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Abstract

Viral-bacterial co-infections are associated with severe exacerbations of COPD. Epithelial

antimicrobial peptides, including human β-defensin-2 (HBD-2), are integral to innate host

defenses. In this study, we examined how co-infection of airway epithelial cells with rhinovi-

rus and Pseudomonas aeruginosa modulates HBD-2 expression, and whether these

responses are attenuated by cigarette smoke and in epithelial cells obtained by bronchial

brushings from smokers with normal lung function or from COPD patients. When human air-

way epithelial cells from normal lungs were infected with rhinovirus, Pseudomonas aerugi-

nosa, or the combination, co-infection with rhinovirus and bacteria resulted in synergistic

induction of HBD-2 (p<0.05). The combination of virus and flagellin replicated this synergis-

tic increase (p<0.05), and synergy was not seen using a flagella-deficient mutant Pseudo-

monas (p<0.05). The effects of Pseudomonas aeruginosa were mediated via interactions of

flagellin with TLR5. The effects of HRV-16 depended upon viral replication but did not ap-

pear to be mediated via the intracellular RNA helicases, retinoic acid-inducible gene-I or me-

lanoma differentiation-associated gene-5. Cigarette smoke extract significantly decreased

HBD-2 production in response to co-infection. Attenuated production was also observed fol-

lowing co-infection of cells obtained from healthy smokers or COPD patients compared to

healthy controls (p<0.05). We conclude that co-exposure to HRV-16 and Pseudomonas aer-

uginosa induces synergistic production of HBD-2 from epithelial cells and that this synergis-

tic induction of HBD-2 is reduced in COPD patients. This may contribute to the more severe

exacerbations these patients experience in response to viral-bacterial co-infections.

Introduction

Chronic Obstructive Pulmonary Disease (COPD) is a leading cause of death worldwide, and

In the United States COPD is responsible for about 1 million hospitalizations each year [1, 2].
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Acute exacerbations of COPD (AECOPD) account for 3% of all hospitalizations in Canada

[3], and for 70% of the health care costs associated with the disease [4, 5]. Current treatment

strategies for AECOPD are associated with a substantial failure rate, and patients who suffer

from recurrent exacerbations have a worse overall health status, accelerated decline in lung

function, increased risk for hospitalization, and a greater mortality rate than those who remain

exacerbation free [6, 7]. Respiratory infections are the major trigger of AECOPD [8, 9], with

viral infections, particularly human rhinovirus (HRV), being major contributors [10]. Our

understanding of the pathogenesis underlying COPD exacerbations is further complicated by

the fact that the majority of patients with COPD have chronic bacterial colonization of their

lower airways, almost certainly further contributing to COPD exacerbations. Studies have

established that approximately 50% of exacerbations are associated with bacterial infections

[11]. Furthermore, COPD patients with known bacterial colonization of the airways tend to

have increased frequency of exacerbations, as well as a faster decline in lung function com-

pared to patients in which no bacterial infection is detected [12, 13]. Bacteria associated with

acute exacerbations include Steptococcus pneumoniae, Haemophilus influenzae, Moraxella cat-
arrhalis and Pseudomonas aeruginosa (PA) [14, 15], with PA detected in 5–15% of acute exac-

erbations in patients with more severe COPD [11]. Thus, viral-bacterial co-infections play a

crucial role in the etiology of COPD exacerbations. As such, a number of studies have shown

that AECOPD associated with viral-bacterial co-infections are more severe, and are associated

with increased length of hospital stay and increased rates of readmission to the hospital com-

pared to exacerbations caused by either viral or bacterial infections alone [14, 16]. The cellular

mechanisms by which co-infections lead to worse clinical outcomes in patients with COPD

remain poorly understood.

One important variable that may determine susceptibility to AECOPD is variation in the

host antimicrobial response. Human β-defensin (HBD)-2 is an antimicrobial peptide (AMP)

that plays an integral role in innate immune defenses to infection [17], and studies have shown

that either HRV or bacterial infections alone can induce HBD-2 production from the airway

epithelium [18–20]. Interestingly, PA induced HBD-2 expression from the airways is reported

to be suppressed by cigarette smoke [21], thereby further linking AMP expression to suscepti-

bility of COPD patients to infections. In this study, we tested the hypothesis that co-infection

with HRV and PA modulates airway epithelial cell HBD-2 production, and that this response

is then dysregulated in epithelial cells obtained from patients with well characterized COPD.

Materials and methods

All clinical investigation studies were conducted according to the principles expressed in the Dec-

laration of Helsinki. The University of Calgary Conjoint Health Ethics Board approved all proto-

cols for obtaining human cells. Written informed consent was obtained from all subjects prior to

bronchoscopy to obtain cells via bronchial brushings. For cells obtained from non-transplanted

human lungs, written informed consent was obtained from next of kin at each local site.

Materials

The following reagents were purchased from the indicated suppliers: bronchial epithelial cell

basal medium (BEBM) and additives to create serum-free bronchial epithelial cell growth

medium (BEGM) (Lonza, Walkersville, MD); HRV-16 and WI-38 human fetal lung fibro-

blasts, American Type Tissue Collection (Manassas, VA); HBSS, TRIzol reagent, fetal bovine

serum, gentamycin, HEPES buffer, and opti-MEM (Invitrogen, Burlington, ON, Canada);

DNase I (Ambion, Austin, TX); 20X GAPDH, RNase inhibitor and reverse transcriptase

(Applied Biosystems, Foster City, CA); TaqMan master mix (Roche Diagnostics, Laval,
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Quebec, Canada); Toll-like receptor (TLR) ligands: lipoteichoic acid, lipopolysaccharide, and

Pseudomonas aeruginosa flagellin (InvivoGen, San Diego, CA); specific antibodies: TLR5

(Santa Cruz Biotechnology, Santa Cruz, CA), retinoic acid inducible gene-I (RIG-I, Cell Sig-

naling Technology, Danvers, MA), melanoma differentiation-associated protein 5 (MDA5,

Enzo Life Sciences, Plymouth Meeting, PA). All other chemicals were purchased from Sigma-

Aldrich (Oakville, ON, Canada).

Epithelial cell cultures

Primary human bronchial epithelial (HBE) cells were obtained via protease digestion of non-

transplanted normal human lung tissue as described [22]. Primary cells were grown on six-

well culture plates in BEGM. Antibiotics were removed 48 h prior, and hydrocortisone was

removed 24 h prior to infection. On the day of infection, HBE cells were pre-treated with

BEBM for 2 hours; subsequently, basal medium with the addition of 50 mM HEPES buffer was

used for all experimental cell exposures

HBE cells were also obtained from bronchial brushings from healthy, non-smoking individ-

uals, current or former smokers with preserved pulmonary function (healthy smokers) and

patients with physician-diagnosed COPD (Stage 1 or 2), according to the Global Initiative for

Chronic Obstructive Lung Diseases (GOLD) guidelines for diagnosis of COPD [23]. Charac-

teristics of each subject group are shown in Table 1. The University of Calgary Conjoint

Health Ethics Board approved all protocols for obtaining human cells.

Virus and cigarette smoke extract (CSE) preparation

HRV-16 was propagated in WI-38 cells and purified by centrifugation through a sucrose layer

to remove ribosomes and soluble factors as previously described [24].

CSE was prepared fresh on the day of stimulation. CSE was generated by bubbling the

smoke from one research grade cigarette (3R4F, College of Agriculture Reference Cigarette

Program, University of Kentucky) into 4 ml of medium over a period of about 5 minutes using

a syringe apparatus, as described [25, 26]. The crude CSE was filtered through a 0.22 mm filter

and subsequently adjusted to an absorbance of 0.15 at 320 nm. This solution was considered

100% CSE. All epithelial exposures in the current study were done using 50% CSE, a level

which we have previously shown to have no effects on epithelial cell viability [26].

Bacteria

The wild-type Pseudomonas aeruginosa strain PAO1 (PA) and the non-flagellated mutant

PAO1 (fliC), in which the gene encoding the flagellin protein has been interrupted [27],

were plated on Lennox broth (LB) agar (Invitrogen, Burlington, ON, Canada) and incubated

Table 1. Clinical characteristics of healthy non-smokers, healthy smokers, and individuals with confirmed COPD that underwent bronchial biop-

sies to obtain bronchial brushings.

Characteristics Normal (n = 5) Healthy Smoker (n = 5) COPD (n = 5)

Age, years 36 ± 10.5 58.4 ± 5.9 65.5 ± 5.3

Male/Female 4/1 3/2 4/1

Pack-years of Smoking N/A 50.4 ± 22.5 47.6 ± 25.6

FEV1/FVC 0.79 ± 0.04 0.78 ± 0.05 0.59 ± 0.06

FEV1% Predicted 102.4 ± 6.1 96.8 ± 7.9 78.0 ± 19.0

Data are expressed as mean ±SD for each group. FEV1 forced expiratory volume in 1 second; FVC forced vital capacity, N/A not applicable.

https://doi.org/10.1371/journal.pone.0175963.t001
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overnight at 37˚C. Liquid LB cultures were grown for 16–18 h of incubation on a rotating plat-

form at 200rpm at 37˚C, the stationary phase bacteria were pelleted at 2000g for 10 minutes,

and re-suspended in PBS to a concentration standardized to an optical density at 600nm of

0.2 (~1X108 CFU/ml). Serial dilutions were made and bacterial suspensions plated on LB agar

plates for direct bacterial counts to confirm CFU. We confirmed that the fliC strain had defec-

tive swimming motility in 0.4% agar.

Stimulation of epithelial cells

HBE cells were stimulated with medium, bacteria, flagellin (30 ng/ml), and CSE alone, or in

combination with HRV-16 for 48 h at 34˚C in 5% CO2, depending on the specific experimen-

tal parameters being analyzed. Cells were stimulated with 105.5 50% tissue culture-infective

dose (TCID50) U/ml (multiplicity of infection of ~1.0) of HRV-16. Bacterial treatment groups

were stimulated with 1X105 CFU/ml of bacteria for 2 h with subsequent bactericidal treatment

of 5mM gentamycin. This was done to limit bacterial overgrowth and cytotoxicity of the HBE

cells.

Epithelial cell viability was assessed using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenylte-

trazolium bromide (MTT) assay, as previously described [25].

Measurement of HBD-2, retinoic acid-inducible gene-I (RIG-I),

melanoma differentiation-associated gene 5 (MDA5), and toll-like

receptor 5 (TLR 5) proteins

HBD-2 protein expression from HBE cells was measured by ELISA, sensitive to 20 pg/ml, as

previously described [18]. Protein levels of TLR5, RIG-I and MDA5 in whole cell lysates were

assessed using western blotting as previously described [28].

RNA extraction and real-time RT-PCR

Total cellular RNA from HBE cells was isolated with TRIzol and treated with DNase. HBD-2

mRNA expression was assessed by real time RT-PCR as described previously [18].

siRNA knockdown of TLR5, RIG-I and MDA5

Sub-confluent HBE cells were transfected with 10nM of specific siRNAs targeting each mole-

cule of interest, or a control, non-targeting siRNA for 24 h at 37˚C using Lipofectamine RNAi-

MAX in BEGM with antibiotics removed. For each molecule of interest, two different siRNAs

were tested to confirm selectivity. After transfection, medium was changed and cells were

allowed to recover for 24 h in media without antibiotics and hydrocortisone. Cells were then

infected with HRV-16, PA, or the combination of the two. Supernatants and whole-cell lysates

from HBE cells were subsequently collected 48 h post infection. The specific forward siRNA

sequences used were as follows: TLR 5 duplex A, 5’-GAAUAGCCUUUUAUCGUUUUU-3’;

TLR 5 duplex B, 5’-CCAUCUGUUUGAACUUAGAUU-3’; RIG-I duplex A, 5’-AAGCUUUACA
ACCAGAAUUUA-3’; RIG-I duplex B, 5’-UUCUACAGAUUUGCUCUACUA-3’; MDA5 duplex

A, 5’ -CAGAACUGACAUAAGAAUCAA- 3’; and MDA5 duplex B, 5’-CAGGUGUAAGAGAG
CUACUAA-3’.

Statistical analysis

Analysis was performed using GraphPad Prism (GraphPad Software, San Diego, CA). Nor-

mally distributed data are presented as mean (±SEM) values, and were analysed using either

paired t-tests or one-way ANOVA with Bonferroni’s multiple comparison post hoc analysis.

Viral-bacterial synergy in defensin production
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Data with two independent variables were analysed using two-way ANOVA with Bonferroni’s

multiple comparison post hoc analysis. To determine whether there was synergy between

HRV-16 and bacteria, the sum of HRV-16 alone and bacteria alone was compared with

HRV-16 + bacteria. Paired t-tests or Wilcoxon matched-pairs signed-rank tests were used to

determine differences. For all statistical tests, a two-tailed p value of<0.05 was considered

significant.

Results

Co-infection with HRV-16 and Pseudomonas aeruginosa induces a

synergistic increase in HBD-2 production from human bronchial

epithelial cells that is dependent on flagellin

Based on our prior HRV time-course studies [18], we determined the effect of HRV and PA

co-infection on HBD-2 expression from HBE, by measuring levels of HBD-2 mRNA and pro-

tein 48 h post infection. Modest HBD-2 mRNA and protein induction was observed following

infection with either HRV or PA alone, but the combination of HRV and PA caused a signifi-

cant, synergistic increase in HBD-2 mRNA expression and in HBD-2 protein production from

the HBE cells compared to the other treatment groups (Fig 1). Cell viability was confirmed to

be>90%, with no overt cytotoxicity 48 h post infection with either HRV or PA, alone and in

combination. (See S1 Table for all raw datasets for this paper).

We evaluated the mechanisms involved in this synergistic HBD-2 response following co-

infection with HRV and PA, using known bacterial ligands for toll-like receptors (TLRs),

alone and in combination with HRV infection. Stimulation of HBE for 48 h with flagellin (30

ng/ml), a component of bacterial flagella present in PA and a known ligand for TLR5, resulted

in a significant upregulation of HBD-2 protein expression. In contrast, lipoteichoic acid (LTA)

and lipopolysaccharide (LPS), ligands for TLR2 and TLR4 respectively, even at a concentration

of 1 μg/ml, induced little or no HBD-2 production either alone or in combination with HRV

infection (Fig 2).

Given that flagellin, but not LTA or LPS, elicited HBD-2 production from HBE cells, we

performed additional experiments confirming that flagellin combined with HRV infection

synergistically increased HBD-2 mRNA and protein production compared to either HRV or

the flagellin protein alone (Fig 3). These data suggest that the ability of PA to cause synergistic

induction of HBD2 in combination with HRV could be mediated, at least in part, by the flagel-

lin protein present on PA bacteria.

To further investigate this possibility, we used a mutant strain of P. aeruginosa (fliC), in

which the gene encoding for flagellin expression is disrupted, rendering the bacteria flagellin

deficient. This fliC strain alone was able to induce a modest response of HBD-2 mRNA and

protein, similar to the wild-type PA bacterial infection (Fig 4). However, synergistic induction

of HBD-2 was lost upon co-infection with the fliC strain of PA and HRV (Fig 4), confirming a

role for bacterial flagellin in the synergistic upregulation of HBD-2 protein following HRV and

PA co-infection.

TLR5 knockdown significantly attenuates the synergistic increase in

HBD-2 protein that is seen following HRV and Pseudomonas aeruginosa

co-infection

Given the role of bacterial flagellin in synergistic HBD-2 expression, we next knocked down

expression of TLR5 using two different siRNA sequences (designated duplex A and duplex B).

Neither the lipid transfection reagent, nor the non-targeting control siRNA altered TLR5

Viral-bacterial synergy in defensin production
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protein levels compared to medium alone (data not shown). Transfection with TLR5 duplex A

or duplex B siRNA attenuated TLR5 protein levels in HBE cells, following infection with HRV

or PA, alone or in combination, compared to the control siRNA (Fig 5A). Densitometric anal-

ysis of the western blots (n = 3) indicated that transfection of HBE cells with either of the two

Fig 1. Co-infection of airway epithelial cells with human rhinovirus (HRV) and Pseudomonas

aeruginosa (PA) results in a synergistic increase in human beta-defensin (HBD)-2 production. Human

bronchial epithelial (HBE) cells were infected with HRV-16 or PA, alone and in combination. HBD-2 mRNA

(n = 6) (A) and HBD-2 protein (n = 9) (B) levels were measured 48 h post infection. Data are expressed as

mean ±SEM (*p<0.05 between HRV+PA and the sum of the values from each treatment alone).

https://doi.org/10.1371/journal.pone.0175963.g001
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TLR5 siRNA duplexes significantly attenuated HBD-2 protein induction in response to co-

infection with HRV and PA (Fig 5B). Taken together, these data indicate that bacterial flagel-

lin, acting via TLR5, plays a role in mediating the observed synergistic increase in HBD-2 pro-

duction following HRV and PA co-infection.

siRNA knockdown of RIG-I and MDA5 does not affect HBD-2 expression

in HBE cells

To evaluate whether HRV replication within HBE cells was necessary to drive the synergistic

production of HBD-2 protein, HRV was rendered replication deficient by treatment with

high-intensity UV-light (UV-HRV). Exposure of HBE cells to UV-HRV, alone and in combi-

nation with PA, resulted in significantly lower induction of HBD-2 mRNA and protein levels

compared to co-infection with replication intact HRV and PA (Fig 6), indicating that intracel-

lular viral replication is required for this response.

A key intermediate in the replication cycle of HRV is the generation of double-stranded

RNA (dsRNA), which can be recognized via pattern recognition receptors, including RIG-I

and MDA5 [29]. To examine the role of RIG-I and MDA5 in synergistic induction of HBD-2

expression following co-infection with HRV and PA, siRNA knockdown was used. Despite

effective knockdown of MDA5 by both siRNA duplex A and B (Fig 7A and 7B), no significant

reduction in HBD-2 protein expression was seen, compared to non-targeting control siRNA,

in response to co-infection with HRV and PA (Fig 7C). Similarly, effective siRNA induced

knockdown of RIG-I (Fig 7D and 7E) did not attenuate HBD-2 protein release from HBE

cells following co-infection with HRV and PA (Fig 7F). Thus, neither RIG-I nor MDA5 play a

significant role in the synergistic increase in HBD-2 protein production in HBE cells following

co-infection with HRV and PA.

Fig 2. Flagellin (Fla), but not lipoteichoic acid (LTA) or lipopolysaccharide (LPS), induce HBD-2

production from human bronchial epithelial (HBE) cells. HBE cells were treated with medium control,

HRV-16 (HRV), Fla (30 ng/mL), LTA (1 μg/mL) LPS (1 μg/mL), alone and in combination with HRV. HBD-2

protein was assessed after 48 h. Data are expressed as mean ±SEM (n = 5).

https://doi.org/10.1371/journal.pone.0175963.g002
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HBD-2 production is significantly attenuated in healthy smokers and

COPD patients following HRV and PA co-infection

It has been reported that cigarette smoke exposure suppresses the induction of HBD-2 from

airway epithelial cells following PA infection [21]. Therefore, we investigated the effects of

acute CSE exposure on HBD-2 generation from HBE cells in response to HRV and PA co-

Fig 3. Synergy in human beta-defensin (HBD)-2 expression due to the combination human rhinovirus

(HRV)-16 and flagellin (Fla) stimulation mimics HRV and live Pseudomonas aeruginosa (PA) co-

infection in airway epithelial cells. A) HBD-2 mRNA (n = 8) and B) HBD-2 protein (n = 11) levels were

determined after stimulation with HRV-16, 30 ng/ml of Fla, or the combination for 48 h in human bronchial

epithelial (HBE) cells. Data are expressed as mean ± SEM (*p<0.05 between HRV+Fla and the sum of the

values from each treatment alone).

https://doi.org/10.1371/journal.pone.0175963.g003
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infection. Exposure to CSE caused a significant reduction in epithelial HBD-2 mRNA and pro-

tein expression following co-infection with HRV and PA (Fig 8). Cell viability was confirmed

to be>90%, following infection with HRV and PA, and exposure to CSE.

Recognizing that acute exposure to CSE may not reproduce responses to chronic smoking,

we extended our studies using HBE cells obtained via bronchial brushings from five healthy,

non-smoking individuals with normal lung function (controls), five current or former smokers

with preserved pulmonary function (post bronchodilator spirometry FEV1/FVC�0.70 and an

FVC above the lower limit of the normal; healthy smokers), and 5 subjects with physician-con-

firmed, mild to moderate (GOLD stage 1 or 2) smoking-related COPD (Table 1). Following

Fig 4. The synergistic response of human beta defensin (HBD)-2 is lost after co-infection with

flagellin deficient Pseudomonas aeruginosa (fliC) and human rhinovirus (HRV). HBD-2 mRNA (n = 5)

and HBD-2 protein (n = 10) levels were determined following infection of HBE cells for 48 h with HRV-16, wild-

type P. aeruginosa (PA), flagellin-deficient P. aeruginosa (fliC) or the combination of either bacterial strain with

HRV. Data are expressed as mean ± SEM. Hashtag indicates significant difference compared to all other

treatment groups (p<0.05). (ns = not significant).

https://doi.org/10.1371/journal.pone.0175963.g004
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Fig 5. Human rhinovirus (HRV) and Pseudomonas aeruginosa (PA) induced human beta-defensin

(HBD)-2 expression is reduced following the knockdown of toll-like receptor (TLR)-5. A) TLR5 protein

Viral-bacterial synergy in defensin production
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HRV and PA co-infection, HBD-2 protein expression from healthy, non-smoking control sub-

jects showed significant synergistic increases in HBD-2 protein expression, similar to the pat-

tern seen in our earlier experiments (Fig 9). However, following co-infection with HRV and

PA, HBD-2 protein levels were significantly attenuated in HBE cells from both healthy smokers

and COPD patients compared to HBD-2 levels measured in HBE cells from healthy controls

(Fig 9). HBD-2 mRNA production was also attenuated in the healthy smoker and COPD

cohorts but, unlike the protein levels where these reductions were significant, the attenuations

in mRNA were not statistically significant. This is likely due to inter-subject variability and the

small sample size (n = 5) for each of these two cohorts.

Discussion

In this mechanistic study, we observed a marked synergistic increase in HBD-2 production

from airway epithelial cells following co-infection with HRV and PA. While previous studies

have reported that infection with either PA or HRV individually can upregulate HBD-2

expression [18, 30, 31] this is, to our knowledge, the first report that viral-bacterial co-infection

results in a synergistic enhancement of HBD-2 from the airway epithelium. This novel observa-

tion implies cross-talk between virally-mediated and bacterially-mediated host defense mecha-

nisms that result in HBD-2 synergy.

To further investigate how the synergistic induction of HBD-2 is mediated following co-

infection, we examined cellular components conserved in many bacteria that could drive host

immune responses. We exposed HBE cells to conserved components of bacteria, namely LPS,

LTA, and flagellin to determine if these factors may play a role in mediating HBD-2 expression

to viral-bacterial co-infection. Interestingly, only flagellin was able to upregulate HBD-2 pro-

tein expression from HBE cells, whereas neither LPS nor LTA resulted in any appreciable

response. Furthermore, the synergy observed following co-infection with PA and HRV was

replicated via stimulation with flagellin protein, suggesting that the observed synergistic HBD-

2 response noted in HBE cells following HRV and PA co-infection is at least in part due to the

flagellin protein expressed on PA.

To confirm that flagellin from PA plays a role in the synergistic induction of HBD-2, we

used a mutant strain of PA that lacks flagellin protein expression, and observed a loss of HBD-

2 synergy following co-infection with HRV and PA. We, therefore, concluded that the syner-

gistic HBD-2 response to HRV and P. aeruginosa co-infection is mediated, at least in part, by

the flagellin protein found on PA. However, we also observed that HBD-2 protein was still

induced following infection with the FliC mutant alone, at levels that were similar to those

seen following infection with the wild-type PA. This pointed to other variables that are inde-

pendent of the extracellular flagellin-mediated signalling, potentially contributing to the syner-

gistic upregulation of HBD-2 expression in HBE cells following co-infection with HRV and

PA. In this context, the type III secretion system used by PA has a conserved rod component

that contains flagellin protein, which can be sensed by the intracellular NOD-like receptor

family caspase recruitment domain-containing protein (NLRC)-4, necessary to drive immune

levels in human bronchial epithelial (HBE) cell lysates (48 h after infection) induced following HRV/PA co-

infection were assessed via western blotting following lipid-mediated transfection (24 h) of 10 nM TLR5 short-

interfering RNA (siRNA) duplexes A or B, compared with non-targeting control siRNA. B) Densitometric

analysis of TLR5 protein expression of HRV and PA co-infected HBE cells transfected with TLR5 siRNA

duplex A or B, or control siRNA. TLR5 expression levels were normalized to GAPDH and compared to siRNA

control. C) HBD-2 protein (n = 6) levels were determined following 48 h infection with HRV-16, PA, alone

and in combination, all in the presence or absence of TLR5 siRNA duplex A or B. Data are expressed as

mean ± SEM (*p<0.05).

https://doi.org/10.1371/journal.pone.0175963.g005
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responses [32, 33]. This may point to an additional signaling pathway that could play a role in

HBD-2 production from the airway epithelium. Since flagellin is a known ligand for the extra-

cellular receptor TLR5 [34], we examined whether TLR5 knockdown would impact HBD-2

protein production following co-infection with HRV and PA. We confirmed that partial (50–

Fig 6. Synergistic expression of HBD-2 is lost after co-infection with replication deficient UV-treated

human rhinovirus (UV HRV) and P. aeruginosa (PA). A) HBD-2 mRNA (n = 4) and B) protein (n = 8)

expression from HBE cells after 48 h infection with HRV, PA, UV-HRV, or the combination of PA with either

virus group. Data are expressed as mean ± SEM (#p<0.05 compared to all other treatment.

https://doi.org/10.1371/journal.pone.0175963.g006
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Fig 7. Limited reduction in human beta-defensin (HBD)-2 protein is seen following knockdown of retinoic-acid

inducible gene (RIG)-I or melanoma differentiation associated gene-5 (MDA5). A) MDA5 and D) RIG-I knockdown

was assessed via western blot analysis of HBE cells co-infected with human rhinovirus (HRV)-16 and P. aeruginosa (PA)

following lipid-mediated transfection (24 h) of 10 nM short-interfering RNA (siRNA) duplex A or B specific for MDA5,

compared with non-targeting siRNA control. Densitometric analysis of B) MDA5 and E) RIG-I knockdown. HBD-2 protein

levels were determined 48 h post infection with HRV-16, PA or the combination in the presence or absence of C) MDA5

siRNA duplex A or B (n = 4) or F) RIG-I siRNA duplex A or B (n = 3). Data expressed as mean ± SEM.

https://doi.org/10.1371/journal.pone.0175963.g007
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70%) but incomplete knockdown of TLR5 expression using siRNA significantly attenuated

HBD-2 protein expression following viral-bacterial co-infection, indicating that TLR5 plays an

important role in HBD-2 expression from HBE cells.

Fig 8. Cigarette smoke extract (CSE) exposure significantly attenuates HBD-2 expression following

co-infection with human rhinovirus (HRV)-16 and P. aeruginosa (PA). A) HBD-2 mRNA (n = 6) and B)

protein (n = 8) expression from human bronchial epithelial (HBE) cells following 48 h stimulation with HRV-16,

PA, or the combination, with and without addition of 50% CSE. Data expressed as mean ± SEM (#p<0.05

compared to all other treatment groups).

https://doi.org/10.1371/journal.pone.0175963.g008
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To understand how HRV may contribute to the synergistic induction of HBD-2, we first

determined whether viral replication was required. To do so, we used replication deficient

UV-treated HRV (UV-HRV) and confirmed that there was a loss of HBD-2 synergy from

HBE cells following co-infection with UV-HRV and PA, indicating that viral replication is

required to drive this synergistic upregulation of HBD-2 following co-infection with HRV and

PA. During HRV replication a dsRNA intermediate is formed, which is detected by different

innate pattern recognition receptors (PRRs) including TLR3, RIG-I and MDA-5, resulting in a

downstream cascade of signaling events. There is some controversy as to the relative role of

these PRRs in HRV-induced signalling [29, 35, 36], although RIG-I and MDA-5 have been

shown to be induced by HRV infection of primary HBE cells [25]. Therefore, we examined the

roles of RIG-I and MDA-5 in the observed synergistic upregulation of HBD-2 protein follow-

ing viral-bacterial co-infection. Despite effective RIG-I and MDA-5 knockdown, we failed to

observe any significant attenuation in HBD-2 protein expression from HBE cells, implying

that MDA-5 and RIG-I play a limited role in mediating the synergistic HBD-2 response fol-

lowing HRV and PA co-infection. Thus, other virally-mediated pathways must contribute to

this response, but these remain to be delineated.

Since cigarette smoking is the major cause of COPD, we examined its role in regulating

HBD-2 production in response to viral-bacterial co-infection. Acute exposure to CSE attenu-

ated HBD-2 mRNA and protein expression from HBE cells following co-infection with HRV

and PA. Recognizing that such acute exposure may not reflect chronic smoking we sought

to extend our data to the clinical setting, by determining whether the synergistic HBD-2 re-

sponses to HRV and PA co-infection was modulated in epithelial cells obtained from either

smokers with preserved pulmonary function or patients with GOLD stage 1 or 2 smoking-

related COPD, compared to healthy non-smoking individuals. Consistent with the acute

CSE exposure data, HBE cells obtained from healthy smokers or patients with COPD both

expressed significantly less HBD-2 compared to HBE cells from healthy non-smoking control

Fig 9. Human beta-defensin (HBD)-2 expression following human rhinovirus (HRV)-16 and P.

aeruginosa (PA) co-infection is significantly attenuated in healthy smokers and patients with COPD

compared to normal non-smokers. HBD-2 protein expression from epithelial cells obtained during

bronchial biopsies of healthy non-smokers (n = 5), healthy smokers with normal lung function (n = 5), and

patients with confirmed smoking-related COPD (n = 5) was measured following 48 h infection with HRV-16,

PA, or the combination. Data expressed as mean ± SEM (*p<0.05).

https://doi.org/10.1371/journal.pone.0175963.g009
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individuals following co-infection with HRV and PA. Our data are consistent with recently

published large clinical studies reporting that rates of respiratory exacerbations among smok-

ers with preserved pulmonary function are significantly higher than among controls who

never smoked [37–39]. In addition, our data that HBD-2 levels are significantly lower in air-

way epithelial cells obtained from healthy smokers with preserved pulmonary function follow-

ing co-infection with HRV and PA provide a valid biological rationale to account for the

observed increase in exacerbations among smokers with preserved pulmonary function

reported in these studies. Nonetheless, we acknowledge that the data from our clinical cohorts

are limited by small sample size and that more studies are needed to determine the mecha-

nisms that result in epithelial cells from healthy smokers and COPD patients expressing less

HBD-2 than non-smokers following HRV and PA co-infection. Interestingly, 4 of the 5 sub-

jects in the heathy smoker cohort were current smokers, suggesting that current cigarette

smoke exposure may be a potentially important mechanism by which HBD-2 production is

attenuated in healthy smokers. In contrast, only 2 of the 5 COPD subjects were current smok-

ers, suggesting that the smoking-induced pathobiology of COPD may, in its own right, result

in attenuation of HBD-2 production. Studies showing that airway epithelial expression of

TLR5 is downregulated in both healthy smokers and in smoking-related COPD patients [40]

support the concept that HBD-2 expression from the airway epithelium is mediated, in part by

the TLR5 signaling pathway. Moreover, our data also point to an altered innate antimicrobial

response in chronic smokers, and provide a mechanistic link as to why patients with COPD

are more susceptible to viral-bacterial co-infections and have worse clinical outcomes com-

pared to infections with virus or bacteria alone.

In conclusion, co-infection of airway epithelial cells by HRV and PA results in synergistic

HBD-2 expression compared to either pathogen alone, and this response is markedly attenu-

ated in epithelial cells obtained from smokers with preserved pulmonary function, as well as in

patients with mild-moderate smoking-related COPD. Moreover, this study is the first to pro-

vide mechanistic insight into how viral-bacterial co-infections alter the innate antimicrobial

response and provides evidence of a dysregulation of the host immune response in COPD. As

such, our data provide some rationale into why individuals with COPD have more severe exac-

erbations in response to viral-bacterial co-infections.
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