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Abstract
Interactions between cigarette smoke (CS) exposure and viral infection play an important role(s)
in the pathogenesis of chronic obstructive pulmonary disease (COPD) and a variety of other
disorders. A variety of lines of evidence suggest that this interaction induces exaggerated
inflammatory, cytokine and tissue remodeling responses. We hypothesized that the 2′-5′OAS/
RNase L system, an innate immune antiviral pathway, plays an important role in the pathogenesis
of these exaggerated responses. To test this hypothesis we characterize the activation of 2′-5′
oligoadenylate synthase (OAS) in lungs from mice exposed to CS and viral PAMPs/live virus,
alone and in combination. We also evaluated the inflammatory and remodeling responses induced
by CS and virus/viral PAMPs in lungs from RNase L null and wild type mice. These studies
demonstrate that CS and viral PAMPs/live virus interact in a synergistic manner to stimulate the
production of select OAS moieties. They also demonstrate that RNase L plays a critical role in the
pathogenesis of the exaggerated inflammatory, fibrotic, emphysematous, apoptotic, TGF-β1 and
type I IFN responses induced by CS plus virus/viral PAMP in combination. These studies
demonstrate that CS is an important regulator of antiviral innate immunity, highlight novel roles of
RNase L in CS plus virus induced inflammation, tissue remodeling, apoptosis and cytokine
elaboration and highlight pathways that may be operative in COPD and mechanistically-related
disorders.

Introduction
Chronic obstructive pulmonary disease (COPD) is a composite term that encompasses
chronic bronchitis and emphysema (1). It is the 4th leading cause of death in the world and,
in Western societies, is strongly associated with cigarette smoke (CS) exposure (1). Chronic
bronchitis is characterized by chronic inflammation and mucus metaplasia, while
emphysema exhibits structural cell apoptosis and enlargement of alveolar airspace (1–3).
Recent studies have also highlighted the interesting observation that the airways in COPD
tissues are often remodeled and fibrotic while the nearby alveoli manifest tissue rarification
and septal rupture (1). The inflammation in COPD tissues is felt to be causally related to the
emphysema and other pathologic alterations in the lungs from these patients (1, 2, 4, 5) and
worsens with disease progression (1, 4, 5). The mechanisms that mediate these inflammatory
and remodeling responses, however, are not adequately understood.
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Acute exacerbations are a leading cause of morbidity and mortality in COPD (6) and
bacterial and respiratory virus infections account for 50%–70% of these exacerbations (7, 8).
When compared with other causes of COPD exacerbations those caused by viral upper
respiratory tract infections are associated with more severe symptoms, more frequent
hospitalizations, and longer recovery times (9, 10). Influenza virus, rhinovirus, coronavirus,
respiratory syncytial virus, parainfluenza, adenovirus, and metapneumovirus are important
causes of COPD exacerbations (4). The frequency of these exacerbations correlates with the
rate of disease progression and loss of lung function as well as the overall health status of
the patient (6–10). Thus, exacerbations are now considered to be legitimate targets for
disease therapy (8, 9). However, the mechanisms that mediate these exacerbations and their
effects on tissue inflammation and remodeling have not been adequately defined.

A number of lines of evidence have demonstrated that innate immune responses play
important roles in the pathogenesis of COPD (11–14). In keeping with these findings and
their clinical import, studies from our laboratory and others have investigated the effects of
CS, viruses and viral pattern associated molecular patterns (PAMPs), alone and in
combination, on pulmonary innate immunity. These studies demonstrated that CS and
viruses/viral PAMPs interact in a synergistic manner to increase pulmonary inflammation
and fibrotic and emphysematous tissue remodeling (5). They also demonstrated that these
exaggerated responses are mediated by a MAVS (mitochondrial antiviral signaling
molecule)-dependent cytokine cascade characterized by the early induction of type I
interferon (IFN) and IL-18, later induction of IL-12/IL-23 p40 and IFN-γ (5). However, the
possibility that other innate/antiviral pathways could also contribute to these responses has
not been fully addressed.

Ribonuclease L (also called RNase L, ribonuclease 4 or 2–5A-dependent ribonuclease) is an
interferon (IFN)-stimulated, highly regulated endoribonuclease that is widely expressed in
mammalian tissues (15). It is produced as a latent enzyme, activated by OAS (2′-5′
oligoadenylatesynthetase) proteins and destroys cellular and viral RNAs (16). It is a major
effector of IFN-induced antiviral responses that can inhibit the replication of a variety of
viruses including encephalomyocarditis (EMC) virus (17, 18), mengovirus (19, 20), vaccinia
virus (21), reovirus (22), West Nile virus (23), and herpes simplex virus type 1 (HSV-1)
(24). It also contributes to antibacterial innate immunity and has antiproliferative and
apoptotic effector roles (15, 18, 25–28). Its role in the pathogenesis of CS and virus-induced
pulmonary responses like COPD, however, has not been investigated.

We hypothesized that RNase L contributes to the inflammatory and remodeling responses
induced by viral PAMPs or influenza virus in CS-exposed mice. To test this hypothesis we
characterized the 2′-5′OAS/RNase L system in mice exposed to CS and virus/viral PAMPs,
alone and in combination, and defined the roles of RNase L in the pathogenesis of the
exaggerated inflammatory and remodeling responses in this modeling system. These studies
demonstrate that CS interacts in a synergistic manner with viral PAMPs and live influenza
virus to induce a number of OAS moieties. They also demonstrate that RNase L plays a
critical role in the exaggerated inflammation, fibrosis, emphysema, apoptosis and TGF-β1
and type I IFN production induced by CS and viral PAMPs/virus in combination in the
murine lung.

Materials and Methods
Mice

RNase L−/− mice were generated and genotyped as previously described (18). All mice were
bred to be congenic on a C57BL/6 background. All animal experiments were approved by
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the Yale School of Medicine Institutional Animal Care and Use Committee in accordance
with federal guidelines.

Treatment of mice
8 week old WT or RNase L−/− mice were exposed to room air (RA) or the smoke from
nonfiltered research cigarettes (2R4; University of Kentucky, Lexington, Kentucky, USA) as
previously described by our laboratory (5). During the first week, mice received a half
cigarette twice a day to allow for acclimation. During the remainder of the exposure, they
received 3 cigarettes per day (1 cigarette/session, 3 sessions/day). Poly(I:C) or influenza A
virus were administrated after 2 weeks of CS exposure. Poly(I:C) was used in these
experiments to mimic viral double-stranded RNA, which is produced during influenza (or
virus) replication. For Poly(I:C) treatment, the mice were anesthetized and 50ng Poly(I:C) or
PBS vehicle controls were administered twice per week for 2 weeks via nasal aspiration. CS
exposure was continued during this interval. The mice were sacrificed and evaluated 1 day
after the last administration. For influenza A treatment, the mice were anesthetized and 5.0 ×
103.375 TCID50 (50% tissue culture infective doses) of A/PR8/34 influenza (equivalent to
0.05 LD50 in C57BL/6J mice) was administered via nasal aspiration in 70 μl of PBS. CS
exposure was continued during this interval. The mice were sacrificed and evaluated 7 days
and 14 days after the virus administration.

Bronchoalveolar lavage (BAL) and histology
Mice were anesthetized, the thorax was opened, right heart perfusion was accomplished with
calcium and magnesium-free PBS and BAL was undertaken as previously described (5).
Total cell counts were determined using a hemocytometer, and aliquots were cytospun onto
microscope slides and stained with Diff-Quick (Dade Behring) for cellular differential
assessment. After the BAL, the lungs were removed from the thorax, inflated at 25 cm
pressure with PBS containing 0.5% low melting point agarose gel, fixed, embedded in
paraffin, sectioned, and stained. Hematoxylin and eosin, and Mallory’s trichrome stains
were performed in the Research Histology Laboratory of the Department of Pathology at the
Yale University School of Medicine.

Quantitative RT-PCR
Total RNA was isolated from whole-lung tissue using Trizol reagent (Invitrogen) and
transcript levels were quantified using real-time quantitative RT-PCR. The primer sequences
that were employed have been previously described (5).

Immunofluorescence
Lung sections were rehydrated, blocked with 5% BSA, and incubated with rabbit anti-mouse
RNase L antibody generated using recombinant mouse RNase L expressed in E. coli and
purified by FPLC (B.K.J. & R.H.S., to be described elsewhere). The goat anti-mouse SPC
antibody was from Santa Cruz (Santa Cruz, CA). Slides were then incubated with anti-goat
Alexa Fluor 594and anti-rabbit Alexa Fluor 488 (Invitrogen), then coversliped with
Vectashield with DAPI (Vector Laboratories, Burlingame, CA).

Quantification of lung collagen
Animals were anesthetized, right heart perfusion was accomplished with calcium and
magnesium-free PBS, the heart and lungs were removed and the right lung was frozen in
liquid nitrogen and stored at −80°C until used. Collagen content was determined by
quantifying total soluble collagen using the Sircol Collagen Assay kit (Biocolor) according
to the manufacturer’s instructions. The data is expressed as the collagen content of the entire
right lung.
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Assessment of alveolar size
Alveolar size was determined in lungs that had been fixed to pressure by measuring mean
the chord length of H&E-stained lung sections. Briefly, ten random fields were evaluated by
microscopic projection onto the NIH Image program (ver. 1.63), and alveolar size was
estimated from the mean chord length of the air space as described previously by our
laboratory (5).

TUNEL analysis
End labeling of exposed 3′-OH ends of DNA fragments in paraffin-embedded tissue was
undertaken with the TUNEL in situ cell death detection kit AP (Roche Diagnostics). After
staining, 8–10 random pictures were obtained from each lung, and a minimum of 300 cells
were visually evaluated in each section. The labeled cells were expressed as a percentage of
total nuclei.

ELISA
TGF-β1 and IFN-β levels in the mouse BAL samples were quantified in using ELISA kits
(R&D Systems for TGF-β1; PBL Biomedical Laboratories for IFN-β) following the
manufacturer’s instructions.

Statistics
Values are expressed as the mean ± SEM. As appropriate, groups were compared by 2-way
ANOVA; follow-up comparisons between groups were conducted using a two-tailed
Student t test. A p value of ≤0.05 was considered to be significant.

Results
CS interacts with Poly(I:C) or Influenza A to enhance the expression of multiple forms of
OAS

In these studies quantitative RT-PCR was performed to define the levels of multiple forms
of OAS in lungs from mice treated by nasal aspiration with CS and Poly(I:C) or influenza A,
alone and in combination. These evaluations demonstrated that modest levels of mRNA
encoding OAS transcripts could be appreciated in lungs from mice in room air (RA) and
mice exposed to CS only (Figure 1). Poly(I:C) treatments stimulated the levels of a number
of OAS transcripts (Figure 1A–1E). Importantly, many of the OAS transcripts (OAS1D,
OAS1G, OAS2, OASL1 and OASL2) were synergistically increased beyond the levels
obtained with CS alone and Poly(I:C) alone, in mice exposed to CS and Poly(I:C) in
combination (Figure 1A–1E). Other OAS genes, including OAS1A, OAS1B, OAS1C,
OAS1E, OAS1H, and OAS3, were not synergistically induced by CS and Poly(I:C) in
combination (data not shown). To begin to understand the effects of CS plus live virus, mice
were exposed to RA or CS for 2 weeks, infected with influenza A and qRT-PCR was used to
quantitate the levels of multiple forms of OAS. These studies demonstrated that CS and live
virus, individually, did not alter levels of OAS2 and OAS3 transcripts and only modestly
increased levels of OASL1 transcripts (Figure 1F–1H). In contrast, CS exposure and virus
infection interacted to synergistically increase the expression of these OAS moieties (Figure
1F–1H). Other forms of OAS genes, including genes in the OAS1 family and OASL2, were
not synergistically induced by CS and influenza A (data not shown). These studies
demonstrate that CS and Poly(I:C) or influenza A interact to synergistically stimulate
multiple forms of OAS in the murine lung.
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RNase L is expressed in type II alveolar epithelial cells in the lungs from mice treated with
CS plus Poly(I:C) or influenza A

Because OAS moieties are important activators of RNase L, immunofluorescent studies
were next undertaken to localize RNase L in lungs from mice treated with CS and Poly(I:C)
or influenza A, alone and in combination. These evaluations demonstrated that weak RNase
L staining could be appreciated in lungs from mice in room air (RA) and mice exposed to
CS only (Figure 2). Poly(I:C) or influenza A treatments stimulated the expression of RNase
L (Figure 2). Importantly, the levels of RNase L expression in lungs from mice exposed to
CS plus Poly(I:C) or influenza A in combination were greater than the levels in mice treated
with each moiety individually (Figure 2). This RNase L expression co-localized with the
type II alveolar epithelial cell marker Surfactant apoprotein C (SPC) (Figure 2, white
arrows). Thus, these studies demonstrate that CS and Poly(I:C) or influenza A interact to
synergistically stimulate RNase L expression in type II alveolar epithelial cells in the murine
lung.

The exaggerated inflammation induced by CS and Poly(I:C) or influenza A virus in
combination is decreased in the absence of RNase L

As previously reported by our laboratory (5), CS exposure caused a mild increase in
bronchoalveolar lavage (BAL) total cell recovery, Poly(I:C) significantly increased total
cell, macrophage, lymphocyte, and neutrophil recovery and CS and Poly(I:C) interacted in a
synergistic manner to enhance these inflammatory responses (Figure 3A). To evaluate the
importance of RNase L in these responses we compared the effects of these interventions in
wild type (WT) and RNase L−/− animals. These studies demonstrated that the inflammatory
effects of CS or Poly(I:C) individually were not significantly altered in the absence of
RNase L. In contrast, the synergistic interactions of Poly(I:C) treatment and CS exposure
were significantly diminished in animals with null mutations of RNase L (Figure 3A and B).
This manifest as a significant decrease in total inflammatory cell and macrophage,
lymphocyte and neutrophil recovery in the BAL fluids from RNase L−/− mice compared to
WT controls (Figure 3A and B). These data demonstrate that exaggerated pulmonary
inflammatory response induced by CS and Poly(I:C) in combination is significantly
diminished in the lungs of RNase L−/− mice compared to WT controls.

To define the role(s) of RNase L in the pulmonary inflammation induced by CS plus
influenza A, WT and RNase L−/− mice were exposed to RA or CS followed by influenza A
infection. BAL inflammation was evaluated 7 days after viral inoculation. Virus infection
caused significant increases in total cell (Figure 3C), and macrophage, lymphocyte, and
neutrophil recovery that peaked 7 days after viral inoculation (Figure 3D). Interestingly, CS
and influenza A also interacted in a synergistic manner to enhance this inflammatory
response (Figure 3C and D). The stimulatory effects of influenza were not significantly
altered in the absence of RNase L (Figure 3C and D). In contrast, the augmented
inflammation induced by CS and virus in combination was markedly decreased in RNase L
null mice (Figure 3C and D). There was a significant decrease in total BAL cell recovery
and neutrophil, macrophage and lymphocyte recovery in RNase L null mice versus WT
controls (Figure 3C and D). Together, these studies demonstrate that the heightened
pulmonary inflammatory response induced by CS plus virus is mediated by an RNase L-
dependent mechanism(s).

RNase L plays a critical role in the airway fibrosis induced by CS plus Poly (I:C) or
influenza A

As previously reported by our laboratory (5), CS and Poly(I:C) individually did not induce
collagen deposition while airway fibrosis was a prominent feature in the lungs of mice that
are exposed to CS and Poly(I:C) in combination (Figure 4A and B). To define the role(s) of
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RNase L in these remodeling responses we compared the fibrosis in WT and RNase L null
mice treated with CS and Poly(I:C), alone and in combination. As shown in Figure 4,
trichrome histologic evaluations and sircol collagen assays demonstrated that the fibrosis
and collagen accumulation in mice treated with CS or Poly(I:C) individually were not
altered in the absence of RNase L. In contrast, the fibrosis and collagen accumulation in
mice treated with CS plus Poly(I:C) were significantly decreased in lungs from RNase L
null mice compared to similarly treated WT controls. In accord with these findings, the
levels of BAL total TGF-β1 were significantly increased in WT mice treated with CS and
Poly(I:C) in combination and these inductive effects were significantly ameliorated in the
absence of RNase L (Figure 4C). Similarly, virus infection caused a modest increase in
collagen accumulation that peaked 14 days after viral inoculation (Figure 5A and B). This
response was further augmented in mice treated with CS and influenza in combination
(Figure 5A and B). The fibrotic response induced by influenza alone was not significantly
altered in the absence of RNase L (Figure 5A and B). In contrast, 14 days after viral
inoculation, the augmented response induced by CS and virus in combination was
significantly decreased in the absence of RNase L (Figure 5A and B). In accord with these
findings, the levels of BAL total TGF-β1 were modestly increased in mice infected with
influenza alone and synergistically increased in mice exposed to CS plus influenza (Figure
5C). The levels of total TGF-β1 were decreased in mice infected with influenza A alone but
these changes did not reach statistical significance (Figure 5C). In contrast, the induction in
mice exposed to CS and virus was significantly decreased in the absence of RNase L (Figure
5C). When viewed in combination, these data demonstrate that the fibrotic tissue remodeling
and TGF-β1 induced by CS plus Poly(I:C) or influenza A in combination are significantly
diminished in the lungs from RNase L−/− mice compared with WT controls.

RNase L plays a critical role in the airspace destruction induced by CS plus Poly(I:C) or
influenza A

As previously reported (5), CS and Poly(I:C) or virus individually did not induce significant
alveolar remodeling while alveolar remodeling and enlargement were readily appreciated in
the lungs of mice that were exposed to CS plus Poly(I:C) or influenza A in combination
(Figure 6 and 7). To define the role(s) of RNase L in these alveolar remodeling responses we
compared the alveoli in WT and RNase L null mice treated with CS and Poly(I:C) or
influenza A, alone and in combination. As shown in Figure 6, treatment with CS or
Poly(I:C) individually did not cause significant alveolar enlargement in the presence or
absence of RNase L. In contrast, alveolar chord length measurements were significantly
increased in lungs from mice exposed to CS plus Poly(I:C) (Figure 6A and B). Importantly,
this alveolar remodeling was significantly ameliorated in the absence of RNase L (Figure 6A
and B). Treatment with CS and Poly(I:C) in combination also caused significant alveolar
injury with alveolar epithelial DNA injury/apoptosis on TUNEL evaluations (Figure 6C).
This injury/cell death response was also significantly decreased in mice that lacked RNase L
(Figure 6C). In the settings of live virus infection, alveolar remodeling peaked 14 days after
viral inoculation. Similar to Poly(I:C) treatment, the effects of CS and virus individually
were not significantly altered in the absence of RNase L (Figure 7A and B). In contrast, the
heightened alveolar remodeling in mice exposed to CS and virus, in combination, was
markedly decreased in RNase L null animals (Figure 7A and B). In accord with these
findings, CS and virus individually did not alter or only modestly increased the number of
TUNEL positive alveolar epithelial cells while CS exposure plus virus significantly increase
the number of TUNEL positive cells in these animals (Figure 7C). Importantly, this
augmented DNA injury/cell death response was markedly diminished in mice that lack
RNase L (Figure 7C). Together, these findings demonstrate that the alveolar remodeling and
epithelial apoptosis in lungs from mice treated with CS plus Poly(I:C) or influenza A are
mediated via an RNase L-dependent mechanism(s).
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RNase L plays a critical role in the stimulation of Type I IFN by CS plus Poly(I:C) or
influenza A

Studies were next undertaken to define the role(s) of RNase L in the stimulation of type I
IFNs in the lung. As previously described (5), CS did not cause major alterations, Poly(I:C)
stimulated and CS plus Poly(I:C) interacted to further increase type I IFN mRNA and
protein accumulation (Figure 8). The effects of CS and Poly(I:C) individually were not
altered in the absence of RNase L (Figure 8A–C). In contrast, the augmented stimulation of
type I IFN by CS plus Poly(I:C) was markedly decreased in RNase L−/− mice(Figure 8A–C).
In the settings of live virus infection, influenza A infection resulted in Type I IFN
production that peaked on Day 7 and diminished thereafter. This Type I IFN was
significantly augmented in mice exposed to CS (Data not shown). Interestingly, after
treatment with CS plus virus, null mutations of RNase L resulted in defective viral resistance
and titers of virus that were approximately 4-fold higher in RNase L null versus WT mice at
Day 7 after viral inoculation (Supplemental Figure S1A). Despite this increase in virus
accumulation, the production of Type I IFN was comparable or only slightly increased in
RNase L−/− mice (Supplemental Figure S1B–D). To obtain an index of the ability of the
lungs from WT and RNase L null mice to produce Type I IFN when infected we looked at
the relationship between the levels of Type I IFN and viral load. As can be seen in Figure 8
in panels D–F, when the levels of Type I IFN were normalized to viral titer, it is clear that
lungs from RNase L null mice have a decreased ability to produce Type I IFNs compared to
infected WT controls. In combination, these studies demonstrate that RNase L plays a
critical role in Type I IFN production induced by CS plus Poly(I:C) or influenza A.

Discussion
Clinical observations suggest that interactions between CS exposure and viral infection play
important roles in the pathogenesis of a variety of diseases including COPD, the enhanced
morbidity in respiratory syncytial virus (RSV)-infected, second hand smoke-exposed
children and the enhanced mortality in virus-infected otherwise normal smokers (9, 10, 29–
34). In many of these settings virus infection/exposure is believed to result in inflammatory
responses that overwhelm protective anti-inflammatory defenses (6, 35). In keeping with
these clinical observations studies from our laboratory and others have demonstrated that CS
selectively enhances the airway and parenchymal inflammatory, remodeling, and apoptotic
responses induced by viral PAMPs and demonstrated the importance of a type I IFN-IL-18-
IL-12/IL-23 p40-IFN-γ cytokine cascade, the activation of PKR (double stranded RNA-
dependent protein kinase) and eIF2α and MAVS in these events (5). The present studies add
to these observations by testing the hypothesis that the 2′-5′OAS/RNase L pathway also
contributes to these augmented responses. These studies demonstrate that CS and viral
PAMPs/live virus interact in a synergistic manner to stimulate OAS moieties. They also
demonstrate that RNase L plays a critical role in the pathogenesis of the exaggerated
inflammatory, fibrotic, emphysematous, apoptotic and cytokine responses induced by CS
and virus/viral PAMPs in combination.

The 2′-5′ OAS/RNase L system was one of the first antiviral pathways discovered during
investigations on how IFN inhibits viral infection (15). IFNs induce OAS genes in higher
vertebrates and OAS proteins are pathogen recognition receptors (PRR) for viral PAMPs
which use ATP to synthesize 2′-5′ linked oligoadenylates that activate RNase L(15).
Regulated turnover and processing of RNA by RNase L is essential for the complete IFN
response against some viral infections. Activated RNase L also has pro-apoptotic and
growth inhibitory properties (15). Our studies add to these observations a number of novel
ways. First, they demonstrate that CS is an important regulator of viral/viral PAMP
activation of OAS moieties and RNase L. They also demonstrate that this pathway is
impressively activated in lungs from mice exposed to CS and virus/viral PAMP in
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combination compared to mice exposed to either individually. In keeping with the
importance of IFNs in the pathogenesis of the inflammatory and remodeling responses
induced by CS and virus/PAMP in combination (5), they also implicate the 2′-5′OAS/
RNase L pathway in the pathogenesis of COPD and emphysematous and fibrotic tissue
remodeling.

Four classes of OAS genes (OAS1, OAS2, OAS3, and OAS-like) have been identified in the
human and mouse OAS gene family (36–38). There are at least 8 different isoforms of
OAS1, in addition to OAS2, OAS3, and two isoforms of OAS-like proteins in the mouse
(36). These proteins are expressed in a cell/tissue specific manner, display differences in
levels of dsRNA required for optimal activation, and have distinct roles in the responses
against specific viruses by synthesizing 2–5A of different lengths (19, 39–41). Our studies
demonstrate that all OAS subtypes are expressed in the lung. They also demonstrate that
these moieties are differentially regulated by synthetic dsRNA and live virus. Specifically,
only two isoforms of OAS1 were synergistically induced by CS and Poly(I:C) in
combination, while only OAS2 and OASL1 proteins were induced by live influenza virus.
The mechanisms of the stimulus- and isoform-specific effects and their importance in CS
plus viral PAMP/virus-induced inflammatory, apoptotic, destructive, fibrotic and cytokine
responses in the lung will need additional investigation.

The emphysematous alveolar destruction that is characteristic of COPD has been attributed
to a variety of abnormalities including protease excess and oxidant injury (42, 43). Recently,
the apoptosis of endothelial and epithelial cells has been proposed to be a critical event in
the genesis of these abnormalities (44). In keeping with the importance of this cell death
response we previously noted that the alveolar destruction that is induced by CS plus viral
PAMPs/live virus are associated with exaggerated epithelial TUNEL responses (5). Our
studies add to these findings by demonstrating that RNase L is expressed in type II alveolar
epithelial cells and plays a critical role in this cell death response. Although the mechanism
of this contribution is not clear, it is important to point out that, in addition to viral RNA,
RNase L can also target cellular RNAs. These targets include ribosome RNA and
mitochondrial mRNA and can engender apoptosis of infected cells (25, 26, 28, 45–47).
Thus, one can easily see how the sustained activation of RNase L in mice exposed to CS
plus Poly(I:C)/flu virus can trigger apoptotic alveolar destruction.

Excessive extracellular matrix accumulation and fibrotic remodeling are common
consequences of antipathogen immune responses (48, 49). In some cases they are protective
and serve to wall the pathogen off or induce tissue repair. In others the fibrotic response
itself causes tissue dysfunction and has adverse consequences. Airway fibrosis is well
documented in COPD and has been proposed to contribute to the airflow obstruction that
these patient experience (50). Our studies provide interesting insights into the fibrosis in
COPD and possibly other disorders. Specifically, they demonstrate that RNase L plays a
critical role(s) in the fibrosis that is induced by CS plus viral PAMPs in combination. They
also provide a potential mechanism for this finding by demonstrating that RNase L also
plays an important role in the stimulation of TGF-β1. To our knowledge, this is the first
demonstration that RNase L can play a role in the pathogenesis of tissue fibrosis or the
regulation of TGF-β1. These observations raise the interesting possibility that viruses, viral
PAMPs and or the 2′-5′ OAS/RNase L system may play similarly important roles in the
pathogenesis of other idiopathic fibrotic disorders such as idiopathic pulmonary fibrosis or
scleroderma.

As noted above, RNase L is indirectly activated by IFN in combination with viral dsRNA.
Interestingly, our studies also demonstrate that the induction of type I IFNs by CS plus viral
PAMPs is decreased in the absence of RNase L. These findings may be explained by the

Zhou et al. Page 8

J Immunol. Author manuscript; available in PMC 2014 September 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



ability of RNase L to generate small RNAs which activate the RIG-Iike helicase (RLH)
pathway and induce the transcription of Type I IFN genes (51). Regardless, one can envision
a positive feedback loop here where viral infection/exposure induces type l IFN in CS-
exposed tissues (via the RLH or the 2′-5′OAS/RNase L pathways) which further activates
RNase L and increases IFN elaboration. One can envision how this sort of a positive
feedback loop could contribute to the chronicity and or intensity of CS plus virus-induced
responses.

To thoroughly understand the interactions of CS exposure and viral infection we used viral
PAMPs and live virus. This comparison was undertaken to avoid the confounding effects
that could be seen with altered titers of live virus in RNase L null mice. Our studies with
Poly(I:C) clearly demonstrate that the induction of Type l IFNs in CS-exposed mice was
decreased in the absence of RNase L. Similar results were not noted with live virus. In these
experiments the titers of Influenza in RNase L null mice were significantly higher than in
WT controls. Importantly, when the increased titers of influenza in CS-exposed RNase L
null mice were taken into account it is clear that CS-exposed RNase L deficient mice also
have a defect in Type l IFN elaboration. It is also important to point out that, despite the
increased titers of virus in the CS-exposed RNase L null mice, virus induced phenotypes
were ameliorated in lungs from these animals. These findings reinforce the importance of
RNase L in mediating the tissue effects of virus in smoke-exposed tissues.

Influenza virus non-structural protein 1 (NS1) has the ability to bind dsRNA and sequester
the activation of OAS thereby counteracting the anti-viral responses induced by the IFN-
OAS-RNase L system (52). This viral evasion mechanism is utilized by influenza A virus
and numerous studies have demonstrated that RNase L has no effect on viral replication in
cells infected with flu virus (52). In accord with these observations, we noted that when
mice were treated with Poly(I:C) or virus alone, null mutations of RNase L did not alter
inflammatory or tissue destructive responses and significant difference in pulmonary
pathology were not observed in comparisons of lungs from RNase L−/− and WT mice.
However, when mice were exposed with CS before inoculation with Influenza, RNase L
exhibited impressive antiviral effects and diminished inflammatory and tissue remodeling
responses. These observations suggest that CS alters the NS1-based evasion mechanism that
is operative in room air exposed mice and enhances the importance of RNase L in viral
control and clearance.

In conclusion, our studies demonstrate that the 2′-5′ OAS/RNase L system is activated in
lungs from mice exposed to CS plus viral PAMPs/live virus. They also demonstrate that
RNase L plays a critical role in the pathogenesis of the exaggerated inflammatory,
emphysematous, fibrotic, apoptotic and cytokine responses that are induced by CS and
virus/PAMP in combination. These finding suggest that this activation plays an important
role in the pathogenesis of COPD and other diseases in which interactions between CS
exposure and viral infection play an important pathogenetic role. They also suggest that
polymorphisms in the 2′-5′OAS/RNase L system might be able to contribute to the
susceptibility and heterogeneity of these disorders (53, 54). If the anti-inflammatory,
remodeling controlling and antiviral properties of RNase L can be appropriately balanced,
RNase L may be an important therapeutic target in COPD and other disorders. This is an
exciting prospect because naturally occurring RNase L inhibitors have been described (55,
56). Additional investigation of RNase L in health and disease is warranted.
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Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1.
OAS gene expression in the lungs from mice treated with CS plus Poly(I:C) or influenza A,
alone or in combination. The levels of mRNA encoding various forms of OAS were
measured in whole-lung RNA extracts using quantitative RT-PCR. (A) OAS1D; (B)
OAS1G; (C) OAS2; (D) OASL1; (E) OASL2; (F) OAS2; (G) OAS3; (H) OASL1. The data
are presented as the mean +/− SEM percentage of concurrent β-actin evaluations. n = 4 for
each. *, P≤0.05.
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FIGURE 2.
Localization of RNase L in the lungs from mice treated with CS plus Poly(I:C) or influenza
A, alone or in combination. Type II epithelial cells were stained with an anti-SPC antibody
and then labeled with red fluorescence (alexafluor 594). RNase L was labeled with green
fluorescence (alexafluor 488). Nuclei are stained with DAPI (blue). Sites of co-localization
of RNase L and SPC are highlighted with white arrows.
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FIGURE 3.
Role of RNase L in the pulmonary inflammation in lungs from mice exposed to CS plus
Poly(I:C) or influenza A, alone and in combination. WT or RNase L−/− mice were exposed
to CS(+) or room air (CS−) and randomized to receive Poly(I:C), Influenza A virus or
vehicle. In (A) and (C), BAL fluid was collected, and total cell recovery was determined. In
(B) and (D), BAL cell differential was assessed. The noted values represent the mean +/−
SEM of evaluations in a minimum of 4 mice; * P≤0.05
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FIGURE 4.
Role of RNase L in the airway fibrosis and TGF-β1 production in lungs from mice exposed
to CS plus Poly(I:C), alone and in combination. WT or RNase L−/− mice were exposed to
CS(+) or room air (CS−) and randomized to receive Poly(I:C) or vehicle. In (A), lungs were
sectioned and underwent trichrome staining. In (B), lung collagen was measured using
Sircol evaluations. In(C) total BAL TGF-β1was measured by ELISA. The sections in A are
representative of evaluations in a minimum of 8 mice each. The values in B and C represent
the mean +/− SEM of evaluations in a minimum of 4 mice. * P≤0.05
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FIGURE 5.
Role of RNase L in the airway fibrosis and TGF-β1 production in lungs from mice exposed
to CS plus flu virus, alone and in combination. WT or RNase L−/− mice were exposed to
CS(+) or room air (CS−) and randomized to receive Influenza A virus or vehicle. In (A),
lungs were sectioned and underwent trichrome staining. In (B) lung collagen content was
measured using Sircol evaluations. In (C) total BAL TGF-β1 was measured by ELISA. The
sections in A are representative of evaluations in a minimum of 8 mice each. The values in
B and C represent the mean +/− SEM of evaluations in a minimum of 4 mice. * P≤0.05
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FIGURE 6.
Role of RNase L in the alveolar destruction in lungs from mice exposed to CS plus
Poly(I:C), alone and in combination. WT and RNase L−/− mice were exposed to CS(+) or
room air (CS−) and were randomized to receive Poly(I:C) or vehicle. In (A) lungs were
infused with fixative under constant pressure (25 cm H2O), sectioned and underwent H & E
staining. Each section is representative of evaluations in eight mice with the noted genotype.
In (B) alveolar airspace size was calculated using ImageJ analysis software. Data represent
the mean +/− SEM of chord length evaluations in a minimum of 4 mice. *, P≤0.05. In (C)
lungs were processed for TUNEL staining and TUNEL-positive cells were counted. The
data are presented as the mean TUNEL scores ± SEM. *, P≤ 0.05.
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FIGURE 7.
Role of RNase L in the alveolar destruction in lungs from mice exposed to CS plus virus,
alone and in combination. WT or RNase L−/− mice were exposed to CS(+) or room air (CS
−) and randomized to receive Influenza A virus or vehicle. In (A) lungs were infused with
fixative under constant pressure (25 cm H2O), sectioned and underwent H & E staining.
Each section is representative of evaluations in eight mice with the noted genotype. In (B)
alveolar airspace size was calculated using ImageJ analysis software. The data represent the
mean +/− SEM of chord length evaluations in a minimum of 4 mice. *, P≤ 0.05. In (C),
lungs were processed for TUNEL staining and TUNEL-positive cells were counted. The
data are presented as the mean TUNEL scores ± SEM. *, P≤ 0.05.
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FIGURE 8.
Role of RNase L in the production of Type I Interferon in lungs from mice exposed to CS
plus Poly(I:C) or influenza A, alone or in combination. WT or RNase L−/− mice were
exposed to CS (+) or room air (CS−) and randomized to receive Poly(I:C) or influenza A or
vehicle. Type I Interferon mRNAs and proteins were measured with RT-PCR and ELISA
respectively. In (A) BAL IFN-β was assessed by ELISA. In (B) IFN-β mRNA levels were
measured in whole-lung RNA extracts. In (C) IFN-α4 mRNA levels were measured in
whole-lung RNA extracts. In (D) the levels of BAL IFN-β were assessed by ELISA and
normalized to viral titer. In (E) IFN-β mRNA levels were measured in whole-lung RNA
extracts and were normalized to viral titer. In (F), IFN-α4 mRNA levels were measured in
whole-lung RNA extracts and were normalized to viral titer. The data in panels A and D
represent the mean +/− SEM of evaluations in a minimum of 4 mice. *, P≤0.05, **, P≤0.01.
The data in panels B, C, E and F are expressed as the mean +/− SEM percentage of
concurrently evaluated β-actin transcripts. n = 4 for each. *, P≤0.05. **, P≤0.01.
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