. Majority of the experiments were conducted at the Temple
University.

Rhinovirus and infection

Stocks of RV1B were prepared by infecting H1HeLa cells with RV1B and subjecting HeLa
cell supernatants to ultrafiltration as described previously [22,29]. Similarly, concentrated
and purified cell supernatants from uninfected HelLa cells were used as sham controls.
COPD and normal mice infected with RV or an equal volume of sham by intranasal route
as described previously [22] and killed at 14 days post-infection. Some COPD mice were
treated with 100 ul of endotoxin free PBS containing neutralizing antibody to CCL3 (2 g/
ml), ST2 (1 pg/ml) or IFN-y (1 ug/ml), or similar concentration of isotype 1gG control (all
from R&D Systems, Minneapolis, MN) every other day starting from day 4 post-infection
by intraperitoneal route as previously described [16] and killed on day 14.

To determine the efficacy of neutralizing antibody to CCL3 or ST2, normal mice were
administered with either recombinant mouse CCL3 (0.5 ug) or IL-33 (10 ng) (both
purchased from PeproTech, Rocky Hill, NJ) by intranasal route and immediately treated
with neutralizing antibody to CCL3 or ST2 receptor, respectively. Mice were killed 6-h
later and bronchoalveolar lavage (BAL) performed. Cytospins were prepared from the BAL,

Clin Sci (Lond). Author manuscript; available in PMC 2022 October 21.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Gimenes et al.

Page 4

stained with DiffQuick and number of macrophages counted for CCL3-treated mice and
number of macrophages and T cells were counted for IL-33-treated mice. Protein levels of
CXCL-10 in BAL fluid were also determined in IL-33-treated mice. Isotype 1gG-treated
mice served as controls.

RNA isolation and qPCR

ELISA

Total RNA isolated from the lungs was used for cDNA synthesis and probe-based gPCR.
Primetime probe based assays for p-actin, CXCL-10, ST2, IFN-y, MMP3, MMP9, and
MMP12 were purchased from Integrated DNA Technologies (Coralville, I1A).

Supernatants of BAL fluid were subjected to ELISA to quantify IFN-y, CXCL-10, I1L-33
(all from R & D systems, Minneapolis, MN), and MMP12 (Abeam, Cambridge, MA).

Gelatin zymography

Gelatin zymogaphy was performed on supernatants of BAL fluid to determine MMP
activity as previously described [22]. Briefly, after relevant treatment, BAL was performed,
centrifuged and equal amount of supernatant was subjected to electrophoresis on gelatin
impregnated polyacrylamide gels. Gels were washed with 1% Triton X-100, developed in
Tris buffer containing 10 mM calcium chloride and 5 uM zinc chloride and stained with
0.5% Coomassie blue.

Histology and morphometry

Lungs were inflation fixed at a constant pressure of 30 cm. H,O for 30 min and embedded in
paraffin. Five micron thick sagittal sections were taken at 5-mm intervals through the length
of the lungs, stained with hematoxylin and eosin (H&E) and the diameter of the alveolar
spaces measured in random fields using NIH image J analysis software to assess alveolar
chord length [23].

Flow cytometry

Flow cytometry was performed on lung digests as previously described [5,24]. Briefly, lungs
were perfused with cold PBS via right ventricle, minced and digested in collagenase IV

(5 mg/ml) and DNase I. Red blood cells were lysed, then single cell suspensions were
incubated with Zombie UV™ (BioLegend, San Diego, CA) to label dead cells and stained
with fluorescence-labeled antibodies against surface markers of leukocytes, such as CD45,
CD1l1c, CD11b, F4/80, Ly6G. Appropriate isotype-matched controls and fluorescence minus
one (FMO) were used in all experiments. All antibodies were purchased from BioLegend.
Cells were fixed and analyzed in BD LSR Il Flow cytometer (BD Biosciences) and data
were analyzed using FlowJO version 10 (Tree Star, Ashland, OR). For sorting macrophages,
CD45%/F480%/CD11c* or CD45*/F480*/CD11b* positive cells were gated by CD11b* or
CD11c* expression using Aria Il flow cytometer (BD Biosciences) equipped with three
lasers and DiVa software.
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Statistical analysis

Results

Data were expressed as mean + S.D. or median with range of data. Data were analyzed

by using SigmaStat statistical software (Systat Software, San Jose, CA). One way ANOVA
with Bonferroni post hoc test, ANOVA on ranks with Kruskal-Wallis H-test or unpaired
ttest was performed as appropriate to compare groups and a AP-value < 0.05 was considered
significant.

Neutralization of CCL3 does not attenuate accumulation of CD11b*/CD11c* macrophages
in RV-infected mice with COPD phenotype

Recently, we showed that RV-infected mice with COPD phenotype show sustained increase
in CD11b*/CD11c* macrophages at 14 days post-infection and this was accompanied by
increase in CCL3 [5]. Since, CCL3 is a chemoattractant for macrophages [21], we assessed
the contribution of CCL3 in RV-induced accumulation of CD11b*/CD11c* macrophages

in the lungs of COPD mice by treating with neutralizing antibody to CCL3 or isotype
control. Figure 1A shows the gating strategy for quantification of CD11b*/CD11c* cells.
As observed previously, irrespective of infection, normal mice did not show significant
increase in CD11b*/CD11c* macrophage population (Figure 1B). In contrast, mice with
COPD phenotype showed significant increase in CD11b*/CD11c¢* macrophages compared
with normal mice, which further increased following RV-infection. Treatment with CCL3
antibody did not reduce CD11b*/CD11c* macrophage population in either sham or RV-
infected mice with COPD phenotype (Figure 1C), indicating that CCL3 may not contribute
to RV-induced accumulation of CD11b*/CD11c* macrophage in these mice. Normal mice
treated with recombinant CCL3 by intranasal route showed significant increase in the
number of total cells and macrophages in the lungs, and this was inhibited by CCL3
antibody (Supplementary Figure S1) confirming the neutralizing capacity of CCL3 antibody
used in these studies.

RV-stimulated CXCL-10 via ST2/IL-33 pathway contributes to accumulation of CD11b*/
CD11c* macrophages and T cells in COPD mice

CXCL-10 is a chemoattractant for both T cells and macrophages. As previously observed,
we found that compared with sham-, RV-infected mice with COPD phenotype show
significant increase in CXCL-10 protein levels (Figure 2A). Since, commercially available
neutralizing antibody to CXCL-10 was not efficient in the neutralization of CXCL-10 /n
vivo, we targeted the IL-33/ST2 signaling, which plays an essential role in RV-induced acute
CXCL-10 expression in normal mice [16]. First, we determined whether expression of ST2
receptor and IL-33 is altered in the lungs of RV-infected normal and COPD mice at 14
days post-RV infection. There was no difference in the expression of either ST2 receptor

or 1L-33 between sham and RV-infected normal mice (Figure 2B-D). On the other hand,
mice with COPD phenotype showed increased expression of both ST2 and IL-33 compared
with normal mice without viral infection. Following RV infection, IL-33, but not ST2
expression increased further at both mRNA and protein levels in COPD mice. As observed
earlier, IFN-y protein was also increased in COPD mice following RV infection (Figure
2E) [5]. Since only COPD, but not normal mice showed sustained expression of CXCL-10
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and IFN-y (Figure 2A,E), and accumulation of T cells, neutrophils and macrophages at 14
days post-RV infection [5], we focused on mice with COPD phenotype in the subsequent
neutralization experiments.

Sham- or RV-infected mice with COPD phenotype were treated with neutralizing antibody
to ST2 or isotype 1gG and examined for the expression of CXCL-10 and IFN-y, and
accumulation of T cells, neutrophils and CD11b*/CD11c* macrophages to assess the
contribution of ST2/1L-33 signaling axis to these processes. Treatment with ST2 neutralizing
antibody, but not isotype IgG control inhibited the protein expression of both CXCL-10

and IFN-vy in RV-infected COPD mice (Figure 2F,G). In contrast, ST2 neutralizing antibody
had no effect on RV-induced expression of CCL3 or IL-17A, which are also persistently
enhanced by RV (data not shown). We then performed flow cytometry on the lung digests

to quantify T cells and CD11b*/CD11c* macrophage populations. Figure 3A,B respectively
demonstrates the gating strategy for T cells and representative histograms for CD4* and
CD8™ cells for each treatment groups. Quantification of each T cell population indicated
that RV increases CD8* T-cell population in mice with COPD phenotype and treatment with
ST2 neutralizing antibody significantly inhibits this process (Figure 3C,D). Additionally,
neutralizing antibody to ST2 also significantly reduced CD11b*/CD11c* macrophage
population in RV-infected mice with COPD phenotype (Figure 3E,F). These results indicate
that ST2/IL-33 signaling axis may be involved in recruitment of both T cells and CD11b™*/
CD11c* macrophages in RV-infected mice with COPD phenotype.

Previously, we have demonstrated that RV-infected COPD mice also show increase in the
number of neutrophils [5]. Since CXCL-10 also contributes to recruitment of neutrophils

in the lungs [9], we examined whether blocking ST2/IL-33 signaling affects neutrophil
recruitment in RV-infected mice with COPD phenotype. Flow cytometry analysis confirmed
the previous finding that RV enhances neutrophil accumulation in COPD, but not in normal
mice (Figure 4A,B). Treatment with ST2 receptor antibody reduced neutrophil population
by 48% in RV-infected mice with COPD mice (Figure 4C,D) indicating that ST2/IL-33
signaling axis may partially contribute to RV-induced neutrophil recruitment in these mice.

To confirm the efficacy of ST2 neutralizing antibody, we treated normal mice with 10 ng of
recombinant 1L-33 by intranasal route and then treated with either neutralizing antibody to
ST2 antibody or isotype 1gG and examined for CXCL-10 expression and the recruitment of
T cells and macrophages. As anticipated, neutralization of ST2 receptor completely blocked
IL-33-induced CXCL-10 expression (Supplementary Figure S2A). Similarly, neutralization
of ST2 receptor also inhibited IL-33-stimulated recruitment of T cells and macrophages
into the lungs (Supplementary Figure S2B-D). These results indicate that ST2/I1L-33
signaling may contribute to recruitment of both T cells and macrophages and recruitment of
neutrophils partially.

Treatment with IFN-y or ST2 neutralizing antibody abrogates RV-induced MMP12
expression in CD11b*/CD11c* macrophages

MMPs, particularly MMP9 and MMP12 contribute to development of emphysema and
increased secretion of mucin glycoproteins in COPD. Further, IFN-vy activates lung
macrophages and promotes expression of MMP12 [12]. Therefore, we examined MMP9

Clin Sci (Lond). Author manuscript; available in PMC 2022 October 21.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Gimenes et al.

Page 7

and MMP12 mRNA expression in the whole lungs by gPCR in mice with COPD phenotype.
Compared with sham, RV-infected mice showed significant increase in the expression of
MMP12, but not MMP9 mRNA (Figure 5A,B). Therefore, we only determined the protein
level and the activity of MMP12 in BAL fluid and RV-infected mice showed increase

in both protein and activity levels of MMP12 (Figure 5C,D). RV-infected mice treated

with neutralizing antibody to IFN-y showed reduction in MMP12 expression and activity
compared with isotype 1gG-treated mice. Additionally, neutralizing antibody to ST2 also
inhibited both expression and activity of MMP12. Neutralizing antibody to either IFN-y or
ST2 receptor did not affect either MMP12 mRNA or protein levels in sham-infected animals
and was similar to isotype IgG-treated mice (data not shown).

We then examined whether reduction in MMP12 by IFN-y neutralization is due to

reduction in accumulation of CD11b*/CD11c* macrophages directly or via IL-33. We
quantified 1L-33 expression by gPCR and CD11b*/CD11c* macrophages following
treatment with neutralizing antibody to IFN-y by flow cytometry. There was no difference
in either the expression of 1L-33 (data not shown) or population of CD11b*/CD11c*
macrophages between control 1gG and IFN-y antibody treated RY-infected COPD mice
(Supplementary Figure 3S). These results indicate that IFN--y is not required for RV-induced
CD11b*/CD11c* macrophage accumulation, but maybe required for MMP12 expression in
macrophages.

To identify the subpopulation of macrophages that express MMP12 in RV-infected COPD
mice, we sorted the macrophages based on CD11c and CD11b and determined the
expression of MMP12 mRNA. Compared with CD11¢*/CD11b~ and CD11b*/CD11c™
macrophages, CD11b*/CD11c* subpopulation showed higher expression of MMP12 mRNA
(Figure 5E). Expression of MMP12 was considerably reduced in RV-infected mice treated
with neutralizing antibody to IFN-y (Figure 5F). We were not able to obtain sufficient
numbers of CD11b*/CD11c* macrophages from mice treated with neutralizing antibody to
ST2 to assess MMP12 expression.

Treatment with neutralization antibody to ST2 or IFN-y attenuates RV-induced progression
of emphysema in COPD mice

Previously, we reported that RV causes progression of emphysema in mice with COPD
phenotype [5]. Since MMP12 has been thought to induce emphysema, we examined
whether neutralization of ST2 or IFN-vy blocks RV-induced emphysema in these mice by
histology and quantified the changes by measuring alveolar chord length. As previously
observed [5], mice with COPD phenotype showed enlargement of air space an indication

of emphysematous change (Figure 6A,B). RV infection further increased emphysematous
changes in COPD mice (Figure 6C). We also observed enhanced mononuclear cell
infiltration in alveoli (inflammation) in RV-infected COPD mice (Figure 6D). Compared to
RV-infected COPD mice treated with isotype IgG control, similarly-infected animals treated
with neutralizing antibody to either IFN-y or ST2 showed less emphysematous changes and
inflammation (Figure 6E-G). Measurement of alveolar chord length confirmed the visual
observations of emphysematous changes (Figure 6H,1).
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Taken together these results indicate a major role for 1L-33/ST2 signaling in sustained
lung inflammation in mice with COPD phenotype infected with RV. IFN-y expressed

by recruited CD8* T cells may promote expression of MMP12 by CD11b*CD11c*
macrophages leading to progression of emphysema. In addition, sustained expression of
IFN-y can also stimulate expression of CXCL-10 in CD8* T cells thus further enhancing
recruitment of T cells and CD11b*CD11c* macrophages. This vicious inflammatory loop
induced by RV may lead to progression of lung disease in COPD mice.

Discussion

The present study highlights one of the mechanisms by which RV causes persistent

lung inflammation and progression of emphysematous changes in mice with mild COPD
phenotype. We demonstrate that RV-stimulated IL-33 may activate ST2 receptor signaling
and contribute to accumulation of both CD11b*/CD11c* macrophages and CD8* T cells
via expression of CXCL-10 in the lungs of mice with COPD phenotype. Further, we
demonstrate that compared with alveolar or interstitial macrophages, intermediate CD11b*/
CD11c* macrophages express more MMP12 and blocking ST2 or IFN-vy inhibits RV-
induced MMP12 expression and emphysematous changes.

Lung macrophages play an important role in acute inflammation and also in resolving

the inflammation [25,26]. In COPD, however, there are more macrophages in the lung

and the number of macrophages correlates with disease severity [27-29]. Interestingly,
latent adenoviral infection was associated with increase in lung macrophage number and
enhanced emphysema in COPD patients indicating that viral infections may promote
development and/or progression of lung disease [30]. Consistent with this finding, chronic
cigarette smoke along with influenza viral infection or treatment with double stranded
RNA, a viral RNA mimic, was shown to exaggerate accumulation of macrophages and
accelerate development of emphysematous changes in mice [31]. Further, exudate (CD11b*/
CD11c*) macrophages were shown to express MMP12 and contribute to influenza virus-
induced pulmonary pathology [32,33]. In the present study, we observed accumulation of
CD11b*/CD11c* macrophages in the lungs of RV-infected mice with COPD phenotype
and these cells expressed higher levels of MMP12 compared with CD11b~/CD11c* and
CD11b*/CD11c™ macrophages. This was associated with enhanced MMP12 activity and
emphysematous changes in the lungs of these mice. Further, neutralization of virus-induced
IFN-y abrogated MMP12 expression in lungs as well as in CD11b*/CD11c* macrophages.
This was not surprising, because IFN-y has been previously demonstrated to promote
MMP12 expression in macrophages [11-13]. Since MMP12 plays an important role in the
development of emphysema clinically [14,15], it is conceivable that RV-induced MMP12 in
CD11b*/CD11c* macrophages may contribute to progression of emphysema in mice with
COPD phenotype.

Accumulation of lung macrophages during post-viral infection may occur as a result of
continued recruitment or increased survival of infiltrated macrophages. CCL chemokines
play a major role in the recruitment of macrophages. We found that, although RV-induces
persistent expression of CCL3, a potent chemoattractant for macrophages [21], CCL3 did
not play a role in the recruitment CD11b*/CD11c* macrophages in RV-infected COPD mice.
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Triggering receptor expressed on myeloid cells-2 (TREM2) is another molecule that was
shown to promote survival, thus accumulation of macrophages in mouse lungs following
Sendai virus infection [34]. However, TREM2 levels were not changed in RV-infected
COPD mice (data not shown) ruling out its contribution in the accumulation of CD11b*/
CD11c* macrophages in these mice. Interestingly, a subset of peripheral blood monocytes
and recruited monocytes in inflamed tissue express CXCR3, a receptor for CXCL-10 [8,35].
We demonstrate that CXCL-10 protein levels are significantly elevated in RV-infected
mice with COPD phenotype. Therefore, it is conceivable that CXCL-10 may contribute to
recruitment of CD11b*/CD11c* macrophages into the lungs. Since commercially available
neutralizing antibody to CXCL-10 fails to block CXCL-10 induced inflammation /in vivo
and neutralizing antibody to CXCR3 is not available commercially, it was not possible to
obtain direct evidence in support of our notion.

Previously, we demonstrated that RV stimulates acute expression of CXCL-10 primarily
via ST2/IL-33 signaling axis in normal mice [16]. ST2 is IL-1-like receptor and signals

via MyD88 to activate APl and NF-kB [36]. We have also demonstrated that binding of
NF-B to CXCL-10 promoter further enhances DNA accessibility around the TATA box
region in the CXCL-10 promoter, thus increasing the transcription of CXCL-10 [16].
Depletion of IRAK-1, a kinase required for ST2 receptor signaling or inhibition of ST2
abrogated RV-induced CXCL-10 expression presumably due to reduced NF-B activation.

In the present study, we demonstrate that ST2/IL-33 signaling axis is also responsible

for sustained expression of CXCL-10 in RV-infected COPD mice. This was not due to
enhanced expression of ST2 receptor but was due to significantly elevated levels of I1L-33,
a ligand for ST2, in RV-infected COPD mice. Blocking ST2 receptor signaling completely
abolished CXCL-10 expression, but not CCL3 or IL-17A indicating the role of IL-33/ST2
signaling axis in RV-induced CXCL-10. Blocking ST2 receptor completely abrogated the
recruitment and accumulation of CD11b*/CD11c* macrophages. Further blocking ST2
receptor also completely inhibited accumulation of RV-induced CD8* T cells, but neutrophil
accumulation was only reduced partially. These results indicate an important role for
IL-33/ST2 signaling in the recruitment of CD11b*/CD11c* macrophages and CD8* T cells
probably via CXCL-10, but not for neutrophils. Since IL-17A also contributes to neutrophil
recruitment, and IL-17A is increased in RV-infected COPD mice, it is possible that IL-17A
may also play a role in RV-induced neutrophil recruitment in these mice [37]. However,
further experiments with CXCR3 and IL-17R knockout mice are necessary to confirm these
findings and are beyond the scope of this study.

CXCL-10 regulates migration of activated CD8* T cells during virus infection [10]. CD8*
T cells, which play an important role in antiviral immunity are increased in patients

with severe COPD and express elevated levels of IFN-vy in response to influenza virus
infection [38]. IFN-y can in turn stimulate production of CXCL-10 from activated CD8*

T cells, which can further increase recruitment of both T cells and macrophages, thus
creating vicious inflammatory loop. In addition, both IFN-y and CXCL-10 may also

induce or enhance emphysema by increasing the expression of MMP12. Accordingly,

mice over expressing IFN-y shows constitutive expression of MMP12 in the lungs and
spontaneous development of emphysema [39]. On the other hand, CXCL-10 has been
shown to stimulate MMP12 expression in lung macrophages following exposure to cigarette
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smoke in mice [40]. Finally, lung macrophages from COPD subjects show heightened
expression of MMP12 compared with control subjects [41]. Since we observed increase

in both CXCL-10 and IFN-y, and inhibition of MMP12 expression in CD11b*/CD11c*

by neutralizing antibody to IFN-y or ST2, we think that RV-induced IFN-vy together with
CXCL-10 via IL-33/ST2 signaling may stimulate MMP12 particularly in exudate CD11b*/
CD11c* macrophages.

In summary, we show that RV-induced CXCL-10 via ST2/IL-33 signaling activation causes
prolonged infiltration of primarily CD11b*/CD11c* macrophages and CD8* T cells in

the lungs leading to sustained lung inflammation in mice with COPD phenotype. Second,
RV-induced IFN-y and CXCL-10 may enhance MMP12 expression in CD11b*/CD11c*
macrophages thus leading to progression of emphysema in these mice (Figure 7).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Clinical perspectives

. Rhinovirus is associated with severe exacerbations and sometimes leads to
progression of lung disease in COPD, but the underlying mechanisms are
poorly understood.

. The present study demonstrates that, rhinovirus induced sustained lung
inflammation and progression of emphysema in a mouse of model COPD
is dependent on of ST2/IL-33 signaling axis.

. Rhinovirus also induces IFN-y via ST2/IL-33 signaling, which stimulate
recruited macrophages to express MMP12, which can cause emphysema.
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Figure 1. Blocking CCL3 does not affect RV-induced accumulation of CD11b*/CD11c*
macrophages in mice with COPD phenotype

Normal mice and mice with COPD phenotype were infected with sham or RV and after

14 days mice were killed and lungs were harvested. Single cell suspensions isolated from
lung digests were stained with antibodies to CD45, F/480, CD11c and CD11b to detect
subtypes of macrophages. (A) Gating strategy to detect different subtypes of macrophages.
(B) Quantification of subtypes of macrophages at 14 days post-infection in normal and
COPD mice. (C) Sham or RV-infected COPD mice were treated every other day with
neutralization antibody to CCL3 or isotype control starting at 4 days post-infection until
the mice were harvested and CD11b* and CD11c* macrophage population was quantified.
Data in B and C show median with range calculated from three independent experiment
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with two mice per group to a total of sixmice per group(* £<0.05, different from respective
sham; 8/<0.05, different from normal sham; ¥/<0.05, different from normal RV; ANOVA on
Ranks with Kruskal-Wallis H-test).
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Figure 2. Neutralization of ST2 receptor inhibits persistent expression of CXCL-10 and IFN-y
RV-infected mice with COPD phenotype

Normal mice and mice with COPD phenotype were infected with sham or RV, and BAL was
performed at 14 days post-infection. (A, C and E). Protein levels of CXCL-10, I1L-33, and
IFN-y in the BAL fluid were determined by ELISA. (B and D). Total RNA was isolated
from the lungs and mMRNA expression of ST2 and IL-33 was determined by qPCR. (F and
G) Mice with COPD phenotype were infected with RV or sham and treated with neutralizing
antibody to ST2 or isotype IgG control starting from 4 days post-infection every other

day and protein levels of CXCL-10 and IFN-y in BAL fluid was determined at 14 days
post-infection. Data represent mean + S.D. calculated from three independent experiments
with two to three animals per group to a total of six to eight mice per group (*#<0.05,
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different from respective sham; 8/<0.05, different from normal sham; ¥/<0.05, different
from normal RV; @/<0.05, different from RV-infected COPD mice treated with isotype
control; ANOVA with Tukey post hoc test).
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Figure 3. Accumulation of CD8* cells and CD11b*/CD11c* macrophages In RV-Infected mice
with COPD phenotype is abrogated by neutralizing antibody to ST2

Mice with COPD phenotype were infected with RV or sham and treated with neutralizing
antibody to ST2 or isotype 1gG control as described under Figure 2. Mice were killed at
14 days post-infection and CD4* and CD8* cells, and macrophages were analyzed by flow
cytometry using total lung digests. (A) Gating strategy for detecting CD4* and CD8* T
cells. (B and E) Representative histograms of CD4* and CD8" cells, and CD11b*/CD11c*
macrophages, respectively in sham and RV infected COPD mice treated with isotype 1gG
control or ST2 antibody. (C, D and F) Quantification of CD4* T cells, CD8* T cells and
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CD11b*/CD11c* macrophages, respectively. Data represent median and range calculated
from three independent experiments carried out using two or three mice per group with a
total of six to eight mice per group (*/<0.05, different from respective sham; @ 2<0.05,
different from RV-infected COPD mice treated with isotype control; ANOVA on Ranks with
Kruskal-Wallis H-test).
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Figure 4. Neutralization of ST2 partially Inhibits RV-Induced accumulation of neutrophils In
COPD mice

Mice with COPD phenotype were infected with RV or sham and treated with neutralizing
antibody to ST2 or isotype 1gG control as described under Figure 2. Mice were killed at

14 days post-infection and neutrophil population was determined by flow cytometry using
total lung digests. (A) CD45*F4/80- cells were further gated on Ly6G and CD11B to

detect neutrophils. (C) Representative histograms of neutrophils in sham and RV-infected
COPD mice treated with isotype 1gG control or ST2 antibody. (A and D) Quantification of
neutrophils. Data represent median and range calculated from three independent experiments
carried out using two mice per group with a total of six mice per group (*~<0.05, different
from respective sham; @ £<0.05, different from RV-infected COPD mice treated with isotype
control; 8/<0.05, different from normal sham; */<0.05, different from normal RV, ANOVA
on Ranks with Kruskal-Wallis AH-test).
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Figure 5. MMP12 expression In RV-Infected mice displaying COPD phenotype was Inhibited by
neutralizing antibody to IFN-y and ST2

Normal mice or mice with COPD phenotype were infected with sham or RV. Some RV-
infected COPD mice were treated with neutralizing antibody to IFN-y or ST2 or with
isotype 1gG control. All mice were Killed at 14 days post-infection. (A and B) Total

RNA from the lungs was isolated and subjected to qPCR to determine the expression of
MMP9 and MMP12, respectively. (C and D) From identically treated mice, BAL fluid was
collected, centrifuged and the supernatant subjected to ELISA or zymography, respectively.
Data in (A-C), represent mean * S.D. calculated from three independent experiments

with two to three animals per group to a total of six to eight mice per group (*/<0.05,
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different from respective sham; unpaired £test, @ <0.05, different from RV-infected COPD
mice treated with isotype control; unpaired #test). (D) Gelatin zymogram from three
representative animals from each group. (E and F) Lung cells from RV-infected animals
either treated with neutralization antibody to IFN-y or isotype 1gG control were flow
sorted to isolate subsets of macrophages, RNA was isolated from sorted cells and subjected
to gPCR. Data represent mean + S.D. from four independent experiments and in each
experiment, cells were pooled from three mice (*/<0.05, different from CD11b* cells;
unpaired test, @2<0.05, different from RV-infected COPD mice treated with isotype
control; unpaired £test).
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Figure 6. Neutralization of either ST2 or IFN-y Inhibits progression of emphysema In RV-
Infected mice with COPD phenotype

(A) H&E-stained lung section from normal mice infected RV and killed at 14 days post-
nfection. (B to D). Mice with COPD phenotype infected with sham or RV and assessed

for lung histology at 14 days post-infection, respectively. D represents an enlarged Image
marked in rectangle in C. Images are representative of three independent experiments. (E-
G). H&E-stained lung sections from RV-infected COPD mice treated with isotype control
or neutralizing antibody to IFN-y or ST2 and killed at 14 days post-Infection. Asterisks in
panels B,C, E, F and G represents emphysematous change. (H and I). Alveolar chord length
was assessed from sham or RV-Infected normal mice or mice with COPD phenotype and
RV-infected COPD mice treated with neutralization antibody to IFN-y or ST2 or isotype
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IgG control. Data represent mean £ S.D. from three independent experiments with two to
three mice per group to a total of six to eight mice per group (*/~<0.05, different from
respective sham; 8/<0.05, different from normal sham; */£<0.05, different from normal RV;
@p<0.05, different from RV-infected COPD mice treated with isotype control; ANOVA with
Tukey post hoc test).
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Figure 7. lllustration showing RV-induced sustained lung inflammation and progression of
emphysema in mice with COPD phenotype

RV caused sustained activation of 1L-33/ST2 signaling axis stimulates expression

of CXCL-10, which recruits primarily CXCR3* CD8* T cells and CD11b*/CD11c*
macrophages leading to sustained lung inflammation. IFN-y produced by recruited CD8*

T cells activates CD11b*/CD11c* macrophages and induces expression of MMP12, a tissue-
degrading enzyme, leading to the progression of emphysema
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