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Abstract

Interferon (IFN) responses to viral infection is necessary to establish intrinsic antiviral state, but, if 

unchecked can lead to heightened inflammation. Recently, we showed that TLR2 activation 

contributes to limitation of rhinovirus (RV)-induced IFN response in the airway epithelial cells. 

We also demonstrated that, compared to normal, airway epithelial cells from patients with chronic 

obstructive pulmonary disease (COPD) show higher IFN responses to RV, but the underlying 

mechanisms are not known. Initially, RV-induced IFN responses depends on double stranded RNA 

receptor activation and then amplified via IFN-stimulated activation of JAK/STAT signaling. Here 

we show that in normal cells, TLR2 limits RV-induced IFN responses by attenuating STAT1 and 

STAT2 phosphorylation and this was associated with. TLR2-dependent SIRT-1 expression. 

Further, inhibition of SIRT-1 enhanced RV-induced IFN responses and this was accompanied by 

increased STAT1/STAT2 phosphorylation indicating that TLR2 may limit RV-induced IFN 

responses via SIRT-1. COPD airway epithelial cells showed attenuated IL-8 responses to TLR2 

agonist despite expressing TLR2 similar to normal, indicating dysregulation in TLR2 signaling 

pathway. Unlike normal, COPD cells failed to show RV-induced TLR2-dependent SIRT-1 

expression. Pretreatment with quercetin, which increases SIRT-1 expression, normalized RV-

induced IFN levels in COPD airway epithelial cells. Inhibition of SIRT-1 in quercetin pretreated 

COPD cells abolished the normalizing effects of quercetin on RV-induced IFN expression in these 

cells, confirming that quercetin exerts its effect via SIRT-1. In summary, we show that TLR2 is 

required for limiting RV-induced IFNs, and this pathway is dysregulated in COPD airway 

epithelial cells leading to exaggerated IFN production.
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Introduction

Rhinovirus (RV), which is responsible for majority of common colds, causes exacerbations 

in patients with chronic obstructive pulmonary disease (COPD) (1). COPD patients 
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experimentally infected with RV showed more severe and prolonged lung inflammation than 

normal subjects (2), but the underlying mechanisms are not completely understood.

Epithelial cells lining the tracheobronchial mucosa are the primary target for rhinovirus (RV) 

and express type I and type III interferons (IFNs) in addition to pro-inflammatory cytokines 

and chemokines in response to RV infection (3, 4). Both these responses should be tightly 

regulated to prevent subsequent excessive airway inflammation. Previously, we 

demonstrated that COPD airway epithelial cells show exaggerated type I and type III IFN 

expression in response to RV infection (3) and this was not associated with augmented viral 

clearance. Similarly, mice displaying COPD-like lung disease including mild to moderate 

emphysema, lung inflammation and airway remodeling, also showed higher IFN response to 

RV than normal and this was associated with heightened lung inflammation (5). We also 

showed that RV interaction with TLR2 is required for limiting replication-dependent 

antiviral type I and type III IFNs expression in normal airway epithelial cells (6). However, 

the role of TLR2 in COPD bronchial epithelial cells that show exaggerated type I and type 

III IFNs is yet to be determined. Additionally, mechanisms by which RV induced TLR2 

activation limits RV-induced INF expression are not understood.

In airway epithelial cells, RV-induced first wave of type I and III IFN expression depends on 

the interaction of double stranded RNA (dsRNA) receptors MDA5, RIG-I and TLR3 with 

dsRNA generated during viral replication (4, 7). The second wave of Type I and type III 

IFNs expression depends on interaction of these IFNs with their respective receptors. This 

interaction activates JAK/STAT signaling in a paracrine/autocrine fashion to amplify IFN 

expression. In addition, interaction of type I and II IFNs with their receptor also upregulates 

various IFN-stimulated genes (ISG) with broad antiviral activities to establish antiviral state 

(8, 9). Without this IFN/IFN receptor positive feedback loop, the expression of ISGs is 

compromised and this could eventually promote viral replication.

In addition to establishing antiviral state, Type I and III IFNs may also contribute to 

initiation of lung inflammation by promoting recruitment and activation of immune cells. 

Given the potential of type I and type III IFNs to drive and amplify inflammatory responses, 

the exaggerated or prolonged expression of type I and type III IFNs may be detrimental 

following viral infections (10, 11). Therefore, type I and type III IFN responses to viral 

infection are tightly-regulated by various cell-intrinsic negative regulators to prevent overt 

lung inflammation following viral infections (reviewed in (12, 13)).

IFN responses to viral infections may be regulated at the initial phase by downregulation of 

dsRNA receptor expression or downstream signaling. IFNs may also be regulated during 

amplification phase, which involves STAT activation by various intrinsic factors including 

suppressor of cytokine signaling (SOCS). Previously, respiratory syncytial virus was shown 

to induce SOCS1 and 3 via TLR activation, thus reducing the type I IFN expression (14). 

Gielen et al demonstrated that increased SOCS1 expression contributes to suppression of 

RV-induced IFNs in airway epithelial cells from subjects with asthma (15). However, 

whether TLR2 regulates RV-induced IFN responses in airway epithelial cells via enhancing 

SOCS expression is yet to be determined.
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Sirtuin (SIRT)-1 is a type III nicotinamide adenine dinucleotide (NAD)-dependent histone 

deacetylase and plays an important role in various biological processes including immunity, 

aging, stress response and metabolism. SIRT-1 regulates expression of various genes not 

only by deacetylating histones, but also by deacetylating transcription factors including 

FOXO proteins, NF-ĸB, P53, STAT3 and STAT1 (16-20). For example, in monocytes, 

SIRT-1 deacetylates P65/RelB at later stages of TLR4 activation by endotoxin (that is after 

10 h) to terminate endotoxin-induced NF-ĸB-dependent gene transcription (16). SIRT-1 

binds and represses activity of p53 and promotes cell survival under stress (17). In cells 

under oxidative stress, SIRT-1 forms a complex with FOXO3A and deacetylates FOXO3A to 

promote resistance to oxidative stress and cell survival (18). SIRT-1 inhibits growth 

hormone-stimulated STAT3 activation in mouse embryonic cells and this was associated 

with deacetylation of STAT3 (20). Further, it was demonstrated that acetylation of STAT3 is 

necessary for its activation. In another study, treatment with SIRT-1 agonists deacetylated 

STAT3, thus impeding STAT3 translocation to nucleus, and inhibiting T cell differentiation 

into Th7 and Th17 cells and thus limiting tumor growth in mice (21). SIRT-1 was also 

shown to inhibit LPS-induced high mobility group box 1 via STAT-1 inactivation in 

macrophages (19). Since TLR activation enhances SIRT-1 expression and accumulation of 

NAD+, and SIRT-1 negatively regulates JAK-STAT signaling, it is plausible that TLR2 may 

limit RV-induced IFNs via SIRT-1.

In this study, we show that RV increases SIRT-1 expression via TLR2, and SIRT-1 limits RV-

induced IFN expression by inhibiting JAK/STAT signaling pathway in normal airway 

epithelial cells. We also demonstrate that COPD airway epithelial cells are not only defective 

in the expression of SIRT-1, but also display dysregulation in TLR2 activation despite 

expressing TLR2 and this may contribute to exaggerated IFN responses to RV in these cells.

Materials and Methods

Cell cultures

Airway epithelial cell line, BEAS-2B cells were purchased from American Type Culture 

Collection (Manassas, VA) and cultured in serum free airway epithelial cell growth medium 

(BEGM) (22). Basal cells were isolated from the tracheobronchial segments of normal donor 

lungs and explanted lungs from COPD patients at the time of lung transplantation as 

described previously (3, 23, 24). Collection of the tissue was approved by Institutional 

Review Board of University Michigan, Ann Arbor, MI and Temple University, Philadelphia, 

PA. Patient characteristics are provided in Table 1. The basal cells were cultured in 12 mm 

transwells as described previously (6, 23). Briefly, basal cells at passage one were cultured 

in Bronchial Life medium (LifeLine Cell Technologies, Frederick, MD) under submerged 

conditions until confluent. The cells were then lifted to air/liquid interface and cultured in 

differentiation medium for another 3 weeks to promote mucociliary differentiation.

Immunofluorescence

Different cell types in the mucociliary-differentiated cultures were quantified as previously 

described with some modifications (23, 25). Briefly, apical surface of the cultures was 

washed with PBS containing 0.15% sodium bicarbonate, rinsed with PBS, fixed in 4% 
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paraformaldehyde and blocked with 1% BSA/5% normal donkey serum in PBS for 1h. 

Cultures were then incubated overnight at 4° C with polyclonal antibody to human 

tracheobronchial mucins (26), acetylated tubulin (MilliporeSigma, St Louis, MO), 

cytokeratin 5 (abcam, Cambridge, MA), or CC10 (ThermoFisher Scientific, Waltham, MA) 

to detect goblet cells, cilia, basal cells or club cells respectively. Unbound antibody was 

removed by washing and bound antibody was detected with appropriate second antibody 

labeled with AlexaFluor 598 or AlexaFluor 488. The cultures were counter stained with 

DAPI to detect nuclei. The cultures were mounted, imaged with confocal microscopy and 

the number of different cell types per 100 nuclei were counted in at least 10 random fields 

and averaged.

Transient and stable knockout of genes in airway epithelial cells

BEAS-2B cells were transfected with 10 picomoles of non-targeting (NT), or ON-

TARGETplus SMART pool siRNA specific to TLR2, (Dharmacon, Chicago, IL) and 

incubated for 48h. To knockdown TLR2 in normal primary airway epithelial cells, basal 

cells were transduced with GIPZ Lentiviral vector expressing either TLR2 shRNA or non-

targeting shRNA (both purchased from Dharmacon) and cultured at air/liquid interface to 

promote mucociliary differentiation as described previously (23). Knockdown of gene 

expression was confirmed by qPCR, or flow cytometry.

To obtain stable SIRT-1 knockout cell line, BEAS-2B cells were transduced with GIPZ 

Lentiviral vector (Dharmacon) expressing either SIRT-1 shRNA or non-targeting shRNA and 

cultured in the presence of 2 μg/ml puromycin to select for transduced cells. The cell line 

showing SIRT-1 knockdown as determined by protein expression was expanded and stored. 

The SIRT-1 knockout cells were maintained in BEGM containing 2 μg/ml puromycin in all 

the experiments.

RV and infection

RV16, a major group RV was purchased from ATCC, propagated in H1 HeLa cells, partially 

purified by ultrafiltration using 100 kDa cut off membrane, and viral titer was determined by 

plaque assay as previously described (27). Less than 100kDa fraction from purified RV 

preparation was used as sham control.

BEAS-2B cells were infected with sham or RV at multiplicity of infection (MOI) of 2 or 

equal volume of sham and incubated for 90 min at 33°C. Infection medium was replaced 

with fresh medium and incubation was continued at 33°C for another 24 h. Apical surface of 

mucociliary-differentiated normal or COPD cell cultures was washed with PBS, transwells 

were transferred to a new receiver plate, and the apical surface was infected with 30 μl of 

PBS containing RV at MOI of 2, or equivalent volume of sham and incubated at 33°C for 24 

h. In selected experiments, cells were incubated at 37°C instead of 33°C after RV infection. 

In some experiments, cultures were pretreated with either EX-527, a specific inhibitor of 

SIRT-1 (Cayman Chemicals, Ann Arbor, MI) or 1 μM quercetin (Quercegen 

Pharmaceuticals, Sudbury, MA), a polyphenol which positively regulates SIRT-1 for 24 h 

and then the cell cultures were infected with RV and incubated in the presence or absence of 

EX-527. Cell cultures treated with DMSO (vehicle) served as controls.
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Treatment of mucociliary-differentiated airway epithelial cell cultures with Pam3CSK4

Transwells containing mucociliary-differentiated airway epithelial cell cultures were 

transferred to new receiver plates containing fresh complete medium. Apical surface of the 

cell cultures was washed and treated with 1 μg/ml Pam3CSK4 (Invivogen, San Diego, CA) 

or 10 ng/ml FSL-1 at both apical and basolateral sides and incubated for 24 h. Cells treated 

with medium served as control. Medium from the basolateral chamber was collected for 

IL-8 determination by ELISA.

Flow cytometry

Mucociliary-differentiated airway epithelial cell cultures were dissociated using Accutase™ 

(STEMCELL Technologies Inc., Cambridge, MA), neutralized with serum, washed and 

incubated with blocking buffer. Cells were then incubated with FITC labeled-anti-human 

TLR2 antibody or FITC-labeled isotype control (BioLegend, San Diego, CA), washed, fixed 

and analyzed by flow cytometry.

To determine the endocytosis of the virus, COPD cell cultures pretreated with quercetin or 

vehicle were washed, infected apically with RV, and incubated for 2 h. The cells were 

washed to remove extracellular virus, dissociated with accutase (ThermoFisher Scientific) 

and endocytosed virus was detected by using monoclonal antibody to RV (MAb R16–7, 

kindly provided by Weiming Li, University of Wisconsin, Madison, WI) and the cells were 

analyzed by flow cytometry as described previously (28).

Western blot analysis

After relevant treatment, cells were washed with cold PBS and lysed in RIPA buffer 

containing protease and phosphatase inhibitors. Equal amount of protein was subjected to 

Western blot analysis with antibodies to MDA5 (Santa Cruz Biotechnology, Santa Cruz, 

CA), SOCS1, SOCS3 total and phospho IRF3, STAT1 or STAT2 (Cell Signaling, Danvers, 

MA), or β-actin (Sigma Aldrich, St. Louis, MO). Specific bands were quantified by 

densitometry using NIH imageJ, and the results expressed as fold change over β-actin or 

respective total protein.

Real time PCR

After relevant treatment, total RNA was isolated from airway epithelial cells and the 

expression of IFN-β, IFN-λ1, IFN-λ2, and TLR2 was determined by using gene specific 

primers and normalized to house-keeping gene, glyceraldehyde 3-phosphate dehydrogenase 

(G3PDH) (29) . Viral load was determined by quantitative qPCR and expressed as number 

of copies/μg of RNA as previously described (27).

ELISA

After relevant treatment, basolateral medium from mucociliary differentiated cultures and 

culture supernatants from submerged BEAS-2B cell cultures were collected and protein 

levels of IL-8 (R & D systems, Minneapolis, MN), IFN-λ1 and IFN-λ2 (MyBiosource Inc., 

San Diego, CA) was determined by ELISA.
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Statistical analysis

The data was analyzed by using SigmaStat (Systat Software Inc., San Jose, CA), which has 

the capacity to determine whether the data is normally distributed (Gaussian distribution) 

using probability density theory. Statistical significance for normally distributed data was 

assessed by unpaired student T test (for comparisons between 2 groups) or by analysis of 

variance (ANOVA) with Student-Newman-Keuls post-hoc test (for comparisons between 3 

or more groups). If the data was not normally distributed non-parametric tests such as 

Wilcoxon Rank Sum test to compare between 2 groups, Sign rank test for paired comparison 

and ANOVA on ranks with Dunn’s post-hoc test for comparing 3 or more groups. For 

comparison of differences between normal and COPD cultures, we used non-parametric 

tests because of the small sample size. A p value of ≤0.05 was considered as statistically 

significant.

Results

Mucociliary-differentiated COPD airway epithelial cells show attenuated responses to 
TLR2 agonist

Previously, we demonstrated that COPD cultures differ from normal cultures in showing 

goblet cell hyperplasia and pro-inflammatory phenotype (3, 23). In this study, we 

determined the phenotype of mucociliary cultures by quantifying the major cell types 

present in the cultures by immunofluorescence microscopy. COPD cell cultures showed 

relatively more basal and goblet cells and less ciliated cells compared to normal cell cultures 

indicating goblet cell and basal cell hyperplasia (Table 2) as observed previously (23, 30). To 

determine the antiviral IFN responses of these cultures, we infected the COPD and normal 

cell cultures with sham or RV and examined for mRNA levels of IFN-β, IFN-λ1 and IFN-

λ2 and protein levels of IFN-λ1 and IFN-λ2 at 24 h post-infection. As previously observed, 

RV-infected COPD airway epithelial cells showed higher mRNA expression of all three 

IFNs (Figure 1a - 1c) and proteins levels of IFN-λ1 and IFN-λ2 (Figure 1d and 1e) than 

similarly-infected normal cells (3). Incubation at 37° C instead of 33° C following RV 

infection further enhanced RV-stimulated mRNA expression of all three IFNs in both normal 

and COPD airway epithelial cells, but again COPD showed much higher expression of all 

three IFNs (Supplemental Figure 1). Despite expressing excessive levels of IFNs, COPD 

cells showed significantly higher viral load than normal cells (Figure 1f).

Since interaction of RV with TLR2 limits RV-induced type I and type III IFN responses in 

normal airway epithelial cells (6), we examined whether reduced expression or dysregulated 

activation of TLR2 contribute to RV-induced exaggerated IFN expression in COPD airway 

epithelial cells. First, we examined the expression of TLR2 in COPD airway epithelial cell 

cultures at both mRNA and protein level by qPCR and flow cytometry respectively. There 

was no difference in the expression of TLR2 between normal and COPD mucociliary-

differentiated airway epithelial cell cultures at either mRNA or protein level (Figure 1g and 

1h). To determine if COPD cells are defective in TLR2 activation, we examined the IL-8 

responses to Pam3CSK4, a TLR2 agonist that is recognized by TLR2/TLR1 heterodimer. As 

previously observed COPD airway epithelial cells showed higher levels of IL-8 than normal 

cells under unstimulated conditions (Figure 1i) (3, 24). However, in response to Pam3CSK4 
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treatment, COPD cells showed attenuated IL-8 responses than similarly treated normal 

airway epithelial cells (Figure 1i and 1j). Similarly attenuated IL-8 response was observed in 

COPD cells when challenged with another TLR2 ligand FSL-1, an agonist that signals 

through TLR2/TLR6 heterodimer (Supplemental Figure 2). These results indicate that 

COPD airway epithelial cells show defect in activation rather than expression of TLR2. 

Since TLR2 interaction with RV limits RV-induced IFN responses, we postulated that 

dysregulated TLR2 signaling may contribute to exaggerated IFN responses to RV infection 

in COPD airway epithelial cells. Therefore, we focused on determining the mechanisms by 

which TLR2 limits RV-induced IFN responses using TLR2 agonist PAM3CSK4 and 

incubating cells at 33°C when infected with RV.

RV-induced TLR2 activation does not suppress dsRNA receptor signaling.

RV has been shown to induce IFN responses through activation of dsRNA receptor, MDA5 

and subsequent phosphorylation of IRF3 (4). To determine whether TLR2 limits RV-induced 

IFN response by downregulating MDA5 signaling, BEAS-2B cells transfected with NT or 

TLR2 siRNA were infected with RV or sham and the expression of IFNs, MDA5, and 

phosphorylation of IRF3 were determined. As previously observed, RV-stimulated IFN 

expression was significantly higher in cells transfected with TLR2 siRNA than in cells 

transfected with NT siRNA (Figure 2a-2c). Expression of MDA5 increased in both NT and 

TLR2 siRNA-transfected cells equally following RV infection (Figure 2d). Further, there 

was no difference in the RV-induced phosphorylation of IRF3 between NT and TLR2 

siRNA-transfected cells (Figure 2e). These results indicate that TLR2 may not affect the first 

wave RV-induced IFN responses that depends on dsRNA receptor signaling. Knockdown of 

TLR2 was confirmed by qPCR (Figure 2f).

TLR2 limits STAT activation following RV infection

RV-induced type I and type III interferons activates JAK/STAT signaling pathway to amplify 

the expression of IFNs. Therefore, we examined whether TLR2 signaling affects STAT1/2 

activation following RV infection. Interestingly, RV-infected TLR2 siRNA-transfected cells 

showed significantly higher phosphorylation of both STAT1 and STAT2 than similarly-

infected NT siRNA-transfected cells (Figure 3a - 3d). These results imply that TLR2 may 

limit RV-induced IFN responses by attenuating activation of JAK/STAT signaling pathway 

stimulated by first wave of IFNs expressed via dsRNA receptor activation.

TLR2 inactivates STAT1 and STAT2 via SIRT-1 and not SOCS proteins.

RV has been shown to upregulate SOCS1 and SOCS3 in airway epithelial cells at 24 hours 

post-infection (15). Since SOCS proteins inhibit STAT activation, we examined whether 

TLR2 limits STAT activation via enhancing SOCS expression following RV infection. We 

found that RV increases expression of SOCS1 in BEAS-2B cells and there was no difference 

between NT and TLR2 siRNA-transfected cells (Figure 4a, and 4c). Interestingly, sham-

infected TLR2 siRNA-transfected cells showed higher SOCS3 expression than NT siRNA-

transfected cells, which further increased following RV infection with net increase similar to 

NT siRNA-transfected cells (Figure 4b, and 4e). These results indicate that TLR2 may 

reduce STAT1 activation through inhibitory molecules other than SOCS proteins.
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Since SIRT-1 plays a role in STAT1 and STAT3 inactivation (19-21), we next assessed the 

expression of SIRT-1 following RV infection. We found that RV significantly enhanced the 

expression of SIRT-1 protein in NT siRNA-transfected cells (Figure 4c and 4f), but not in 

TLR2 siRNA-transfected cells. Such increase in SIRT-1 was not observed when cells were 

infected with UV-RV (data not shown). To examine the contribution of SIRT-1 in limiting 

RV-induced IFN responses, we generated stable SIRT-1 knockout BEAS-2B cell line 

(Figure. 5a) and assessed the RV-induced IFN expression. Compared to control, SIRT-1 

knockout cells showed higher mRNA expression of IFN-β, IFN-λ1 and IFN-λ2 in response 

to RV infection at 24 h post-infection (Figure 5b - 5d). Additionally following RV infection, 

SIRT-1 knock out cells also showed enhanced STAT1 and STAT2 phosphorylation compared 

to control cells (Figure 5e - 5h). These results imply that TLR2 may limit RV-induced IFN 

expression via upregulation of SIRT-1 expression and subsequent reduction in STAT1 and 

STAT2 activation.

RV does not induce SIRT-1 expression in COPD airway epithelial cell cultures

Previously, we demonstrated that compared to normal, COPD airway epithelial cell cultures 

show reduced expression of SIRT-1 mRNA (3). In this study, we found that compared to 

normal, mucociliary-differentiated COPD airway epithelial cell cultures also show reduced 

protein levels of SIRT-1 (Figure 6a and 6b). Following RV infection, SIRT-1 levels increased 

significantly in the normal but not in COPD epithelial cell cultures (Figure 6c and 6d).

Since, COPD cells show dysregulated TLR2 signaling, and fail to show increase in the 

SIRT-1 expression following RV infection, we examined whether RV induces SIRT-1 via 

TLR2 activation in normal airway epithelial cells. Genetic inhibition of TLR2 in the 

mucociliary-differentiated normal airway epithelial cell cultures attenuated RV-induced 

SIRT-1 levels (Figure 7a and 7b). Genetic inhibition of TLR2 by shRNA was confirmed by 

qPCR (Figure 7c). These results confirm that TLR2 regulates RV-induced SIRT-1 not only in 

airway epithelial cell line, but also in normal primary mucociliary-differentiated airway 

epithelial cells.

SIRT-1 regulates RV-induced IFN expression in primary airway epithelial cells

To determine the role of SIRT-1 in limiting RV-induced IFN responses in primary normal 

mucociliary-differentiated airway epithelial cells, normal cell cultures were treated with 

EX-527, a specific chemical inhibitor of SIRT-1, infected with sham or RV, and examined 

for IFN expression. Airway epithelial cells treated with EX-527 and infected with RV 

showed significantly higher mRNA levels of IFN-β, IFN-λ1 and IFN-λ2 and protein levels 

of IFN-λ1 and IFN-λ2 than similarly-infected vehicle-treated cells (Figure 8a - 8e). This 

was associated with increase in the phosphorylation of both STAT1 and STAT2 (Figure 8f). 

However, despite increased IFN expression, RV load remained unchanged in cells treated 

with EX-527 (Figure 8g).

Previously, we have demonstrated that quercetin treatment enhances SIRT-1 levels in a 

mouse model of COPD (31). Therefore, we used quercetin to increase SIRT-1 levels in 

COPD airway epithelial cells to examine whether SIRT-1 also regulates RV-induced IFN 

responses in these cells. Initial experiment was conducted to optimize quercetin 
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concentration that is required for maximal expression of SIRT-1 protein in COPD cells 

without affecting the viral endocytosis. We found that quercetin at as low as 1 μM 

significantly increased SIRT-1 levels in COPD cells without affecting endocytosis of virus 

(Figure 9a and 9b). Therefore, in subsequent experiments, mucociliary-differentiated COPD 

cells were pretreated with 1 μM quercetin for 24 h and then examined for IFN responses to 

RV in the presence or absence of EX-527. Quercetin pretreatment significantly attenuated 

RV-induced IFN responses in COPD airway epithelial cells (Figure 9c - 9g) and the IFN 

levels were similar to that observed in RV-infected normal cells (Table 3). Treatment with 

EX-527, a SIRT-1 inhibitor restored the levels of RV-induced IFN expression in quercetin-

pretreated cells indicating that quercetin exerts its effect through SIRT-1. Interestingly there 

was no significant difference in the viral load between the untreated and cell treated with 

quercetin alone or with quercetin and EX-527 (Figure 9h).

Taken together, these results indicate that TLR2 regulates RV-induced expression of IFNs 

via SIRT-1 in airway epithelial cells. Both SIRT-1 expression and TLR2 signaling pathway 

are attenuated in COPD airway epithelial cells and this may lead to exaggerated IFN 

expression in response to RV infection in these cells (Figure 10).

Discussion

This study highlights one of the mechanisms that regulates RV-induced IFN expression in 

normal airway epithelial cells, thus preventing the exaggerated IFN expression. Our previous 

study indicated that TLR2 is necessary for limiting RV-induced IFN expression in normal 

airway epithelial cells, but the underlying molecular mechanisms were not elucidated (6). 

Here we demonstrate for the first time that RV induces TLR2-dependent SIRT-1 expression, 

which reduces amplification of IFNs via inhibition of JAK-STAT signaling pathway. COPD 

cells, which show exaggerated IFN expression following RV infection were found to be 

defective not only in activating TLR2 signaling, but also in the expression of SIRT-1. 

Finally, we show that quercetin, a polyphenol, normalizes RV-induced expression of IFNs in 

COPD cells via SIRT-1.

Activation of TLR2 or EGFR signaling has been shown to attenuate IFN responses to virus 

infection (6, 32). EGFR activation induced by RV was shown to attenuate subsequent type 

III IFN response in BEAS-2B cells and this was associated with increased persistence of 

virus (32). Activation of TLR2 signaling by TLR2 agonist was shown to deplete interleukin 

receptor associated kinase −1 (IRAK-1), and this in turn inhibited IFN expression stimulated 

by single strand (ss) RNA, which signals through MyD88-dependent TLR7/TLR9 signaling 

pathway (33). IRAK-1 is essential downstream adapter protein in MyD88-dependent TLR7/

TLR9 signaling pathway. Subsequently we showed that RV, which interacts with TLR2 and 

also depletes IRAK-1 (34). However, inhibition of TLR2 or IRAK-1 in BEAS-2B cells 

enhanced, instead of attenuating RV-induced IFN expression (6). This is not surprising, 

because, RV primarily induces IFN responses via dsRNA generated during replication (4, 7), 

but not by ssRNA. In this study, we confirmed that TLR2 also limits RV-induced IFN 

responses in primary airway epithelial cells from normal subjects. COPD airway epithelial 

cells, which show exaggerated IFN responses to RV infection were found to be defective in 

activating TLR2 signaling pathway despite expressing TLR2 similar to normal cells. We are 
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currently investing the mechanisms underlying dysregulated TLR2 signaling in COPD 

airway epithelial cells and is a topic for future publication.

Accumulating evidences indicate that some DNA viruses induce IFN-β expression via TLR2 

signaling which subsequently activates IRF1 and IRF7 in inflammatory monocytes (35, 36). 

In another study, prior activation of TLR2 was shown to enhance type I IFN production to 

subsequent challenge with agonists of TLR and dsRNA receptors through increased 

activation of IRF3 in monocytes (37). In contrast, we found that activation of TLR2 by RV 

attenuates subsequent type I and type III IFN responses in airway epithelial cells. 

Additionally, knockdown of TLR2 had no effect on either RV-induced expression of dsRNA 

receptor, MDA5 or activation of IRF3 in airway epithelial cells. The observed discrepancy 

may be due to different cell types used, that is monocyte versus epithelial cells. These 

observations also indicate that TLR2 activation by RV may not affect dsRNA mediated 

initial wave of IFN responses in RV-infected cells.

Activation of JAK/STAT signaling amplifies IFN expression in virus-infected cells (38-40). 

Interestingly, we found that TLR2 reduces RV-induced STAT1 and STAT2 activation 

indicating TLR2 may inhibit amplification of IFNs that involves JAK/STAT signaling 

pathway. Activation of TLR4 or TLR2 signaling has been shown to increase SOCS1 and 

SOCS3 expression via p38 MAP kinase to regulate pathogen activated inflammatory 

responses (41, 42). RV infection activates p38 in airway epithelial cells (43), and this may 

induce SOCS expression. Although the mechanisms were not delineated, RV was reported to 

increase expression of both SOCS1 and SOCS3 in airway epithelial cells (15). Further, 

enhanced SOCS1expression was thought to contribute to attenuated IFN production in 

response to RV in airway epithelial cells from asthmatic patients. SOCS proteins inhibit 

JAK/STAT signaling pathway and therefore it is conceivable that TLR2 may limit RV- 

induced IFN expression via SOCS1/SOCS3. However, although RV induced expression of 

both SOCS1 and SOCS3 as previously observed (15), knockdown of TLR2 had no effect on 

RV-induced SOCS proteins indicating that TLR2 may not attenuate JAK/STAT signaling via 

SOCS1/SOCS3.

In recent years, SIRT-1 has been shown to negatively regulate STAT activation by 

deacetylating STAT1 and STAT3 (19-21, 44). Moreover, SIRT-1 expression is reduced in the 

lungs of COPD patients, and in COPD airway epithelial cells cultured in vitro (3, 45, 46). In 

the present study, we found that RV significantly increases SIRT-1 expression in normal, but 

not in COPD airway epithelial cells. Additionally, while knockdown of TLR2 inhibited RV-

induced SIRT-1 and increased IFN expression in normal cells, restoring SIRT-1 levels by 

treatment with quercetin normalized RV-induced IFN expression in COPD airway epithelial 

cells. Therefore, it is plausible that TLR2-dependent RV-induced SIRT-1 may contribute to 

exaggerated IFN responses RV infection. We recognize that, quercetin which inhibits PI-3 

kinase activity may inhibit viral endocytosis, which is an essential first step in viral 

replication-dependent IFN expression (47-49). However, this is unlikely, because quercetin 

was used at much lower concentration, that is at 1μM, and at this concentration viral 

endocytosis was not affected. Secondly, quercetin was removed prior to infecting the cells 

with RV and previously we have shown that RV replication was inhibited only in the 

presence of quercetin (47).
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COPD cell cultures show different cellular composition including goblet and basal cell 

hyperplasia, and reduction in the number of ciliated cells compared to normal cell cultures. 

Such differences in cellular composition can potentially affect the distribution of TLR2 

receptor (cell surface versus intracellular expression), which influences availability of TLR2 

receptors for RV interaction, or expression of downstream molecules in the TLR2 signaling 

pathway that leads to SIRT-1 expression. Therefore, the change in cellular composition may 

potentially influence RV induced IFN responses in COPD cells.

IFNs have been demonstrated to play an important role in viral clearance by stimulating 

ISGs, which has broad spectrum antiviral activity (8, 9). COPD cells despite expressing 

exaggerated levels of IFNs in response to RV infection, show higher viral load than normal 

cells. Additionally increasing IFNs expression by inhibiting either TLR2 or SIRT-1 did not 

enhance clearance of virus in normal cells. These observations imply that exaggerated 

expression of IFNs may not always translate to augmented viral clearance, but it may rather 

contribute to inflammation. SIRT-1, which negatively regulates IFNs expression at 

amplification phase may therefore prevent exuberant inflammation, following infection.

RV has been shown to interact with TLR2 via capsid protein (50). Consistent with this 

finding, previously we demonstrated that UV- RV, which has intact capsid protein interacts 

with TLR2 and depletes IRAK-1 similar to replication sufficient RV (34). However in this 

study, we found that although UV-RV interacts with airway epithelial cells, it does not 

increase SIRT-1 expression implying that effector factors downstream of TLR2 signaling 

stimulated by intact RV may be necessary for SIRT-1 regulation.

One of the limitations of the present study is the absence of control ex-smoker group. This is 

due to unavailability of cells from healthy ex-smokers with comparable smoking history to 

our COPD cohort. Therefore, it is not possible to specify whether the observed RV-induced 

exaggerated IFN responses is the consequence of COPD or of smoking.

In summary, as far as we know this is the first report to demonstrate a role for TLR2 in 

limiting RV-induced IFN responses via SIRT-1 in airway epithelial cells. Further, we show 

that COPD cells have dysregulated TLR2 signaling axis, despite expressing TLR2 and this 

may contribute to exaggerated IFN responses to RV infection in these cells. Finally, we show 

that quercetin modulates IFN responses to RV by upregulating the expression of SIRT-1. 

SIRT-1 being a deacetylase, it also negatively regulates pro-inflammatory responses. Based 

on these results, we speculate that increasing SIRT-1 levels may prevent RV-induced 

exacerbations in COPD.
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Key points

• Interaction of RV with TLR2 regulates RV-induced IFN expression via 

SIRT-1

• SIRT-1 regulates RV-induced IFN expression via inhibition of JAK-STAT 

pathway

• RV-induced excessive IFNs in COPD is associated with defective TLR2 

signaling
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Figure 1. 
COPD airway epithelial cells show attenuated IL-8 response to Pam3CSK4. Normal and 

COPD mucociliary-differentiated airway epithelial cell cultures established from airway 

basal cells isolated from 6 normal and 6 COPD donors were infected with sham or RV and 

after 24 h, IFN expression was determined by qPCR (a – c). Data was normalized to house-

keeping gene, G3PDH, and expressed as fold increase over respective sham controls. Protein 

levels of IFNs was determined in the basolateral medium by ELISA (d and e). Viral load 

was determined by quantitative PCR using total RNA (f). In a parallel experiment, untreated 

normal and COPD airway epithelial cell cultures were used for determination of TLR2 

expression at mRNA level by qPCR (g) or at protein level by flow cytometry (h). mRNA 
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expression of TLR2 was normalized to G3PDH. Histograms in (h) are representative of 6 

normal and 6 COPD cell cultures. Normal and COPD cell cultures were treated with 

Pam3CSK4 both apically and basolaterally, incubated for 24 hours and IL-8 was measured 

in the basolateral medium by ELISA (i). IL-8 protein was also determined by 

intracomparison to detect the attenuated responses to Pam3CSK4 in COPD cells (j). Data in 

a – g, i and j represent median with range and statistical significance was determined by 

using either Wilcoxon rank-sum test, (a, b, c, f, g, j), ANOVA on ranks (d and e) or sign 

rank test, paired comparison (i).
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Figure 2. 
TLR2-regulated RV-induced IFNs is not due to dysregulation in MDA5 signaling pathway. 

BEAS-2B cells were either transfected with TLR2 or non-targeting (NT) siRNA, infected 

with sham or RV and incubated for 24 h and mRNA expression of IFNs was assessed by RT-

qPCR (a – c). Data was normalized to G3PDH and expressed as fold change over sham-

infected cells. Similarly infected cultures were lysed in RIPA buffer after 4h incubation, and 

cell lysates containing equal amounts of total protein were subjected to Western blot analysis 

with antibodies to MDA5 and β-actin (d) or phospho- and total IRF3 (e). Images are 

representative of 3 independent experiments. Total RNA from NT or TLR2 siRNA-

transfected cells was subjected to RT-qPCR to determine the expression of TLR2 and the 

data normalized to G3PDH (f). Data in a – c, and f represent average ± SEM calculated from 

three independent experiments (t test).

Xander et al. Page 19

J Immunol. Author manuscript; available in PMC 2020 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. 
TLR2 reduces RV-induced STAT phosphorylation. NT- or TLR2 siRNA-transfected cells 

were infected with RV or sham, and incubated for 24 h. Cell lysates containing equal 

amount of protein were subjected to Western blot analysis with antibodies to total or 

phospho-STAT1 or STAT2 antibodies. Images are representative of 3 to 4 independent 

experiments (a and b). Band intensities of total and phospho-STAT1 and STAT2 were 

determined by using NIH imageJ and expressed as ratio of phospho-STAT/total STAT (c and 

d). Data represents average ± SEM calculated from 3 to 4 independent experiments 

(ANOVA).
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Figure 4. 
TLR2 contributes to expression of RV-induced SIRT-1 but not SOCS protein. NT- or TLR2 

siRNA-transfected cells were infected with RV or sham, incubated for 24 h and cells were 

lysed in RIPA buffer. Cell lysates containing equal amounts of protein were subjected to 

Western blot analysis with antibodies to SOCS1, SOCS3, SIRT-1 and β-actin (a – c). Images 

are representative of 3 to 4 independent experiments. Intensity of the bands was determined 

by using imageJ and normalized to β-actin (d - f). Data represents average ± SEM calculated 

from 3 to 4 independent experiments (T test).
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Figure 5. 
SIRT-1 knockout cells show exaggerated IFN responses to RV infection. Cell lysates from 

control or SIRT-1 knockout cells were subjected to Western blot analysis with SIRT-1 to 

confirm knockdown of SIRT-1 (a). SIRT-1 knockout or control cells were infected with RV 

and after 24h, mRNA expression of IFN-β, IFN-λ1 and IFN-λ2 was assessed by qPCR, IFN 

expression was normalized to G3PDH and then expressed as fold increase over sham (b – 
d). In some experiments, total proteins from Sham or RV-infected control and SIRT-1 

knockout cells was subjected to Western blot analysis with total and phopho-STAT1 and 

STAT2 antibodies (e and f) and band intensities were quantified and expressed as ratio of 

phopho-STAT/total STAT (g and h). Images are representative of 4 independent experiments. 
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Data represents average ± SEM calculated from 4 independent experiments (b – d, g and h). 

Data was analyzed by unpaired T test (b – d) or by ANOVA (g and h).

Xander et al. Page 23

J Immunol. Author manuscript; available in PMC 2020 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. 
COPD airway epithelial cell cultures show defect in the expression of SIRT-1. Total protein 

was isolated from COPD or normal mucociliary-differentiated airway epithelial cell cultures 

and subjected to Western blot analysis with SIRT-1 antibody (a). Density of the SIRT-1 band 

was normalized to β-actin and presented as range with median (b). In some experiments, 

COPD and normal airway epithelial cell cultures were infected with sham or RV and 

incubated at 33°C for 24 h and the SIRT-1 protein expression was determined by Western 

blot analysis (c and d). Density of the SIRT-1 bands was normalized to β-actin and data 

represent intracomparison of SIRT-1 expression between sham and RV-infected cells for 

each culture (d). Images in a is representative of cultures established from 6 independent 

donors from each group. The data in b represent range with median and statistical 

significance was determined by using Wilcoxon rank-sum test. Data in d was analyzed by 

paired analysis using sign rank test.
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Figure 7. 
TLR2 is required for RV-induced SIRT-1 expression in primary airway epithelial cell 

cultures. Normal basal airway epithelial cells were transduced with non-targeting (NT) or 

TLR2 shRNA expressing lentivector and cultured at air/liquid interface to promote 

mucociliary differentiation. Cell cultures were then apically infected with RV or sham and 

SIRT-1 expression was determined at 24 h post infection by Western blot analysis (a). Image 

is representative of 3 independent experiments). Data was normalized to β-actin and data 

presented represent mean ± SEM calculated from 3 independent experiments and statistical 

significance was determined by T test within each group (b). From a parallel experiments, 

total RNA was isolated and subjected to qPCR to determine the expression of TLR2 (c). 

Data represent mean ± SEM calculated from 3 independent experiments and data was 

analyzed by T test.
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Figure 8. 
Inhibition of SIRT-1 enhances RV-induced IFN responses in normal airway epithelial cells. 

Normal mucociliary-differentiated cell cultures were pretreated with EX-527 for 24 h, 

infected with sham or RV and then incubated in the presence or absence of EX-527 for 

another 24 h. Total RNA was isolated and subjected to qPCR to determine mRNA 

expression of IFNs (a - c). Protein levels of IFNs in the basolateral medium was assessed by 

ELISA (d and e). From some experiments, total protein was isolated and subjected to 

Western blot analysis with total and phospho-STAT1 and STAT2 antibodies (f). Image is 

representative of 4 independent experiments. Viral load was determined by quantitative RT-

qPCR and data represent range with median from 4 experiments (g). Data in a - e represent 

mean ± SEM calculated from 4 independent experiments and statistical significance was 

determined by ANOVA.
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Figure 9. 
Quercetin treatment reduces RV-induced IFN expression via SIRT-1. Mucociliary-

differentiated COPD airway epithelial cell cultures were treated with varying concentrations 

of quercetin for 24 h and SIRT-1 expression and viral endocytosis was determined by 

Western blot analysis and Flow cytometry respectively (a and b). COPD airway epithelial 

cell cultures were pretreated with 1 μM quercetin for 24 h, infected with sham or RV, 

incubated for 24 h in the presence or absence of EX-527and mRNA expression of IFNs was 

determined. Data was normalized to G3PDH and then expressed as fold increase over sham 

(c - e). Basolateral medium was analyzed by ELISA to determine the protein levels of IFNs 
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(f and g). Viral load was determined by quantitative RT-qPCR and data represent range with 

median (h). Data represents mean ± SEM calculated from 4 independent experiments (a – e) 

and statistical significance analyzed by ANOVA.
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Figure 10. 
Illustration showing defective mechanisms in COPD airway epithelial cells that leads to 

exaggerated IFN responses to RV infection

In normal cells RV-induced TLR2 signaling induces SIRT-1 activation, which in turn limits 

amplification of RV-stimulated IFN expression by inhibiting JAK/STAT pathway. COPD 

cells are defective in both TLR2 signaling and expression of SIRT-1 which leads to 

excessive amplification of RV-induced IFN expression.
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Table 1:

Characteristics of patients with COPD and healthy non-smokers

No Age (Yr) Gender FEV1 (%) Smoking history
(pack years)

Emphysema

COPD

1* 68 Male 42 84 Moderate

2* 75 Male 43 50 Severe

3 55 Female 56 27 Mild

4* 73 Male 34 50 Severe

5 58 Female 25 70 Moderate

6 59 Male 22 70 Severe

Healthy non-smokers

1* 67 Male

2* 70 Male

3 47 Male

4* 75 Male

5* 67 Female

6 50 Female

*
Obtained from Temple Lung Center, Temple University, Philadelphia and rest of the tissue samples were obtained from the University of 

Michigan.
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Table 2:

Quantification of major cell types in mucociliary-differentiated normal and COPD cultures

Cell type Basal cells Goblet cells Club cells Ciliated cells

Healthy non-smokers 25 ± 5.7 15 ± 4.1 8 ± 3.8 41 ± 8.4

COPD 38 ± 6.1* 25 ± 2.4* 9 ± 4.2 22 ± 6.4*

Mucociliary-differentiated airway epithelial cell cultures were fixed and probed with antibodies specific to basal, goblet, Club or ciliated cells. 
Different cell types were counted by immunofluorescence and expressed as number of cells per 100 cells. The data represent average ± S.D. 
calculated from cultures established from 6 healthy non-smokers and 6 COPD subjects (*p ≤ 0.05, unpaired t test).
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Table 3:

Quercetin pretreatment normalizes RV-induced type I and type III IFN responses in COPD airway epithelial 

cells

IFNs mRNA Normal COPD

DMSO Quercetin

IFN-β 13.43 ± 3.91 138.10 ± 20.11* 34.58 ± 6.71*$

IFN-λ1 78.54 ± 17.02 504.04 ± 39.17* 58.03 ± 6.07*

IFN-λ2 122.3 ± 35.72 611.81 ± 41.16* 131.40 ± 23.67*

COPD airway epithelial cells pretreated with 1 μM quercetin or vehicle (DMSO) for 16h and normal airway epithelial cells were infected with 
sham or RV and IFN mRNA levels were determined at 24 post-infection. Data was normalized to G3PDH and expressed as fold increase over 
sham. Data represent mean ± SEM calculated from 4 independent experiments (*p ≤ 0.05, different from normal; $ different from DMSO treated 
COPD, ANOVA).
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