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Altered Differentiation and Inflammation Profiles Contribute to Enhanced Innate Responses in Severe COPD Epithelium to Rhinovirus Infection
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Background: Respiratory viral infections are closely associated with COPD exacerbations, hospitalisations, and significant morbidity and mortality. The consequences of the persisting inflammation and differentiation status in virus associated severe disease is not fully understood. The aim of this study was to evaluate barrier function, cellular architecture, the inflammatory response in severe COPD bronchial epithelium to human rhinovirus (HRV) induced pathological changes and innate immune responses.

Methods: Well-differentiated primary bronchial epithelial cells (WD-PBECs) derived from severe COPD patients and age-matched healthy controls were cultured in the air-liquid interface (ALI) model. The differentiation phenotype, epithelial barrier integrity, pathological response and cytokine secreting profile of these cultures before and after HRV infection were investigated.

Results: WD-PBECs derived from severe COPD patients showed aberrant epithelium differentiation with a decreased proportion of ciliated cells but increased numbers of club cells and goblet cells compared with healthy controls. Tight junction integrity was compromised in both cultures following HRV infection, with heightened disruptions in COPD cultures. HRV induced increased epithelial cell sloughing, apoptosis and mucus hypersecretion in COPD cultures compared with healthy controls. A Th1/Th2 imbalance and a strong interferon and pro-inflammatory cytokine response was also observed in COPD cultures, characterized by increased levels of IFNγ, IFNβ, IP-10, IL-10 and decreased TSLP and IL-13 cytokine levels prior to HRV infection. Significantly enhanced basolateral secretion of eotaxin 3, IL-6, IL-8, GM-CSF were also observed in both mock and HRV infected COPD cultures compared with corresponding healthy controls. In response to HRV infection, all cultures displayed elevated levels of IFNλ1 (IL-29), IP-10 and TNFα compared with mock infected cultures. Interestingly, HRV infection dramatically reduced IFNλ levels in COPD cultures compared with healthy subjects.

Conclusion: An altered differentiation phenotype and cytokine response as seen in severe COPD WD-PBECs may contribute to increased disease susceptibility and an enhanced inflammatory response to HRV infection.
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INTRODUCTION

COPD is a heterogeneous respiratory syndrome consisting of two main disease phenotypes, chronic obstructive bronchitis and pulmonary emphysema (1–3). Cigarette smoke or noxious gases/particulate are key risk factors in the development of COPD (2, 3). A chronic persistent pulmonary inflammation, which is further exaggerated by a protease/anti-protease imbalance and oxidative stress, are prominent characteristics of COPD pathogenesis (1, 4). Consequently, the sustained inflammatory response contributes to abnormal tissue repair, mucus hypersecretion, and epithelial cell hyperplasia. This causes irreversible damage and thickening of the small conducting airway, which leads to progressive airflow limitation (1–4).

As a global epidemic, COPD has become the third leading cause of death worldwide, imposing an enormous healthcare and economic burden (2). Severe COPD, often accentuated with episodes of acute exacerbations, contributes to recurrent hospitalisations, morbidity and mortality (5). More than half of these exacerbations are associated with a range of respiratory viral infections (5–7). The common cold virus, human rhinovirus (HRV), is the major trigger of COPD acute exacerbations, accounting for 60% of viral-induced COPD exacerbations (8, 9). Other factors precipitate the onset of exacerbations including bacterial infections or environmental factors (5, 8, 9).

Bronchial epithelial cells are the first line of host defense and play a pivotal role in maintaining lung homeostasis and orchestration of the innate and adaptive response against inhaled smoke insults (7, 10, 11). The airway epithelium generates an inflammatory response by secreting cytokines and chemokines and recruiting immune cells (7, 11). The bronchial epithelium consists of a number of distinct subtypes of cells including ciliated cells, secretory cells (goblet and club cells) and basal cells (10, 11). These contribute to host defense by the maintenance of barrier function and mucociliary clearance. They also produce an array of inflammatory mediators to modulate innate and adaptive immune responses, tissue repair and remodeling (10–13). In COPD, cigarette smoke induces extensive destruction of the small airway epithelial wall and disruption of barrier integrity, resulting in impaired cilia beating capacity, and reduced mucociliary clearance (7, 11).

Respiratory viral infections target airway epithelium. HRV is classified into three genetically distinct strains (A, B, and C) with approximately 160 serotypes. Around 90% of HRV A and B utilize ICAM-I as a receptor thus referred to as the “major” receptor group (14). In addition, LDLR is the receptor for HRV minor group and CDHR3 for HRV strain C. HRV16 belongs to the major group of rhinoviruses and uses ICAM-1 on the surface of airway epithelial cells to enter and invade host cells (14). Upon virus entry, healthy airway epithelium secretes a range of cytokines and chemokines including IL-8, IL-6, TNFα, IFNα, RANTES, GM-CSF, and IL-1 resulting in immune cell accumulation at the site of the inflammation (4, 7, 9–11). In COPD, these factors heighten the inflammatory burden in the small airways, overpowering host anti-inflammatory mechanisms. This leads to epithelial cell sloughing, microvascular dilatation, oedema and goblet cell hyperplasia, the latter via the NOTCH signaling pathway (4, 7, 11, 15). There is also increased susceptibility of the small airway to bacterial infection (7, 9, 11). A previous study has demonstrated increased secretion of cytokines such as IL-6, IL-8 and Groα by COPD PBECs compared to healthy control cultures (16). Type I IFNs (IFNα/β) and type III IFNs (IFNλ) are the predominant interferons (IFNs) secreted by airway epithelium with the capacity to induce potent antiviral responses through IFN-stimulated genes (17, 18). Impaired type I and type III IFN responses have been described in bronchial epithelial cells in patients with asthma and COPD, contributing to the increased susceptibility to severe disease after viral infection (17–19).

Despite increasing awareness of the link between viral infection-associated COPD exacerbation and disease severity (12, 13), the impact of host factors on pathological changes in severe COPD bronchial epithelium during viral infection are not completely understood, in particular, factors linking susceptibility to severe disease. We hypothesize that changes in cell phenotype and number, barrier dysfunction and an altered cytokine response in severe COPD bronchial epithelium may contribute to increased rhinovirus-induced innate immune responses that may result in increased susceptibility to severe disease.

To address this, we exploited a well-differentiated primary bronchial epithelial cell (WD-PBEC) air-liquid interface (ALI) model to compare the phenotype of cultures from severe COPD patients with those from age-matched healthy controls. Epithelial cell differentiation subtype profiles and tight junction integrity were compared. The impact of HRV infection on pathological changes in bronchial epithelial cells in terms of virus growth kinetics, tropism, and epithelial cell sloughing and cytokine and chemokine secretion, were investigated. A greater understanding of the cause of alterations in COPD WD-PBEC function could facilitate the development of novel therapeutics to reduce disease morbidity and mortality.



MATERIALS AND METHODS


Sample Information and Ethics Statement

This study was approved by the Newcastle and North Tyneside Local Regional Ethics Committee (11/NE/0291) and informed written consent from all study patients. COPD PBECs were derived from lung tissue of severe COPD patients (n = 7) undergoing either double or single lung transplants at the Freeman Hospital, Newcastle upon Tyne. The clinical characteristics of COPD patients are detailed in Table 1. Age matched healthy control PBECs were purchased from Lonza or PromoCell.


Table 1. COPD patient characteristics.
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Well-Differentiated Bronchial Epithelial Cell Culture

The generation of WD-PBEC cultures has been described elsewhere (18, 19). Briefly, PBECs obtained from severe COPD patients undergoing lung transplantation or age matched healthy controls (Lonza or PromoCell) were expanded in collagen-coated flasks. Cell monolayers were cultured in airway epithelial cell growth medium (Cat # C-21160) and Supplement Pack (Cat # C-39160) (PromoCell GmbH, Heidelberg, Germany) with additional penicillin and streptomycin. When 80% confluence was reached, the cells were seeded onto collagen-coated semipermeable transwells (Corning, NY) (6 mm diameter, 0.4 μm pore size) at 5 x 104 cells/transwell and cultured in modified PromoCell airway epithelial cell growth and air-liquid interface culture medium as previously described (20, 21). At 100% confluence, the apical medium was removed and the cells were maintained in ALI for a minimum of 28 days. The medium in the basolateral compartment of each transwell was changed on alternate days.



Virus Inoculation and Titration

HeLa H1 (ATCC CRL-1958, American Tissue Culture Manassas, VA, USA) cell lines were maintained in high glucose DMEM (Gibco) supplemented with 10% FBS (v/v). Human rhinovirus RV-A16 (a kind gift from Dr. Aurelie Mousnier, Queen's University Belfast) was propagated in HeLa H1 cells as detailed elsewhere (22). Virus titrations of HRV stocks and experimental samples were performed using a tissue culture infectious dose 50 (TCID50) assay as described previously (20, 23).

WD-PBEC cultures were either mock-infected (media only) or infected with HRV16 in duplicate. A multiplicity of infection (MOI) of 1 was used in the cultures. In brief, the apical surfaces of WD-PBECs were washed twice with 200 μl DMEM low glucose (no additives) to remove surface mucus prior to HRV infection. Then 100 μl of HRV16 inoculum or media-only were added to the apical surface of WD-PBEC cultures and incubated for 6 h at 33°C, 5% CO2. Subsequently, the inoculum was removed and the apical surface was washed six times with 250 μl low glucose DMEM (Gibco) with no FBS added. After the final wash, the apical surface rinses of the 6th wash were harvested, snap frozen in liquid nitrogen and stored at −80°C. Simultaneously, the basal medium (300 μl) of each culture transwell was harvested, snap frozen and stored at −80°C. Harvested medium was replaced with 300 μl of fresh ALI medium (Promocell). Apical washes and basal medium were also collected at desired time points after 6 hpi following the same procedures except the apical compartment was only washed once. All cultures were returned to a 37°C incubator with 5% CO2 after HRV inoculation and thereafter. HRV growth kinetics were determined by virus titration in apical washes at 6, 12, 24, 36, 48, 60, and 72 hpi. Basal medium was used to determine cytokine/chemokine responses. All cultures were monitored daily by light microscopy using Nikon Eclipse T5100 or TE-2000 U (Nikon, UK).



Measurement of Trans-epithelial Electrical Resistance

On day 28 of ALI culture, as well as before and after HRV infection, Trans-epithelial Electrical Resistance (TEER) was measured using an EVOM2 and ENDOHM 6 mm chamber (World Precision Instruments). Briefly, transwells were gently rinsed with DMEM (without FBS) prior to the measurement. Afterwards, 250 μl of DMEM was added apically into the insert and measurements were performed according to the manufacturer's instructions as detailed previously (24, 25). When the cultures were fully differentiated, transwells with robust differentiation features, including TEERs above 300 Ω*cm2, extensive coverage of beating cilia, and obvious mucus production evidenced under microscope, were selected for further experimentation.



Cytospin and Apoptosis Assay

To determine epithelial cell sloughing due to cytopathic effect, cytospins of apical washes were performed as previously described (21, 24). Briefly, apical washes of 250 μl of DMEM (without FBS) were added to a cytofunnel (EZ single cytofunnel, ThermoFisher Scientific, Waltham, MA) and spun at 1,000 rpm (ThermoShandon Cytospin 4 Cytocentrifuge) for 3 min onto a microscope slide. Cytospin slides were subsequently fixed in 4% (v/v) PFA for 15 min at room temperature (RT). Fixed slides were stored in the dark at −20°C until immunofluorescence was performed. Nuclei were stained using DAPI-mounting medium (Vectashield, Vector laboratories, USA). Apoptosis in sloughed cells was detected after cytospin with the terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) system, as per manufacturer's instructions (Roche, Hertfordshire, UK). Total DAPI+ and total TUNEL+ cells were counted under UV microscopy (Nikon TE-2000U and Hammamatsu Orca-ER camera).



Phase Contrast and Immunofluorescence Analysis

Phase contrast images were obtained at 20x magnification of live COPD and healthy control cultures at 28 day post-ALI using a Nikon Eclipse TE-2000U microscope. Transwells were washed x3 with PBS for 5 min prior to permeabilisation in 0.2% (v/v) Triton X-100 (Sigma-Aldrich, Dorset, UK) in PBS (pH 7.4) for 30 min at RT. They were subsequently blocked with 2% (w/v) bovine serum albumin (BSA) (Sigma-Aldrich) in PBS (pH 7.4) for 1 h at RT. The wells were stained for airway epithelial cell differentiation subtype markers using rabbit anti-Muc5Ac antibody (ab78660, Abcam, Cambridge, UK), mouse anti-β-tubulin antibody (ab11309, Abcam), mouse anti-CC10 (sc-365992, Santa Cruz Technology, Dallas, TX), rabbit anti-ZO-1 antibody (Cat # 61-7300, Thermo Fisher Scientific, Waltham, MA), mouse anti-ICAM-1 (sc-8439, Santa Cruz Technology). In addition, HRV was detected using mouse anti-human rhinovirus VP2 (Cat # 18758, QED Bioscience, San Diego, CA).

All primary antibodies were diluted 1:100 in blocking buffer and incubated overnight at 4°C. The cells were washed x3 for 5 min in PBS before the addition of 100 μl anti-rabbit or anti-mouse secondary antibody (A11011, Alexa-Fluor 568, Invitrogen, Waltham, MA) at 1:500 dilution in 2% BSA (Sigma-Aldrich) in PBS at RT for 2 h. Cells were then washed x3 for 5 min in PBS prior to the addition of DAPI-mounting medium (Vectashield, Vector Laboratories, Burlingame, CA). Quantification of the percentage of ciliated, goblet, club cell numbers was carried out by counting under fluorescent microscopy (Leica DM5500). A minimum of 5 fields were captured per slide and the proportion of ciliated, goblet and club cells relative to total DAPI+ cell numbers was determined. Fluorescent images of well differentiated transwells staining for ciliated cells (anti-β-tubulin), goblet cells (anti-Muc5Ac), club cells (anti-CC10), HRV VP2, ZO-1, ICAM-1, were obtained using a Leica SP5 confocal DMI 6000 inverted confocal microscope (Leica Microsystems, Wetzlar, Germany).



Cytokine and Chemokine Responses

Levels of eotaxin 3, GM-CSF, IL-6, IL-8, IL-10, IL-13, IP-10, IFNβ, IFNγ, TNFα and TSLP were quantified in basolateral media from WD-PBEC ALI cultures using custom multiplex immunoassays (Meso Scale Discovery, Rockville, MD, USA). All assays were undertaken according to the manufacturer's instructions. IL-29 (IFNλ1) concentration in basolateral medium was measured using human IL-29 ELISA (eBioscience, UK) according to manufacturer's instructions.



Statistical Analysis

All data were analyzed using GraphPad Prism 8.0 (GraphPad Software Inc., San Diego, CA) and are reported as mean ± SD unless otherwise stated. Data were tested for normality by Shapiro-Wilk test and analyzed using Mann-Whitney U test or unpaired t-test for between-group comparisons where appropriate. Statistical significance was determined when P < 0.05.




RESULTS


COPD Cultures Display Altered Differentiation and Impaired Barrier Integrity

COPD (n = 7, age 58.6 ± 2.3 year) and healthy control (n = 7, age 61 ± 4.6 year) cultures were fully differentiated by day 28 post-ALI. Upon differentiation, they displayed indistinguishable typical cobblestone epithelium morphology and robust cilia coverage under light microscopy (Supplementary Figure S1). COPD WD-PBECs showed an altered cell differential profile compared to healthy WD-PBECs (Figures 1A,B). There was a reduction in the proportion of ciliated cells (β-tubulin) (23 ± 2.2 vs. 28.1 ± 3.3, P < 0.05), and an increase in club cells (CC10) (23 ± 1.6 vs. 16.2 ± 1.4, P < 0.001) and goblet cells (MUC5AC) (25.4 ± 1.8 vs. 20.6 ± 2.0, P < 0.01) in COPD cultures compared to healthy control cultures (Figure 1B). TEER values were lower in the COPD cells compared with healthy controls but did not reach significance (545 Ω*cm2 ± 145 vs. 602 Ω*cm2 ± 83, P = 0.20) (Figure 1C). More uniform ZO-1 staining was observed in healthy control cultures compared with COPD (Figure 1D).


[image: Figure 1]
FIGURE 1. Altered differentiation and tight junction integrity in severe COPD cultures. (A) At 28 day post ALI, fully differentiated cultures derived from healthy donors and severe COPD patients were stained for ciliated cell marker β-tubulin (green), club cell marker CC10 (red), goblet cell marker Muc5Ac (green) and total DAPI+ cells (blue). Representative en face images of each protein were captured by SP5 confocal microscopy (magnification 63x with 1.46 digital zoom), scale bar 20 μm. (B) The abundance of each epithelial cell type was determined by counting the number of β-tubulin+ (ciliated) cells, CC10+ (club) cells, and Muc5Ac+ (goblet) cells in 5 random fields (in triplicate transwells) expressed as a percentage of the total number of cells counted [stained DAPI+ (blue)] per field (magnification 20x). Results are presented as mean ± SD, n = 7 per group, *P < 0.05, **P < 0.01 and ***P < 0.001, healthy vs. COPD. (C) Tight junction integrity of the cultures was monitored by transepithelial electrical resistance (TEER) with 5-6 transwells from each donor (n = 7). Data are plotted as mean ± SD. (D) Immunofluorescent staining of tight junction protein ZO-1 at 28 days post ALI, scale bar 50 μm. Images were captured by SP5 confocal microscopy (magnification 63x).




HRV16 Growth Kinetics, Tropism, and Impact on Barrier Integrity

We next investigated HRV growth kinetics, tropism and its impact on tight junction integrity. HRV-induced shedding was observed only in the apical wash of the cultures with no detectable virus observed in basolateral medium (data not shown). Despite elevated ICAM-1 expression in COPD cultures (Supplementary Figure S2), a comparable HRV replication profile was displayed in both cultures. Viral load peaked between 24-36 hpi and declined from 48 hpi onwards. Virus shedding was significantly decreased at 60 hpi in COPD cultures compared with healthy cultures (Figure 2A, P < 0.05). Mean area under the curve (AUC) values for HRV growth kinetics of healthy and COPD cultures were 379 (95% CI: 351–408) and 365 (95% CI: 348–383), respectively, P = 0.37 (Figure 2B).


[image: Figure 2]
FIGURE 2. HRV16 growth kinetics, tropism and impact on cell integrity in cultures derived from healthy and severe COPD subjects. (A) Cultures from both groups (n = 6 per group) in duplicate were infected with HRV16 (MOI = 1) for 6 h at 33°C. At 6, 12, 24, 36, 48, 60, and 72 hpi, virus released from the apical compartments of the transwells were titrated by TCID50 assay for growth kinetics of HRV in WD-PBECs derived from healthy and severe COPD. Data are plotted as log10 mean ± SD. (B) HRV growth kinetics in healthy and COPD WD-PBECs were compared by calculating area under the curve (AUC). (C) To determine HRV tropism, cultured transwells in each group at 24 hpi (n = 6 in triplicate) were stained for β-tubulin (ciliated cells, green) and HRV VP2 protein (red), Muc5Ac (goblet cells, green) and HRV VP2 protein (red) or CC10 (club cells, green) and HRV VP2 protein (red). En face images were taken using SP5 confocal microscopy (magnification 63x with 3.0 digital zoom), scale bar 20 μm. (D) HRV-induced cytopathic effects were monitored under light microscope at each time point. Representative phase contrast images from each group in both mock infected and HRV infected transwells were captured at 24 hpi (magnification 20x), scale bar 200 μm. (E) The impact of HRV infection on tight junction integrity was examined at 24 hpi by TEER and presented as mean ± SD, *P < 0.01 healthy vs. COPD, ##P < 0.01 mock vs. HRV infection.


HRV infection occurred primarily in ciliated epithelial cells and occasionally club cells with no infection of goblet cells observed (Figure 2C). When examined under light microscope, HRV infection caused minimal cytopathic effect on the epithelial morphology of both cultures. Upon infection from 12 hpi onwards, small scattered foci of rounded cells appeared in both cultures (Figure 2D). HRV infection caused significant disruptions in tight junction integrity in both cultures at 24hpi compared with corresponding mock infected controls (both P < 0.01, Figure 2E). However, there was a significant reduction in TEER values in COPD compared with healthy cultures following HRV infection (Figure 2E). At 24 hpi, TEER values were 377 Ω*cm2 ± 65 in COPD and 498 Ω*cm2 ± 96 in healthy control cultures (P < 0.05).



The Effects of HRV on Airway Epithelial Cell Sloughing and Apoptosis

Cell sloughing was increased after HRV infection of both cultures relative to corresponding mock-infected controls (Figures 3A,B). However, at 48 hpi HRV16 induced significantly more sloughing from COPD than healthy cultures (174 ± 57 vs. 55 ± 10, P < 0.01; Figure 3B). Furthermore, there was a greater increase in the number of TUNEL-positive apoptotic cells sloughed from both cultures after infection compared to corresponding mock-infected cultures, indicating HRV induced apoptosis (Figures 3C,D). Consistent with the relative numbers of sloughed cells, a significantly greater number of TUNEL-positive apoptotic cells were present in HRV-infected COPD cultures compared with healthy controls (156 ± 62 vs. 46 ± 17, P < 0.01; Figure 3D)


[image: Figure 3]
FIGURE 3. HRV infection augmented airway epithelial cells sloughing and apoptosis in severe COPD cultures. WD-PBEC cultures were mock-infected or infected with HRV (MOI = 1) and cytospins from apical washes were performed at indicated time points. (A) Cytospin slides were stained with DAPI at 48 hpi to visualize sloughed cells, representative images were recorded using Leica DM5500 (magnification 20x), scale bar 200 μm. (B) Quantification of the number of sloughed cells were determined by counting the number of DAPI+ nuclei in 5-10 random fields on each cytospin slide. Data are presented as mean ± SD, **P < 0.01 healthy vs. COPD, ##P < 0.01 mock vs. HRV infection. (C) Apoptosis in sloughed cells was detected using TUNEL assay, representative images were recorded using Leica DM5500 (magnification 20x), scale bar 200 μm. (D) Quantification of the number of apoptotic cells was performed by counting TUNEL+ cells in 5-10 random fields on each slide. Values are presented as mean ± SD, n = 6 per group, **P < 0.01 healthy vs. COPD. #P < 0.05 and ##P < 0.01 mock vs. HRV infection.




HRV Induced Mucus Hypersecretion and Goblet Cell Hyperplasia

Upon HRV infection, enhanced Muc5Ac was detected in sloughed cells of both cultures compared with corresponding mock infected cultures (7 ± 4 vs. 43 ± 17 and 16 ± 8 vs. 113 ± 15 for healthy and COPD cultures, respectively, both P < 0.01; Figures 4A,B). HRV increased globe cell sloughing in COPD cultures compared those in healthy culture (113 ± 15 vs. 43 ± 17, P < 0.01). At 24 hpi, goblet cell (Muc5ac staining cells) hyperplasia was observed in both HRV-infected healthy (59 ± 9 vs. 45 ± 7, P < 0.05) and COPD WD-PBECs (102 ± 15 vs. 57 ± 9, P < 0.01) compared to mock-infected cultures in the (Figures 4C,D). HRV exacerbated goblet cell hyperplasia in COPD cultures compared with healthy cultures (102 ± 15 vs. 59 ± 9, P < 0.01, Figures 4C,D).
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FIGURE 4. HRV infection induced mucus hypersecretion and goblet cell hyperplasia. (A) Cytospin slides at 24 hpi were stained for MUC5AC (red) to visualize mucus secretion. Representative images were recorded using Leica DM5500 (magnification 20x), scale bar 200 μm. (B) Quantification of Muc5Ac+ positive cells was performed for each condition at 24 hpi. Muc5Ac+ cells were counted in 10 different fields on each slide. Values are presented as mean ± SD, n = 6 per group, **P < 0.01 healthy vs. COPD, #P < 0.05 and ##P < 0.01 mock vs. HRV infection. Transwells were (C) stained for MUC5AC (green) at 24 hpi (magnification 40x), scale bar 100 μm to determine goblet cell hyperplasia. (D) Quantification of Muc5Ac+ positive cells was performed for each condition at 24 hpi. Values are means ± SD, n = 6 per group, **P < 0.01 healthy vs. COPD, #P < 0.05 and ##P < 0.01 mock vs. HRV infection.




Severe COPD WD-PBECs Displayed Dysregulated Th1/Th2 Cytokine Secretion and Interferon Responses at Baseline and Following HRV Infection

Baseline levels of the key Th1 cytokine, IFNγ, were significantly elevated in COPD basolateral secretions compared with healthy cultures (P < 0.05, Figure 5A). Upon infection, HRV further exaggerated the secretion of IFNγ (P < 0.01), and enhanced TNFα (another Th1 cytokine) production (P < 0.01) in COPD cultures compared to HRV infected healthy cultures (Figure 5B). Baseline secretion of IL-13, a key Th2 cytokine, was significantly reduced in mock infected COPD cultures compared to healthy cultures (P < 0.05, Figure 5C). In addition, levels of another Th2 cytokine, TSLP, were decreased (P < 0.05) following HRV infection of COPD cultures compared to those from healthy controls (Figure 5D).
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FIGURE 5. Dysregulated Th1/Th2 cytokine secretion and interferon responses in COPD cultures at baseline and following infection with HRV. At 24 hpi, basolateral medium of HRV- and mock-infected cultures was harvested and levels of Th1 cytokines, (A) IFNγ, (B) TNFα and Th2 cytokines, (C) IL-13, (D) TSLP quantified. Markers of interferon responses (E) IFNβ, (F) IP-10, (G) IL-29 were also analyzed. Values are mean ± SD, n = 7 for healthy WD-PBECs and n = 5 for cultures derived from severe COPD patients. *P < 0.05 and **P < 0.01 healthy vs. COPD, #P < 0.05, ##P < 0.01 and ###P < 0.001 mock vs. HRV infection.


Levels of epithelial-derived type I and III IFNs and interferon stimulated proteins were evaluated before and after infection. COPD cultures exhibited an increase in baseline levels of IFNβ (P < 0.05, Figure 5E) and IP-10 (P < 0.01, Figure 5F) compared with healthy cultures. However, HRV infection did not further enhance the levels of IFNβ in the COPD cultures, in contrast to IP-10 (Figures 5E,F). Although HRV infection significantly upregulated production of IFNλ responses, the HRV-induced IL-29 response was significantly lower in COPD cultures (P < 0.05) (Figure 5G).



Elevated Levels of Cytokines/Chemokines Associated With COPD Pathogenesis

Mock-infected COPD cultures displayed significantly elevated levels of IL-6, IL-8, GM-CSF, eotaxin 3 and IL-10, compared to mock infected healthy cultures (Figure 6). In response to HRV infection, levels of these mediators were marginally increased in COPD cultures compared with HRV infected healthy controls with the exception of IL-10, which increased in healthy (P < 0.05) but not COPD cultures following HRV infection (Figure 6E). In response to HRV infection, levels of RANTES were significantly increased in healthy cultures (P < 0.05) and a similar trend was observed in COPD cultures but did not reach significance (Supplementary Figure S3). A similar, albeit non-significant, effect was observed for IL-1α levels in HRV infected COPD cultures, whereas levels of IL-16 appeared to decrease (Supplementary Figure S3).


[image: Figure 6]
FIGURE 6. HRV exacerbates the secretion of cytokines/chemokines associated with COPD pathogenesis. At 24 hpi, levels of (A) IL-6, (B) IL-8, (C) GM-CSF, (D) eotaxin 3 and (E) IL-10 in the basolateral medium of HRV- and mock-infected cultures were measured. Values are mean ± SD, n = 7 for healthy WD-PBECs and n = 5 for cultures derived from severe COPD patients. *P < 0.05 and **P < 0.01 healthy vs. COPD, #P < 0.05 mock vs. HRV infection.





DISCUSSION

In the present study, we investigated the impact of the innate host response and barrier function of severe COPD WD-PBECs on HRV-induced innate immune responses. We observed differences in the numbers of ciliated, goblet and club cells in fully differentiated severe COPD cultures compared to cultures derived from healthy subjects. The bronchial epithelium is at the front line of host defense against respiratory virus-induced acute exacerbations in COPD and plays an important role in maintaining barrier integrity and the homeostasis of normal airway function (11, 17). Significantly reduced TEER values have been observed in cigarette smoke extract treated WD-PBEC cultures as well as fully differentiated cultures derived from COPD patients (12, 26). Under light microscopy, WD-PBEC in COPD cultures displayed very similar morphology, growth characteristics and multi-layered pseudostratified organization upon differentiation compared with healthy control cultures. However, differences in major cell subtype numbers were demonstrated in COPD cultures in terms of lower number of ciliated cells and higher numbers of Muc5Ac and club cells. These data were consistent with previous studies in COPD or cigarette smoke extract treated WD-PBEC cultures, which demonstrated aberrant epithelium differentiation as a result of decreased β-tubulin, increased Muc5Ac and increased CC10 expression (12, 26, 27). Rhinovirus is the most common contributor to upper and lower respiratory tract infection in adults and the predominant cause of virus induced acute exacerbations in COPD (6, 9, 16). Although HRV infection causes self-limiting, mild upper respiratory symptoms in a majority of infections, it also provokes acute bronchitis in severe cases. However, in COPD it can cause exacerbations with attendant risk of hospitalization and increased mortality (9, 16). We observed that HRV replication was restricted to ciliated cells. This agrees with recent reports that both HRV-A and HRV-C strains selectively infect ciliated cells in bronchial epithelial cells in vitro and in vivo (28, 29). Consistent with HRV infection in bronchial biopsies, a similar morphology, in terms of patchy infection, was observed in both healthy and COPD WD-PBEC cultures upon infection (29). Similar virus shedding has been reported in nasal washes in HRV-infected individuals with and without asthma (30). Despite higher levels of ICAM-1 in COPD at 24 hpi, similar levels of viral load were found in both culture cohorts. This may be explained by the differential constitution of the two cultures–although ICAM-1 levels are increased in COPD cultures this may be offset by decreased ciliated cells for virus tropism in COPD cultures. The decline in virus shedding observed in COPD cultures after peak replication suggests that initial viral clearance may occur following robust epithelial cell sloughing and apoptosis which in turn increases the severity of lung damage in COPD.

The functional abnormalities of COPD bronchial epithelium are associated with altered secretion of various inflammatory mediators, which may promote the infiltration of immune cells including neutrophils, macrophages and eosinophils thus orchestrating the chronic inflammatory response (6–9, 11). Elevated baseline levels of IFNγ, IFNβ, IP-10, IL-10 and decreased IL-13 were demonstrated in severe COPD cultures, indicating latent COPD inflammation may contribute to a Th1 cytokine-dominated inflammatory cytokine profile and elevated IFN-associated antiviral responses in airway epithelium. In addition, COPD cultures demonstrated up-regulated basolateral secretion of IL-6, IL-8, GM-CSF, and eotaxin 3, regardless of infection. It has been well established that high levels of IL-6 and IL-8 are strongly associated with the progression of airflow obstruction and the severity of emphysema (31, 32). Increased blood IL-6 is a common indicator of systemic inflammation of asthma and COPD, suggesting the therapeutic potential of IL-6 antagonists in COPD emphysema and associated complications (33–35). Elevated plasma IL-10 and eotaxin were also found in stable COPD subjects in a large scale cytokine and chemokine multiplex study (32). Increased GM-CSF, eotaxin, IP-10 have been documented in the sputum, blood, and lung tissue of COPD and correlated with disease severity and exacerbation frequency (36–38).

In contrast to the Th2 cytokine response demonstrated in some COPD studies (39, 40), our data shows a compromised Th2 response in terms of reduced baseline IL-13 secretion and an HRV-associated downregulation of TSLP in severe COPD cultures compared with healthy cultures. In contrast, IFNγ and TNFα levels were markedly increased in COPD cultures, indicating a Th1-dominated cytokine response in the severe COPD epithelium. Similarly, previous studies have also demonstrated a Th1 skewed cytokine response with enhanced airway IP-10 and its receptor CXCR3 (24, 41) and increased IFNγ and decreased IL-4 in the serum of COPD patients (42). Separately, IL-13 mRNA was shown to positively correlate with airway obstruction (FEV1 and FEV1/FVC) and impaired gas exchange and levels were lower in the lungs of patients with severe emphysema (43). Lower serum TSLP has also been demonstrated during acute COPD exacerbations compared with healthy controls (44).

Resolution of viral infection in the lung relies on the contribution of interferon responses that first occur at the site of infection. Consistent with a previous study in airway epithelial cells, impaired IFNλ1 (IL-29) expression was observed in COPD cultures upon HRV infection compared with healthy controls (19). In contrast to other studies demonstrating a deficiency of HRV-induced IFNβ production (17–19, 45, 46), our data demonstrates greater IFNβ secretion in mock and HRV-infected severe COPD cultures. However, HRV infection did not further reinforce this type I IFN response during HRV infection. As predicted, a rapidly increased IFNβ production was evident in healthy WD-PBECs upon HRV infection. The enhanced baseline levels of IFNβ observed in severe COPD cultures in our study could be explained by a pre-existing heightened production of IFNβ in severe COPD in response to persistent latent infection as described elsewhere (6, 7). Consistent with this findings, prolonged type I and type III IFN signaling has been implicated in disrupting lung epithelial integrity during recovery from viral infection (47).

It is worth noting that changes in respiratory epigenetic profiles such as DNA methylation, histone modification and microRNAs (miRNA) are likely to contribute to the altered differentiation and pro-inflammatory response in severe COPD. Perturbations in histone acetylation (HAT)/histone deacetylase (HDAC), methyltransferase (HMT) and histone demethylase (HDM) activities have been demonstrated to regulate many chromatin-dependent processes, including transcription, recombination and DNA repair (48–50). In COPD, cigarette smoke, accelerated aging and other environmental factors such as diet-modulated oxidative stress play a role in the pathogenesis of severe COPD (48, 49). Consequently, oxidativeg genome-wide epigenetic profiles in severe COPD airway epithelium would provide a great platform for potential the stress can regulate the activity of HATs and HDACs and enhance NF-B-dependent pro-inflammatory gene transcription such as IL-8 and TNFα (48–50). MiRNA-125a and –b have been shown to inhibit A20 and MAVS. to promote inflammation and impair antiviral response in COPD WD-PBECs (51). Understandinrapeutic anti-inflammatory targets in COPD and may help explain some of the findings in this study.

Taken together, our data suggests that severe COPD WD-PBECs display altered differential profiles, and elevated pro-inflammatory and IFN responses. HRV infection compromised the integrity of tight junction barrier, causing significant cell sloughing, epithelial apoptosis, mucus hypersecretion and heightened cytokine and chemokine secretory profiles in severe COPD cultures. Furthermore, there is an impaired type III IFN response upon HRV infection. The molecular changes in host epithelium and the pre-existing inflammatory environment, rather than viral replication per se, may contribute to the increased susceptibility of bronchial epithelium to respiratory virus-induced exacerbation in severe COPD. Targeting COPD inflammation and defects in host differentiation profiles may provide potential therapeutic targets in the prevention and management of severe COPD exacerbations.
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() (% predicted) (% predicted) (% predicted)
146 M 048(18%) 226(50%) 21.20%  40% 130
2 62 M 086(12%) 240(61%)  156% 32% 40
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Al patients had their lungs removed at transplentation. Patient age is given in years ().
The spirometry for each patient is recorded in L and % predicted. The TLCO is the CO
diftusion capacity shown as % predicted. All had been smokers, but had stopped prior
to being accepted for transplantation. Pack years refers to the smoking history. FEV1,
forced expiratory volume in 1 sec; FVC, forced vitel capacity; TLCO, transfer factor for
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