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Abstract: Background: Little is known about the innate immune response to viral infections in
stable Chronic Obstructive Pulmonary Disease (COPD). Objectives: To evaluate the innate immune
mediators related to respiratory viruses in the bronchial biopsies and lung parenchyma of stable
COPD patients. Methods: We evaluated the immunohistochemical (IHC) expression of Toll-like
receptors 3-7-8-9 (TLR-3-7-8-9), TIR domain-containing adaptor inducing IFN{ (TRIF), Interferon
regulatory factor 3 (IRF3), Phospho interferon regulatory factor 3 (pIRF3), Interferon regulatory
factor 7 (IRF7), Phospho interferon regulatory factor 7 (pIRF7), retinoic acid-inducible gene I
(RIG1), melanoma differentiation-associated protein 5 (MDADJ5), Probable ATP-dependent RNA
helicase DHX58 (LGP2), Mitochondrial antiviral-signaling protein (MAVS), Stimulator of interferon
genes (STING), DNA-dependent activator of IFN regulatory factors (DAI), forkhead box protein
A3(FOXA3), Interferon alfa (IFN«), and Interferon beta (IFN{) in the bronchial mucosa of patients
with mild/moderate (1 = 16), severe/very severe (n = 18) stable COPD, control smokers (CS) (n = 12),
and control non-smokers (CNS) (n = 12). We performed similar IHC analyses in peripheral lung
from COPD (n = 12) and CS (n = 12). IFN« and IFNJ were assessed in bronchoalveolar lavage
(BAL) supernatant from CNS (n = 8), CS (n = 9) and mild/moderate COPD (n = 12). Viral load,
including adenovirus-B, -C, Bocavirus, Respiratory syncytial Virus (RSV), Human Rhinovirus (HRV),
Coronavirus, Influenza virus A (FLU-A), Influenza virus B (FLU-B), and Parainfluenzae-1 were
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measured in bronchial rings and lung parenchyma of COPD patients and the related control group
(CS). Results: Among the viral-related innate immune mediators, RIG1, LGP2, MAVS, STING, and
DAL resulted well expressed in the bronchial and lung tissues of COPD patients, although not in
a significantly different mode from control groups. Compared to CS, COPD patients showed no
significant differences of viral load in bronchial rings and lung parenchyma. Conclusions: Some
virus-related molecules are well-expressed in the lung tissue and bronchi of stable COPD patients
independently of the disease severity, suggesting a “primed” tissue environment capable of sensing
the potential viral infections occurring in these patients.

Keywords: COPD pathology; COPD phenotypes; viral load; innate immune response; outcome;
disability

1. Introduction

Inflammation plays a pivotal role in the pathogenesis of chronic obstructive pulmonary disease
(COPD) [1-3]. A symbiotic relationship between the microbiota and the innate and adaptive immune
host response has been hypothesized [4]. The microbiota diversity, balanced by immune host responses,
might be involved in the protective responses developing in challenged patients [4,5]. The innate
immune system recognizes the microbial pathogens through pattern-recognition receptors (PRRs),
which detect the pathogen-associated molecular patterns (PAMPs) of bacterial, fungal, and viral
origin [4,5]. This interaction induces a cascade of events generating inflammatory host responses
and the activation of adaptive immune responses [4,5]. Toll-like receptors (TLRs) recognize various
microbial components of bacteria, fungi, and viruses [6]. In particular, some TLRs such as TLR3, TLR?,
TLRS, and TLRY are specific for viral recognition. TLR3 recognizes double-stranded RNA (dsRNA)
produced by most viruses inducing the synthesis of type I interferons (IFN«/f) [6]. TLR7 and TLR8
recognize guanosine or uridine-rich single-stranded RNA (ssRNA) from viruses [7-9], and TLR9 is
involved in the viral A/D-and bacterial B/K-type CpG DNA recognition [10,11].

Viral infections or dsRNA activates interferon regulatory factor (IRF)3 via TIR domain-containing
adaptor inducing IFNB (TRIF) [12,13]. Viral-induced gene transcription of IFN« and IFNf
converge on the activation and phosphorylation of IRF3 and IRF7 [14-18] in most cell types, or
on IRF7 for plasmacytoid dendritic cells [19]. Retinoic acid inducible gene (RIG)-I and melanoma
differentiation-associated gene (MDA)5 have been identified as cytosolic receptors for viral RNAs and
dsRNAs, inducing the activation of IRF3 and IRF7 followed by induction of type I IEN genes [20]. RIG-I
and MDADS can be negatively regulated by LGP2 (laboratory of genetics and physiology) (DHX58)
competing with these molecules for engagement with viral RNAs [21], and LGP2 downregulates IFN-I
production during infection by influenza A viruses in A549 and HeLa cells [22]. Alternatively, LGP2
potentiates IFN-I induction after viral dsRNA engagement, through cooperation with MDAJ5 [23].
LGP2 biological activity is hence the subject of debate. The mitochondrial antiviral signaling (MAVS)
proteins, also known as IFNfJ promoter stimulator-1 (IPS-1) and STING endoplasmic reticulum
resident transmembrane protein [24], are considered adaptor molecules connecting the RIG-I or
MDADS viral-engaged molecules to downstream signaling and gene activation [25,26]. ZBP1 (DAI) is a
cytosolic receptor binding DNA mediating an IRF3 dependent-TLR9 independent type I interferon
response [27,28]. The transcription factor FOXAS3 inhibits rhinovirus-induced IFN production, IRF3
phosphorylation and viral clearance in human bronchial epithelial cells [29].

Therefore, the expression of these molecules (TLR3, TLR7, TLR8, TLR9, TRIF, IRF3, pIRF3, IRF7,
pIRF7, RIG1, MDAS5, LGP2, MAVS, STING, DAI, FOXA3, IFN«, IFNf() may reflect the anti-viral
immune responses. Few studies to date have assessed the expression of these molecules in the lung of
stable COPD patients.
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The aim of this study was to investigate the expression of innate immune mediators and signaling
pathways related to viral load in the bronchial mucosa, lung parenchyma, and bronchoalveolar lavage
(BAL) of patients with stable COPD of differing severity and age-matched control subjects with normal
lung function.

2. Methods

2.1. Subjects

We recruited 24 subjects with normal pulmonary function and 34 COPD patients (Table 1).
All COPD patients and healthy controls who underwent bronchoscopy, bronchial biopsy, and BAL
were recruited from the Respiratory Medicine Unit of the Istituti Clinici Scientifici Maugeri Institute of
Veruno (Veruno, Italy) (archival material) and San Raffaele Institute of Cefalt (Palermo, Italy).

Table 1. Clinical characteristics of COPD and control subjects who provided bronchial biopsies.

FEV; (% FEV; (%

Age Pack Ex/Current FEV,/FVC
Groups " (years) M/E Years Smokers pred.) pred.) (%)
pre-32 post-f32
Control non-smokers 12 63 +13 10/2 0 0 117 £ 18 ND 86 + 10
Control smokers with -, ¢, , ; 93  43+26 2/10 104 + 13 ND 81+6
normal lung function
COPDstagesLand Il ) g5 143 50128 6/11 6311 67 +13 57+9#
(mild/moderate)

COPD stages Il and 66+9S 117  54+36 13/5 35+ 8 & 389  44+10%&

IV (severe/very severe)

Patients were classified according to GOLD (http://www-goldcopd.com) levels of severity for COPD into: mild
(stage I), moderate (stage II), severe (stage III), and very severe (stage IV). Data are mean + SD. For COPD patients
FEV1/FVC (%) are post-bronchodilator values. Abbreviations: M, male; F, female, FEV;: forced expiratory volume
in one second; FVC, forced vital capacity; ND, not determined; COPD, chronic obstructive pulmonary disease.
Statistics. (ANOVA)¥, p < 0.0001, significantly different from control smokers with normal lung function and control
never-smokers; &, p < 0.0001, significantly different from mild/moderate COPD: (ANOVA)S, p < 0.05, significantly
different from control smokers with normal lung function.

The definition of diagnosis and severity of COPD patients was according to COPD international
guidelines [www.goldcopd.com] [30].

All COPD patients were stable without any exacerbation in the six months before bronchoscopy
and none was under treatment with theophylline, antibiotics, antioxidants, mucolytics, and/or
glucocorticoids in the month prior to the bronchial biopsy. Control subjects were volunteers or patients
with normal lung function who underwent bronchoscopy for hemoptysis due to tongue base varix
or for control after surgical treatment for traumatic trachea stenosis. The peripheral lung tissues
were collected at the S. Luigi University Hospital of Orbassano (Torino) during lung resection for
a solitary peripheral neoplasm and no patient was under regular treatment with glucocorticoids
and/or bronchodilators.

Ethical committees of the Istituti Clinici Scientifici Maugeri Veruno (Novara) (CTS: p95),
San Raffaele Institute, Cefalti (Palermo) (CE: up2017/3375E) and San Luigi Hospital, Orbassano (Torino)
(CE: 151/int) approved the study. Written informed consent was obtained from each participant and
lung specimens were obtained according to local ethics and technical committee guidelines.

2.2. Lung Function Tests and Volumes

Lung function tests and volumes were assessed by a spirometry (6200 Autobox Pulmonary
Function Laboratory; Sensormedics Corp., Yorba Linda, CA, USA) as previously described according
to guideline recommendations [2,30].
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2.3. Fiberoptic Bronchoscopy, Collection, and Processing of Bronchial Biopsies

Bronchoscopy and bronchial biopsies were performed as previously described [2]. Briefly, four
bronchial biopsy specimens were taken from segmental and subsegmental airways of the right lower
and upper lobes using size 19 cupped forceps. At least two samples were embedded in Tissue Tek II
OCT (Miles Scientific, Naperville, IL, USA), frozen within 15 min in isopentane pre-cooled in liquid
nitrogen, and stored at —80 °C. The best frozen sample was then oriented and 6 um thick cryostat
sections were cut for immunohistochemical light microscopy analysis and processed as described below.

2.4. Collection and Processing of the Peripheral Lung Tissue

Twenty-four patients undergoing lung resection surgery for a solitary peripheral neoplasm were
recruited. Twelve were smokers with normal lung function and twelve were smokers with COPD.
None of the patients had undergone preoperative chemotherapy and/or radiotherapy and none had
been treated with antibiotics or respiratory drugs in the month prior to surgery. Lung tissue processing
was performed as previously described [30]. Briefly, two to four randomly selected tissue blocks
were taken from the subpleural parenchyma of the lobe obtained at surgery, avoiding areas grossly
invaded by tumor. Serial sections 4 pum thick were first cut and stained with hematoxylin-eosin (H&E)
in order to visualize the morphology and exclude the presence of microscopically evident tumor
infiltration. Samples were frozen in liquid nitrogen pre-cooled isopentane after embedding in OCT
as for bronchial biopsy processing and used for cryostat sections preparations and immunostaining
of some viral related antigens. Immunostainings of frozen sections were performed as reported for
bronchial biopsies.

2.5. Immunohistochemistry Analysis on OCT-embedded Bronchial Biopsies and Peripheral Lung Tissue

Immune-histochemical methods with a panel of antibodies specific for inflammatory cells (CD4+,
CD8+, CD68+, neutrophil elastase+) or molecules studied were applied to one cryostat section from
each biopsy (Table S1) as previously described [30]. Antibody binding was demonstrated with
secondary anti-mouse (Vector, BA 2000) or anti-rabbit (Vector, BA 1000) or anti-goat (Vector, BA 5000)
antibodies followed by ABC kit AP AK5000, Vectastain and fast-red substrate (red color) or ABC kit
HRP Elite, PK6100, Vectastain and diaminobenzidine (DAB) substrate (brown color).

In peripheral lung tissue, the immunostaining was performed as previously described [2]. In brief,
the sections were stained with the primary antibodies as reported in Table S1. For the negative control
slides, normal rabbit, goat or mouse non-specific immunoglobulins (Santa Cruz Biotechnology, Dallas,
TX, USA) were used at the same protein concentration as the primary antibody. Control slides were
included in each staining run using human tonsils or nasal polyps as positive control for all the
immunostainings performed [30].

2.6. Scoring System and Quantification of Immunohistochemistry in the Bronchial Biopsies

Morphometric measurements were performed with a light microscope (Leitz Biomed,
Leica Cambridge, UK). The immunostaining for all antigens studied was scored (from 0 = absence of
immunostaining to 3 = extensive intense immunostaining) in the intact (columnar and basal epithelial
cells) bronchial epithelium, as previously described [2]. The final result was expressed as the average
of all scored fields performed in each biopsy. A mean + SD volume of 0.700 + 0.260 mm of epithelium
was analyzed in COPD patients and control subjects. Immunostained cells in bronchial biopsies lamina
propria were quantified 100 pm beneath the epithelial basement membrane in several non-overlapping
high-power fields until the whole specimen was examined. The final result, expressed as the number
of positive cells/mm?, was calculated as the average of all the cellular counts performed in each biopsy.
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2.7. Scoring System for Immunohistochemistry in the Peripheral Lung Tissue

Staining analysis was performed as previously described [30]. Data were interpreted in blinded
fashion with no prior knowledge of the clinic-pathologic parameters. A bronchiole was taken to be an
airway with no cartilage and glands in its wall. To count the number of positive cells on the sections
stained for RIG1, MDAS5, LGP2, MAVS, STING, DAI, FOXA3, IFN«, IFN, the area of bronchiolar
epithelium, bronchiolar lamina propria, alveolar septa, and alveolar macrophages to be studied
was selected. Cells with nuclear immunostaining were counted in all consecutive, non-overlapping
high-power fields, including all available bronchioles for each section stained. Results were expressed
as scored (0-3) values for each immune-staining.

To quantify molecule expression in alveolar macrophages and alveolar septa, at least 20 high-power
fields (hpf) of lung parenchyma were randomly selected for each section. At least 100 macrophages
inside the alveoli were evaluated. Alveolar macrophages were defined as mononuclear cells with
well-represented cytoplasm present in the alveolar spaces and not attached to the alveolar walls using
a previously validated method [30]. Results were expressed as scored values (from 0 = absence of
immune-staining to 3 = extensive intense immune-staining) for each immune-staining.

2.8. Collection and Processing of Broncho-Alveolar Lavage

BAL was performed from the right middle lobe using four successive aliquots of 50 mL of 0.9%
NaCl. BAL cells were spun (500x g; 10 min) and washed twice with Hanks” buffered salt solution
(HBSS). Cytospins were prepared and stained with May-Griinwald stain for differential cell counts.
Cell viability was assessed using the trypan blue exclusion method. BAL supernatants were aliquoted
and stored at —80 °C before their use for the ELISA assays summarized in Table S2. These assays were
performed according to the manufacturer’s instructions.

2.9. Extraction of RNA/DNA and gRT-PCR for Viral Load Quantification in Bronchial Rings and
Lung Parenchyma

Genesig standard kits (genesig Standard kit handbook HB10.04.09, published date 13 November
2017), including positive and negative controls for each one of the viruses studied, were used for
gqRT-PCR analysis of Adenovirus-C, Adenovirus-B, Bocavirus, Respiratory Syncytial Virus (RSV),
Rhinovirus (HRV), Coronavirus, Flu-A, Flu-B, Virus Parainfluenzae-1. Genesig’s manufacturer
instructions were carefully followed for viral RT-PCR quantification. RT-PCR cycling conditions were:
95 °C for 5 min (PCR initial activation step); 40 amplification cycles of 95 °C for 5 s (denaturation)
and 60 °C for 10 s (combined annealing/extension), followed by melting curve analysis to ensure
the specificity of the PCR amplification. For each reaction, negative controls were run in triplicate,
consisting of primers, PCR Mastermix, and sterile water instead of DNA template. Positive controls for
each virus studied were provided by the Genesig standard kits used. Amplification, data acquisition,
and cycle threshold (CT) values analysis were performed using the Rotor Gene Q software (Rotor-Gene
Q Series Software 2.0.2). Data were expressed as copies/ug of bronchial rings or lung parenchyma from
each patient studied. All the viral RT-PCR quantitations were performed at least twice in different
experimental sets for each specimen used and the results were accepted only after confirmation by the
second experimental set.

2.10. Statistical Analysis

The data are shown as mean =+ standard deviation (SD) for functional data and median (range)
or interquartile range (IQR) for morphologic data. Differences between groups were analyzed using
analysis of variance (ANOVA) for functional data, followed by the unpaired t-test for comparison
between groups. The Kruskal-Wallis test followed by the Mann-Whitney U test for comparison
between groups was used to compare morphologic data. Spearman rank method was used to calculate
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correlation coefficients. A p value less than 0.05 was considered significant. Data analysis was
performed using the Stat View SE Graphics program (Abacus Concepts, Inc., Berkeley, CA, USA).

3. Results

3.1. Clinical Characteristics of Subjects

Bronchial biopsies from 58 subjects were evaluated: 34 with stable COPD, 12 current or ex-smokers
with normal lung function, and 12 non-smokers with normal lung function (Table 1). COPD patients
were divided into two groups: mild/moderate (GOLD stage I-1I, n = 16) and severe/very severe (GOLD
stage III-1V, n = 18). No differences in smoking history were found among the four groups. Values of
FEV; (% predicted) and FEV/FVC (%) differed significantly between total COPD patients and both
control groups. Severe/very severe COPD patients also differed significantly from mild/moderate
COPD patients (ANOVA: p < 0.0001 for FEV;% predicted and FEV;/FVC% values). Thirty-five percent
(n = 12) of the total COPD patients and 25% (n = 3) of healthy smokers with normal lung function also
had symptoms of chronic bronchitis. There was no significant difference in functional data comparing
COPD patients with healthy smokers for the presence of chronic bronchitis.

In addition, we studied peripheral lung specimens from 12 stable COPD patients and 12 control
smokers with normal lung function matched for age and smoking history (Table 2).

Table 2. Characteristics of COPD and control subjects who provided peripheral lung tissue for
immune-histochemical study.

Chronic

Groups ( t?:s) I\S/E’; Exnicoﬁgznt Pack-Years  Bronchitis FE:ZId()/O FEV1/FVC%
¥y (Yes/No) pred.
Control smokers 12 70.1+2 11/1 6/6 33.6 £9.7 no 101.8 £ 3.8 740+ 2.0
COPD patients 12 68.1+2 6/6 10/2 444 +244 no 869 +48* 657+26%

Abbreviations: COPD = chronic obstructive pulmonary disease; M: male; F: female; FEV; = forced expiratory
volume in one second; FVC = forced vital capacity. For COPD and control smoker subjects, FEV% predicted and
FEV1/FVC% are post-bronchodilator values. Data expressed as mean + SEM; T-test: * p = 0.027; & p = 0.0035.

3.2. Measurement of Inflammatory Cells in the Bronchial Biopsies of COPD Patients

These data, obtained from stable COPD patients by immunohistochemistry, confirmed previously
reported higher numbers of neutrophils and CD8+ cells in severe/very severe COPD (Table 3) [30].
COPD patients with chronic bronchitis had a similar number of neutrophils when compared with
COPD patients without chronic bronchitis [30].

3.3. Immunohistochemistry of Innate Immune Mediators Related to Respiratory Viruses in Bronchial Biopsies

The relevant anti-viral (TLR3, TLR7, TLRS8, TLR9, TRIF, IRF3, pIRE3, IRF7, pIRF7, RIG1, MDAS5,
LGP2, MAVS, STING, DAI, FOXAS3, IFN«, IFNf3) immune responses were analyzed.

3.4. Immunohistochemistry in Bronchial Epithelium

We considered significant the molecular changes when multiple comparisons (Kruskal Wallis test
(KW) followed by comparisons between groups (Mann-Whitney test (MW)) were both significant.
Only slight variations were observed for the immune-expression of this group of molecules since the
statistical analysis based on multiple comparisons (KW) was not significant for any of the molecules
studied (Table 3). TLR3 was tendentially increased in severe/very severe COPD (KW: p = 0.063, MW:
p = 0.019) compared to control smokers. IRF7 was tendentially decreased in mild/moderate COPD
(KW: p =0.077, MW: p = 0.011) and control smokers (MW: p = 0.044) compared to control non-smokers.
PhospholRE7 (KW: p = 0.214, MW: p = 0.037) was tendentially increased in severe/very severe COPD
compared to control non-smokers. MDAS5 was tendentially decreased in mild/moderate COPD (KW:
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p = 0.064, MW: p = 0.017) compared to control non-smokers. IFN3 was also tendentially decreased
in mild/moderate COPD (KW: p = 0.061, MW: p = 0.019) compared to control non-smokers (Table 3).
No significant differences were observed for any of the other molecules studied (Table 3).

3.5. Immunohistochemistry in Bronchial Lamina Propria

Similar to our observations in bronchial epithelium, only slight variations were observed
for immune-expression in this group of molecules since the statistical analysis based on multiple
comparisons was not significant for any of the molecules studied in the lamina propria (Table 3).
TLR3 (KW: p = 0.128, MW: p = 0.023) and TLR8 (KW: p = 0.108, MW: p = 0.033) were tendentially
increased in severe/very severe COPD in comparison to control smokers. TLR9 was tendentially
increased in mild/moderate COPD (KW: p = 0.211, MW: p = 0.032) compared to control smokers.
MAVS was tendentially increased in mild/moderate COPD (KW: p = 0.136, MW: p = 0.027) and control
smokers (MW: p = 0.036) compared to control non-smokers. No significant differences were observed
for the other molecules studied (Table 3).

Table 3. Inmunohistochemical quantification of inflammatory cells, innate immune molecules, and
cytokines related to viral response in bronchial biopsies.

Epithelium Control Control Mild/Moderate Severe/Very Kruskal Wallis
(Score 0-3) Non-Smokers Smokers COPD Severe COPD p Value
TLR3 1.0 (0.12-1.5) 0.5 (0.12-1.5) 0.5(0.12-1.25) 1.0 (0.12-2.5) & 0.063
TLR7 0.75 (0.25-1) 0.75 (0.5-1.25) 0.5 (0.25-1) 0.75 (0.25-1.25) 0.373
TLR8 0.25 (0-0.5) 0.25 (0.12-0.5) 0.25 (0-0.75) 0.25 (0.12-1) 0.499
TLR9 0.5 (0.12-0.75) 0.37 (0.12-1) 0.5 (0-1) 0.5 (0.12-1.5) 0.851
TICAM (TRIF) 2 (1.5-2.5) 2.12 (1.5-2.75) 2(0.75-2.5) 2(0.75-2.75) 0.456
IRF3 0.25 (0-0.25) 0.25 (0-0.25) 0.25 (0-1) 0.25 (0-0.5) 0.406
Phospho-IRF3 0 (0-0) 0 (0-0) 0(0-0) 0(0-0) n.d.
IRF7 15(0.75-1.75)  0.75(0.25-1.75)*  0.5(0.25-1.5)* 0.75 (0.25-2.5) 0.077
Phospho-IRF7 0.5 (0.25-1) 0.5 (0-1.5) 0.75 (0.25-1.25) 0.87 (0.5-1) * 0.214
DDX58 (RIG1) 1.12 (0.5-2.5) 1.5 (0.5-2) 1(0.5-2) 1(0.5-2.5) 0.996
MDAS5 1(0.5-1.5) 0.5 (0.5-1.5) 0.5(0.25-1.5) * 0.87 (0.25-1.5) 0.064
DHX58 (LGP2) 2(1.5-2.5) 1.75 (0.75-2.5) 1.75 (1-2.5) 1.62 (1-2.5) 0.402
MAVS 2 (1.25-2.5) 2.25 (1.25-3) 2 (1-3) 2 (1-3) 0.472
STING (TMEM173) 2.5(1.5-2.5) 2 (1.5-2.5) 2.5(1.5-3) 2.5(1.5-3) 0.208
DAI (ZBP1) 2 (1-2.5) 2.5 (1.5-3) 2 (1-2.5) 2.5(1.5-3) 0.197
FOXA3 1.75 (0.5-2) 1.37 (0.5-1.5) 1.5 (0.75-2) 1.5 (0.5-3) 0.797
IFN« 0.25 (0-0.75) 0.37 (0-1) 0.25 (0.25-1) 0.5 (0.25-1.25) 0.169
IFNR 0.87 (0.5-1.5) 0.5 (0.25-1.5) 0.5(0.25-1) * 1(0.5-1.5) 8 0.061
Lamina Propria (cells/mm?)

TLR3 21 (4-64) 9 (0-48) 14 (4-85) 32 (0-263) & 0.128
TLR7 99 (5-161) 95 (70-148) 120 (16-242) 123 (26-229) 0.557
TLR8 0(0-43) 0(0-5) 4(0-41) 3(0-21)& 0.108
TLRY 4 (0-52) 5(0-15) 13 (0-53) & 4 (0-90) 0.211
TICAM (TRIF) 183 (117-348) 219 (145-312) 206 (71-425) 227 (129-387) 0.923
IRF3 17 (0-39) 13 (4-92) 24 (0-148) 13 (0-64) 0.541
Phospho-IRF3 0 (0-0) 0 (0-0) 0(0-4) 0(0-8) 0.594
IRF7 92 (45-193) 79 (28-210) 74 (24-206) 87 (32-348) 0.875
Phospho-IRF7 73 (40-204) 77 (0-203) 81 (32-272) 121 (40-366) 0.444
DDX58 (RIG1) 206 (118-274) 220 (77-272) 243 (168-403) 194 (114-281) 0.247
MDAD5 81 (32-164) 65 (29-187) 62 (24-161) 75 (32-186) 0.908
DHX58 (LGP2) 303 (140-446) 335 (174-554) 343 (193-705) 330 (148-559) 0.897
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Table 3. Cont.

Epithelium Control Control Mild/Moderate Severe/Very Kruskal Wallis
(Score 0-3) Non-Smokers Smokers corD Severe COPD p Value

MAVS 161 (51-226) 239 (55-426) * 210 (89-371) * 226 (60-521) 0.136
STING (TMEM173) 226 (86-400) 248 (51-460) 289 (97-435) 249 (161-511) 0.586
DAI (ZBP1) 202 (161-328) 254 (203-387) 290 (26-488) 267 (153-405) 0.237
FOXA3 188 (73-343) 173 (81-294) 135 (97-333) 175 (82-277) 0.650
IFN« 32 (9-118) 42 (6-87) 37 (8-312) 53 (11-161) 0.447
IFNB 137 (74-258) 108 (43-276) 126 (52-290) 148 (78-287) 0.187
CD4 164 (101-212) 246 (37-500) 258 (107-731) 252 (66-470) 0.206
CD8 147 (76-301) 179 (86-657) 195 (86-523) 244 (111-355) * 0.365
CD68 284 (128-516) 275 (97-904) 367 (158-759) 340 (204-1054) 0.671
Neutrophil Elastase 93 (58-166) 97 (45-308) 94 (28-512) 151 (47-470) *%& 0.045

Abbreviations: COPD, chronic obstructive pulmonary disease. Data expressed as median (range); n.d. not
determined. Statistics: The Kruskal-Wallis test was used for multiple comparisons followed by Mann-Whitney
U test for comparison between groups: *, p < 0.05, significantly different from control non-smokers; & p < 0.05,
significantly different from control smokers with normal lung function; § p < 0.05, significantly different from
mild/moderate COPD. For the exact “p” values for comparison between groups, see Results section. We considered
as “tendentially” significant the variations reported between groups (Mann-Whitney U test) since the multiple
comparison (Kruskal-Wallis test) was not significant.

Figure 1 summarizes the principal molecules involved in the anti-viral immune response in the
bronchial epithelium and in the bronchial lamina propria of COPD patients and control subjects.
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Figure 1. Schematic representation of the molecular variations related to anti-viral innate immunity
response in the (a) bronchial epithelium and in the (b) bronchial lamina propria of control non-smokers,
control smokers, mild/moderate stable COPD and severe/very severe stable COPD patients. Molecules
involved in the anti-viral immune response are either poorly expressed (IFN«, IFNf) or, when well
expressed (RIG1, MDAS5, MAVS, STING), values do not differ in the four groups of subjects studied.
Range values for the molecules included in this graph are reported in Table 3. CNS = Control
non-smokers; CS = Control smokers; MCOPD = Mild/moderate COPD; SCOPD = Severe/very
severe COPD.
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3.6. Immunohistochemistry of Innate Immune Mediators Related to Respiratory Viruses in the Peripheral
Lung Tissue

In the peripheral lung tissue of COPD patients (n = 12) and control smokers (1 = 12) (Table 4), we
measured semi-quantitatively the immune expression of RIG1, MDA5, LGP2, STING, DAI, FOXAS3,
IFN«, and IFNf in bronchiolar epithelium, bronchiolar lamina propria, alveolar septa, and alveolar
macrophages. No significant differences were observed between COPD patients and control smokers
in all lung compartments considered for any of the molecules studied (Table 4).

3.7. ELISA Assays of Innate Immune Mediators Related to Respiratory Viruses in the BAL Supernatants

The clinical characteristics of the subjects for the BAL study are reported in Table 5. BAL levels of
IFN« and IFNf, the end-points of an immune anti-viral response, were measured. IFN« was under the
detection limits of the method in almost all subjects studied. No significant difference was observed for
IFN (median (range) (pg/mL): 0.44 (0-0.76); 0.46 (0-1.35) and 0.29 (0-1.38) (Kruskal Wallis, p = 0.767)
respectively, for control non-smokers, control smokers, and mild/moderate COPD patients).

Table 4. Inmunohistochemical quantification of selected viral-related innate immune molecules and
cytokines in the peripheral lung.

Localization Control Smokers with COPD Mann-Witney U-Test
Normal Lung Function Patients p Value
Bronchiolar epithelium (score 0-3)
RIG1 0.70 (0.78) 0.58 (0.36) 0.185
MDAS5 0.96 (0.85) 0.97 (0.45) 0.689
LGP2 0.12 (0.12) 0.12 (0.05) 0.597
MAVS 1.4 (0.68) 0.75(0.71) 0.224
STING 1.60 (0.50) 1.10 (0.77) 0.037
DAI 0.25 (0.05) 0.12 (0.02) 0.146
FOXA3 0.68 (0.81) 0.75 (0.46) 0.901
IFN o 0.30 (0.30) 0.42 (0.31) 0.435
IFNB 0.25(0.12) 0.33 (0.11) 0.123
Bronchiolar submucosa (score 0-3)
RIG1 0.47 (0.44) 0.46 (0.25) 0.267
MDAS5 0.50 (0.33) 0.50 (0.19) 0.666
LGP2 0.10 (0.10) 0.12 (0.00) 0.641
MAVS 0.5 (0.0) 0.25 (0.25) 0.068
STING 1.10 (0.25) 0.90 (0.50) 0.114
DAI 0.12 (0.05) 0.10 (0.32) 0.482
FOXA3 0.50 (0.25) 0.50 (0.12) 0.982
IFN« 0.38 (0.27) 0.43 (0.19) 0.544
IFNB 0.11 (0.17) 0.17 (0.14) 0.538
Alveolar septa(score 0-3)
RIG1 0.42 (0.23) 0.42 (0.24) 0.460
MDAS 0.50 (0.04) 0.50 (0.03) 0.758
LGP2 1.00 (0.50) 1.5 (0.75) 0.112
MAVS 0.5 (0.18) 0.62 (0.25) 0.324
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Table 4. Cont.

Localization Control Smokers with COPD Mann-Witney U-Test
Normal Lung Function Patients p Value
STING 0.50 (0.25) 0.25 (0.00) 0.057
DAI 0.25 (0.25) 0.25 (0.05) 0.218
FOXA3 0.50 (0.05) 0.50 (0.02) 0.704
IFN« 0.40 (0.19) 0.43 (0.16) 0.885
IFNB 0.25 (0.16) 0.25(0.13) 0.644
Alveolar macrophages (score 0-3)
RIG1 1.35 (1.12) 1.14 (0.42) 0.340
MDAS5 1.14 (0.75) 1.46 (0.57) 0.460
LGP2 1.50 (0.25) 2.00 (0.75) 0.488
MAVS 0.5 (0.43) 0.62 (0.37) 0.853
STING 2.50 (0.50) 2.00 (1.00) 0.126
DAI 0.75 (0.93) 0.50 (0.50) 0.157
FOXA3 0.50 (0.31) 0.50 (0.43) 0.939
IFN« 1.40 (0.44) 1.33 (0.62) 0.839
IFNp 0.62 (0.28) 0.80 (0.19) 0.084

Scored (0-3) data expressed as median and interquartile range (IQR).

Table 5. Clinical characteristics of the subjects recruited for the Bronchoalveolar lavage (BAL) study.

Control Control Smokers with Mild to
Non-Smokers Normal Lung Function = Moderate COPD

Number 8 9 12

Age (years) 66.9 +2.9 60.7 + 3.3 717 +1.6*
Sex (M/F) 1/7 9/0 9/3
Ex/current smokers - 4/5 8/4

Pack-years 0 40.1 £ 6.6 60.6 +13.6
Chronic bronchitis 2 5 5

FEV1% predicted 106.5 + 3.2 97.6 £2.8 599 +5.1%

FEV1/FVC% 81.9+25 83.5+28 548 +27%

Abbreviations: COPD = chronic obstructive pulmonary disease; M: male; F: female; FEV; = forced expiratory
volume in one second; FVC = forced vital capacity. FEV;% predicted and FEV/FVC% are post-bronchodilator
values. COPD patients were using short-acting inhaled 3,-agonists (SABA) or short-acting inhaled antimuscarinics
(SAMA) prn or regular long-acting inhaled (3;-agonists (LABA) and/or regular inhaled anticholinergics, including
SAMA or long-acting inhaled antimuscarinics (LAMA) at the dosage recommended in current COPD guidelines
(www.goldcopd.org) at the time of their recruitment. Data expressed as means + SEM; ANOVA test: * p < 0.01
compared to control smokers with normal lung function; & p < 0.0001 compared to control smokers with normal
lung function and control non-smokers.

3.8. Correlations among Innate Immune Mediators Related to Respiratory Viruses, Clinical Parameters, and
Inflammatory Cells in Bronchial Biopsies

No statistically significant correlations were found between viral-related innate immunity markers,
inflammatory cells, or any other clinical parameters.


www.goldcopd.org
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3.9. Viral Load in Bronchial Biopsies

Viral load in bronchial biopsies was not determined because of the lack of sufficient bronchial
tissue for viral RNA/DNA extraction. Bronchial rings from surgical specimens of COPD patients
(n = 12) and control smokers (n = 12) were used for viral quantitation in the large airways.

3.10. Viral Load in Bronchial Rings and Peripheral Lung Tissue

Comparing COPD patients with control smokers (CS), we observed no significant differences for
any of the viruses studied at both levels, bronchial rings and lung parenchyma (Figures 2 and 3).

None of the viruses studied were found in the lung parenchyma of COPD and control smoking
subjects. Rhinovirus was present at low levels in the bronchial rings of two COPD patients. Bocavirus
was present at very low levels in the bronchial rings of one COPD patient and in one CS but it was
not present in the peripheral lung. However, Bocavirus in the bronchial rings should be considered
virtually absent, since 45 to 1000 copies/ug of tissue examined were quantified by RT-PCR analysis.
Adenovirus-c and -b, RSV, Coronavirus, Flu-A, Flu-B and Parainfluenzae-1 viruses were not present
neither in the bronchial rings nor in the lung parenchyma of COPD and CS subjects. None of the CS
and COPD patients positive for Rhinovirus or Bocavirus presented symptoms related to this RT-PCR
viral load quantitation in bronchial tissues.
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Figure 2. Viral load individual values in bronchial rings of control smokers (CS) and COPD patients
quantified by RT-PCR. Horizontal bars are median values. Data are reported as copies/ug of bronchial
ring tissue examined for Adenovirus-C, Adenovirus-B, Bocavirus, Respiratory Syncytial Virus (RSV),
Rhinovirus (HRV), Coronavirus, Flu-A, Flu-B and Parainfluenzae-1. Results are representative of
those from 12 subjects with stable COPD and 12 control smokers with normal lung function. The
Mann-Whitney U test for statistical analysis was non-significant (p > 0.05) for all the viruses studied.
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Figure 3. Individual values for viral load in lung parenchyma of control smokers (CS) and COPD
patients quantified by RT-PCR. Horizontal bars are median values. Data are reported as copies/ug of lung
parenchymal tissue examined for Adenovirus-C, Adenovirus-B, Bocavirus, Respiratory Syncytial Virus
(RSV), Rhinovirus (HRV), Coronavirus, Flu-A, Flu-B and Parainfluenzae-1. Results are representative
of those from 12 subjects with stable COPD and 12 control smokers with normal lung function.
The Mann-Whitney U test for statistical analysis was non-significant (p > 0.05) for all the viruses studied.

4. Discussion

We have shown that some viral-related molecules, such as RIG1, MDA5, LGP2, STING, and DA,
are well expressed in the lung tissue and bronchi of both stable COPD at different stages of disease
severity and control subjects, in the presence of low levels of respiratory viruses in both bronchial
rings and lung parenchyma. On the other hand, the cytokines (IFN¢, IFN3) commonly involved in the
anti-viral response are expressed at low levels in the bronchial mucosa, lung parenchyma, and in the
BAL fluid of both stable COPD patients and control groups. We observed no significant differences for
any of the viruses studied when comparing stable COPD patients and control smokers with normal
lung function.

In contrast with the previously reported [31] anti-bacterial immune response, we observed only
slight variations in the immune-expression of molecules involved in the anti-viral immune response,
i.e., the statistical analysis based on multiple comparisons (Kruskal-Wallis test) was not significant for
any of the anti-viral molecules studied in the bronchial epithelium or lamina propria of our COPD
patients and control subjects. This was also true for the transcription factor FOXAS3, an inhibitor of
rhinovirus-induced IFN production [29], even though it was well expressed in the bronchial epithelium
and lamina propria of all patients and control subjects studied. In addition, the viral-related molecules
RIG1, MDAS, LGP2, STING, and DAI were well expressed in the bronchial and lung tissue of all patients
and subjects studied, suggesting a “primed” state of the bronchial mucosa for viral clearance in these
patients. Interestingly, the cytosolic receptor for viral RNAs MDAS5 and the adaptor molecule STING
mRNA levels measured in the bronchial biopsies were about 3-fold more abundant in severe/very
severe COPD compared to control smokers, confirming a “primed” state of the bronchial mucosa
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for viral clearance in those patients. These intracellular viral sensors were then also analyzed in the
peripheral lung specimens from mild/moderate COPD patients and control smokers, confirming that
RIG1, MDAS5, LGP2, MAVS, and STING, but not DAI viral cytoplasmic sensor, are well expressed in
the different bronchiolar and lung compartments studied.

A progressive decrement of the total bacterial and viral load is reported from upper to lower
airways and lung parenchyma [32-35] rendering more difficult the identification of differences between
groups in the presence of very low levels of total bacterial or viral load, particularly in specimens from
peripheral lung. This difference may also influence the related immune host response developing in the
bronchi and lung tissue (different compartments) of COPD patients when compared to control subjects.
From this point of view, bronchial biopsy analysis of microbiome and the related innate and adaptive
immune host response may be more “sensitive” than peripheral lung tissue investigations. In line with
this speculation, our observed RIG1, MDAS5, LGP2, MAVS, and STING immune-expression in bronchial
biopsies of COPD patients and CS was less evident in the peripheral airways. Furthermore, IRF7 in
the bronchial epithelium was tendentially decreased in smokers with and without COPD compared
to control non-smokers, probably exposing all smokers to the viral challenges. The difference in the
immune-expression between bronchial biopsies and peripheral airways may also be influenced by:
(a) the greater heterogeneity of the peripheral airways [32-34], (b) the more heterogeneous microbiome
distribution in the lung parenchyma [32,34], and (c) anatomical differences in small vessels and capillary
distribution [36,37].

In hospitalized patients’ multiplex PCR tests for respiratory viruses in nasopharyngeal swabs,
bronchial aspirates and BAL fluid, 29.2% of samples tested positive and 60.2% of all viruses identified
belonged to picornaviruses (rthinovirus or enterovirus) and influenza viruses [35]. The positivity rate
reported for all respiratory viruses studied was higher in the upper than the lower respiratory tract [35].

Some authors have observed the presence of respiratory viruses in stable COPD patients with
a wide range of prevalence ranging from 79.7% in Wilkinson et al. [38] to 16.2% in Seemungal et
al. [39], 13.6% in Wilkinson et al. [40], 11.8% in McManus et al. [41], and 6.25% in Papi et al. [42].
This wide variability of viral presence could be due to the site of sampling: specimens from nasal
aspirates in Seemungal et al. [39] vs. sputum samples in Wilkinson et al. [40], McManus et al. [41] and
Papi et al. [42]. Other factors influencing the detection of the viruses could be the time of sampling
from the last exacerbation or the use of antiviral drugs or corticosteroids (Table 6). Alternatively, we
can hypothesize genetic factors or increased susceptibility to viral infections for these patients [43].
Interestingly, Utokapark et al. [44], studying specimens from lung resections of stage I COPD patients,
showed the presence of influenza A and coronavirus 229E in 13 out of 20 COPD patients.

Table 6. Principal selection criteria and treatments used in some relevant studies.

Wilkinson  Wilkinson Mc Manus Mc Manus .
Authors Seemungal 2006 2017 Utokapark 2007 2008 Papi Falsey
Weeks fron} last 4 4 4 2 8 3 8-10 NA
exacerbation
% patients treated with 100 ICS 67 ICS
steroids 97 ICS NA NA 10 ICS NA 9% Oral 97 ICS 20 Oral
Steroids/daily
mean, Beclomethasone 1120 1000 NA NA NA 948 980 NA
equivalent dosage
Oral steroids No No No NA NA Yes (9%) No NA

Legend: NA = Not Available; ICS = Inhaled corticosteroids.

The difference between Utokapark et al.’s study and our data could partly be because the former
study considered patients in stable condition at two weeks from the last exacerbation whereas our
patients were at six months from last exacerbation. Differences in stable state of the disease and in
the corticosteroid regimens used could in part explain the differences observed when comparing our
present data with the cited literature. Another explanation could be due to a higher rate of vaccinations
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against influenza virus in our COPD > 65 years old population [45]. Other studies, analyzing sputum
and nasal specimens, also showed a lack of viral load, in line with our findings [46,47], even though
the selection criteria used differed, in part, from our study.

None of the individuals in the present study on viral load presented symptoms related to viral
infections such as pneumonitis, exacerbation of chronic bronchitis, or gastroenteritis. Interestingly,
in one study analyzing HRV by RT-PCR, including COPD patients with stable disease, 11/21 (35%)
of the patients were asymptomatic [48], in line with our present data. Previous studies have shown
that patients with asymptomatic infection to HRV have less intense inflammation together with
lower peak viral titles [49,50]. We did not compare the degree of inflammatory markers in HRV
positive vs. negative patients since only two of our COPD patients were positive for HRV in their
bronchial rings and none were positive for HRV in the peripheral airways. In samples taken from
outpatients, using multiplex PCR to test swab specimens for common respiratory viruses, 6.2-7%
tested positive for at least one virus and over half of the infections in the adult population were
classified as asymptomatic [51]. This raises the need for cutoff values for assays to determine when a
respiratory virus is clinically significant in the different bronchial and lung samples studied (swab,
sputum, BAL fluid, tissue) [51]. To our knowledge, at present, no current guidelines report cutoff values
for respiratory viral quantitation in bronchial and lung tissue specimens of obstructive lung diseases.
Our study may also contribute useful data for bronchial and peripheral lung tissue determinations in
patients with stable COPD.

Our study has some limitations. Firstly, all our patients were in stable conditions and we do not
know the effect of the viral-related innate immune response during a viral exacerbation. However,
for ethical reasons and given the requirement of stable disease in patients selected for lung resection
surgery, it is difficult to obtain bronchial biopsies or peripheral lung specimens in exacerbated COPD.
Furthermore, we quantified the viral load in the lung tissue by RT-PCR analysis and viral-related
molecules by a semi-quantitative approach in the peripheral lung. The use of different methods such
as flow cytometry analysis may have provided additional information. Finally, different molecular
patterns responsive to the viral challenges not included in the present study might also be involved.

In conclusion, some viral-related innate immune mediators are well-expressed in the bronchial and
lung tissues of stable COPD patients, to a similar extent as in healthy controls, suggesting a “primed”
tissue environment capable of sensing the potential viral infections occurring in these patients.
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bronchoalveolar lavage (BAL) supernatants.

Author Contributions: Conceptualization, S.E.D., ELM.R., G.C.,, M.M,, and A.D.S.; Methodology, V.C. and 1.G.;
Software, V.C. and I.G; Validation, S.E.D. and A.D.S.; Formal Analysis, S.E.D. and A.D.S.; Investigation, S.E.D.,
A.D.S,, and I.G; Resources, B.B., A.D.S., and M.M.; Data Curation, A.D.S. and 1.G.; Writing—Original Draft
Preparation, A.D.S. and S.E.D.; Writing—Review & Editing, EN., L.R., P.B., B.B., IM.A,, and M.G.S.; Supervision,
MM, BB, G.C,, and A.D.S,; Funding Acquisition, A.D.S. and M.M. All authors have read and agreed to the
published version of the manuscript.

Funding: This research received no external funding

Acknowledgments: This work was supported by Istituti Clinici Scientifici Maugeri, SpA SB, IRCCS,
Ricerca Corrente.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Barnes, PJ. Cellular and molecular mechanisms of chronic obstructive pulmonary disease. Clin. Chest Med.
2014, 35, 71-86. [CrossRef] [PubMed]

2.  DiStefano, A.; Caramori, G.; Ricciardolo, EL.; Capelli, A.; Adcock, LM.; Donner, C.F. Cellular and molecular
mechanisms in chronic obstructive pulmonary disease: An overview. Clin. Exp. Allergy 2004, 34, 1156-1167.
[CrossRef]


http://www.mdpi.com/2077-0383/9/6/1807/s1
http://dx.doi.org/10.1016/j.ccm.2013.10.004
http://www.ncbi.nlm.nih.gov/pubmed/24507838
http://dx.doi.org/10.1111/j.1365-2222.2004.02030.x

J. Clin. Med. 2020, 9, 1807 15 of 17

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Caramori, G.; Casolari, P; Barczyk, A.; Durham, A.L.; Di Stefano, A.; Adcock, I. COPD immunopathology.
In Semin Immunopathol; Springer: Berlin/Heidelberg, Germany, 2016; Volume 38, pp. 497-515.

Belkaid, Y.; Hand, T.W. Role of the microbiota in immunity and inflammation. Cell 2014, 157, 121-141.
[CrossRef]

Iwasaki, A.; Medzhitov, R. Control of adaptive immunity by the innate immune system. Nat. Immunol. 2015,
16, 343-353. [CrossRef]

Takeda, K.; Akira, S. Toll-like receptors in innate immunity. Int. Immunol. 2005, 17, 1-14. [CrossRef]

Heil, F; Hemmi, H.; Hochrein, H.; Ampenberger, F; Kirschning, C.; Akira, S.; Lipford, G.; Wagner, H.;
Bauer, S. Species-specific recognition of single-stranded RNA via toll-like receptor 7 and 8. Science 2004, 303,
1526-1529. [CrossRef]

Diebold, S.S.; Kaisho, T.; Hemmi, H.; Akira, S.; e Sousa, C.R. Innate antiviral responses by means of
TLR7-mediated recognition of single-stranded RNA. Science 2004, 303, 1529-1531. [CrossRef]

Lund, ].M.; Alexopoulou, L.; Sato, A.; Karow, M.; Adams, N.C.; Gale, N.W,; Iwasaki, A.; Flavell, R.A.
Recognition of single-stranded RNA viruses by toll-like receptor 7. Proc. Natl. Acad. Sci. USA 2004, 101,
5598-5603. [CrossRef] [PubMed]

Lund, J.; Sato, A.; Akira, S.; Medzhitov, R.; Iwasaki, A. Toll-like receptor 9-mediated recognition of Herpes
simplex virus-2 by plasmacytoid dendritic cells. J. Exp. Med. 2003, 198, 513-520. [CrossRef] [PubMed]
Krug, A.; Luker, G.D.; Barchet, W.; Leib, D.A.; Akira, S.; Colonna, M. Herpes simplex virus type 1 activates
murine natural interferon-producing cells through toll-like receptor 9. Blood 2004, 103, 1433-1437. [CrossRef]
[PubMed]

Yoneyama, M.; Suhara, W.; Fukuhara, Y.; Fukuda, M.; Nishida, E.; Fujita, T. Direct triggering of the type
I interferon system by virus infection: Activation of a transcription factor complex containing IRF-3 and
CBP/p300. EMBO J. 1998, 17, 1087-1095. [CrossRef]

Yamamoto, M.; Sato, S.; Mori, K.; Hoshino, K.; Takeuchi, O.; Takeda, K.; Akira, S. Cutting edge: A novel
Toll/IL-1 receptor domain-containing adapter that preferentially activates the IFN-beta promoter in the
Toll-like receptor signaling. J. Immunol. 2002, 169, 6668—6672. [CrossRef] [PubMed]

Génin, P; Vaccaro, A.; Civas, A. The role of differential expression of human interferon—A genes in antiviral
immunity. Cytokine Growth Factor Rev. 2009, 20, 283-295. [CrossRef]

Honda, K.; Yanai, H.; Mizutani, T.; Negishi, H.; Shimada, N.; Suzuki, N.; Ohba, Y.; Takaoka, A.; Yeh, W.C,;
Taniguchi, T.; et al. Role of a transductional-transcriptional processor complex involving MyD88 and IRF-7
in Toll-like receptor signaling. Proc. Natl. Acad. Sci. USA 2004, 101, 15416-15421. [CrossRef] [PubMed]
Hoshino, K.; Sugiyama, T.; Matsumoto, M.; Tanaka, T.; Saito, M.; Hemmi, H.; Ohara, O.; Akira, S.; Kaisho, T.
IkappaB kinase-alpha is critical for interferon-alpha production induced by Toll-like receptors 7 and 9. Nature
2006, 440, 949-953. [CrossRef]

Sharma, S. Triggering the interferon antiviral response through an IKK-related pathway. Science 2003, 300,
1148-1151. [CrossRef]

Fitzgerald, K.A.; McWhirter, S.M.; Faia, K.L.; Rowe, D.C; Latz, E.; Golenbock, D.T.; Coyle, A.].; Liao, S.M.;
Maniatis, T. IKKepsilon and TBK1 are essential components of the IRF3 signaling pathway. Nat. Immunol.
2003, 4, 491-496. [CrossRef]

Honda, K.; Taniguchi, T. IRFs: Master regulators of signalling by Toll-like receptors and cytosolic
pattern-recognition receptors. Nat. Rev. Immunol. 2006, 6, 644—658. [CrossRef] [PubMed]

Honda, K.; Takaoka, A.; Taniguchi, T. Type I interferon gene induction by the interferon regulatory factor
family of transcription factors. Immunity 2006, 25, 349-360. [CrossRef]

Yoneyama, M.; Kikuchi, M.; Matsumoto, K.; Imaizumi, T.; Miyagishi, M.; Taira, K.; Foy, E.; Loo, YM.; Gale, M.;
Akira, S., Jr.; et al. Shared and unique functions of the DExD/H-box helicases RIG-I, MDA5, and LGP2 in
antiviral innate immunity. J. Immunol. 2005, 175, 2851-2858. [CrossRef]

Malur, M.; Gale, M.; Krug, RM., Jr. LGP2 downregulates interferon production during infection with
seasonal human influenza A viruses that activate interferon regulatory factor 3. J. Virol. 2012, 86, 10733-10738.
[CrossRef] [PubMed]

Childs, K.S.; Randall, R.E.; Goodbourn, S. LGP2 plays a critical role in sensitizing Mda-5 to activation by
double-stranded RNA. PLoS ONE 2013, 8, €64202. [CrossRef]

Nakhaei, P; Hiscott, J.; Lin, R. STING-ing the antiviral pathway. J. Mol. Cell Biol. 2009, 2, 110-112. [CrossRef]


http://dx.doi.org/10.1016/j.cell.2014.03.011
http://dx.doi.org/10.1038/ni.3123
http://dx.doi.org/10.1093/intimm/dxh186
http://dx.doi.org/10.1126/science.1093620
http://dx.doi.org/10.1126/science.1093616
http://dx.doi.org/10.1073/pnas.0400937101
http://www.ncbi.nlm.nih.gov/pubmed/15034168
http://dx.doi.org/10.1084/jem.20030162
http://www.ncbi.nlm.nih.gov/pubmed/12900525
http://dx.doi.org/10.1182/blood-2003-08-2674
http://www.ncbi.nlm.nih.gov/pubmed/14563635
http://dx.doi.org/10.1093/emboj/17.4.1087
http://dx.doi.org/10.4049/jimmunol.169.12.6668
http://www.ncbi.nlm.nih.gov/pubmed/12471095
http://dx.doi.org/10.1016/j.cytogfr.2009.07.005
http://dx.doi.org/10.1073/pnas.0406933101
http://www.ncbi.nlm.nih.gov/pubmed/15492225
http://dx.doi.org/10.1038/nature04641
http://dx.doi.org/10.1126/science.1081315
http://dx.doi.org/10.1038/ni921
http://dx.doi.org/10.1038/nri1900
http://www.ncbi.nlm.nih.gov/pubmed/16932750
http://dx.doi.org/10.1016/j.immuni.2006.08.009
http://dx.doi.org/10.4049/jimmunol.175.5.2851
http://dx.doi.org/10.1128/JVI.00510-12
http://www.ncbi.nlm.nih.gov/pubmed/22837208
http://dx.doi.org/10.1371/journal.pone.0064202
http://dx.doi.org/10.1093/jmcb/mjp048

J. Clin. Med. 2020, 9, 1807 16 of 17

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Kawai, T.; Takahashi, K.; Sato, S.; Coban, C.; Kumar, H.; Kato, H.; Ishii, K.J.; Takeuchi, O.; Akira, S. IPS-1, an
adaptor triggering RIG-I- and Mda5-mediated type I interferon induction. Nat. Immunol. 2005, 6, 981-988.
[CrossRef] [PubMed]

Seth, R.B.; Sun, L.; Ea, C.-K.; Chen, Z.]J. Identification and Characterization of MAVS, a Mitochondrial
Antiviral Signaling Protein that Activates NF-«B and IRF3. Cell 2005, 122, 669-682. [CrossRef]

Vilaysane, A.; Muruve, D.A. The innate immune response to DNA. Semin. Immunol. 2009, 21, 208-214.
[CrossRef] [PubMed]

Takaoka, A.; Wang, Z.; Choi, M.K.; Yanai, H.; Negishi, H.; Ban, T.; Lu, Y.; Miyagishi, M.; Kodama, T,;
Honda, K.; et al. DAI (DLM-1/ZBP1) is a cytosolic DNA sensor and an activator of innate immune response.
Nature 2007, 448, 501-505. [CrossRef]

Chen, G.; Korfhagen, T.R.; Karp, C.; Impey, S.; Xu, Y.; Randell, S.H.; Kitzmiller, J.; Maeda, Y.; Haitchi, HM.;
Sridharan, A.; et al. Foxa3 induces goblet cell metaplasia and inhibits innate antiviral immunity. Am. .
Respir. Crit. Care Med. 2014, 189, 301-313. [CrossRef]

Di Stefano, A.; Caramori, G.; Barczyk, A.; Vicari, C.; Brun, P; Zanini, A.; Cappello, E; Garofano, E.;
Padovani, A.; Contoli, M.; et al. Innate immunity but not NLRP3 inflammasome activation correlates with
severity of stable COPD. Thorax 2014, 69, 516-524. [CrossRef]

Di Stefano, A.; Ricciardolo, FL.; Caramori, G.; Adcock, LM.; Chung, K.E; Barnes, PJ.; Brun, P.; Leonardi, A.;
Ando, E; Vallese, D.; et al. Bronchial inflammation and bacterial load in stable COPD is associated with
TLR4 overexpression. Eur. Respir. ]. 2017, 49, 1602006. [CrossRef]

Sze, M.A.; Dimitriu, P.A.; Suzuki, M.; McDonough, J.E.; Campbell, ].D.; Brothers, J.E,; Ertb-Downward, J.R.;
Huffnagle, G.B.; Hayashi, S.; Elliott, WM.; et al. Host response to the lung microbiome in chronic obstructive
pulmonary disease. Am. J. Respir. Crit. Care Med. 2015, 192, 438-445. [CrossRef] [PubMed]

Dickson, R.P.; Erb-Downward, J.R.; Huffnagle, G.B. Homeostasis and its disruption in the lung microbiome.
Am. J. Physiol. Lung Cell Mol. Physiol. 2015, 309, L1047-L1055. [CrossRef] [PubMed]

Charlson, E.S,; Bittinger, K.; Haas, A.R; Fitzgerald, A.S.; Frank, I.; Yadav, A.; Bushman, ED.; Collman, R.G.
Topographical continuity of bacterial populations in the healthy human respiratory tract. Am. J. Respir. Crit.
Care Med. 2011, 184, 957-963. [CrossRef] [PubMed]

Visseaux, B.; Burdet, C.; Voiriot, G.; Lescure, E-X.; Chougar, T.; Brugiére, O.; Crestani, B.; Casalino, E.;
Charpentier, C.; Descamps, D.; et al. Prevalence of respiratory viruses among adults, by season, age,
respiratory tract region and type of medical unit in Paris, France, from 2011 to 2016. PLoS ONE 2017, 12,
e0180888. [CrossRef]

Kilburn, K.H. Functional morphology of the distal lung. In International Review of Cytology; Academic Press:
Cambridge, MA, USA, 1974; Volume 37, pp. 153-270.

Wiebe, B.M.; Laursen, H. Lung morphometry by unbiased methods in emphysema: Bronchial and blood
vessel volume, alveolar surface area and capillary length. Apmis 1998, 106, 651-656. [CrossRef]

Wilkinson, TM.A.; Donaldson, G.C.; Johnston, S.L.; Openshaw, P.J.; Wedzicha, ].A. Respiratory syncytial
virus, airway inflammation, and FEV1Decline in patients with chronic obstructive pulmonary disease. Am. ].
Respir. Crit. Care Med. 2006, 173, 871-876. [CrossRef]

Seemungal, T.; Harper-Owen, R.; Bhowmik, A.; Mori¢, I.; Sanderson, G.; Message, S.; Maccallum, P.;
Meade, T.W.; Jeffries, D.J.; Johnston, S.L.; et al. Respiratory viruses, symptoms, and inflammatory markers in
acute exacerbations and stable chronic obstructive pulmonary disease. Am. J. Respir. Crit. Care Med. 2001,
164, 1618-1623. [CrossRef]

Wilkinson, T.M.A; Aris, E.; Bourne, S.; Clarke, S.C.; Peeters, M.; Pascal, T.G.; Schoonbroodt, S.; Tuck, A.C.;
Kim, V.; Ostridge, K.K,; et al. A prospective, observational cohort study of the seasonal dynamics of airway
pathogens in the aetiology of exacerbations in COPD. Thorax 2017, 72, 919-927. [CrossRef] [PubMed]
McManus, T.E.; Marley, A.-M.; Baxter, N.; Christie, S.N.; O’Neill, H.J.; Elborn, J.S.; Coyle, P; Kidney, J.C.
Respiratory viral infection in exacerbations of COPD. Respir. Med. 2008, 102, 1575-1580. [CrossRef]

Papi, A.; Bellettato, C.M.; Braccioni, F.; Romagnoli, M.; Casolari, P.; Caramori, G.; Fabbri, L.M.; Johnston, S.L.
Infections and airway inflammation in chronic obstructive pulmonary disease severe exacerbations. Am. J.
Respir. Crit. Care Med. 2006, 173, 1114-1121. [CrossRef]

Hurst, J.R.; Vestbo, J.; Anzueto, A.; Locantore, N.; Miillerova, H.; Tal-Singer, R.; Miller, B.; Lomas, D.A.;
Agusti, A.; MacNee, W.; et al. Susceptibility to exacerbation in chronic obstructive pulmonary disease.
N. Engl. ]. Med. 2010, 363, 1128-1138. [CrossRef] [PubMed]


http://dx.doi.org/10.1038/ni1243
http://www.ncbi.nlm.nih.gov/pubmed/16127453
http://dx.doi.org/10.1016/j.cell.2005.08.012
http://dx.doi.org/10.1016/j.smim.2009.05.006
http://www.ncbi.nlm.nih.gov/pubmed/19497760
http://dx.doi.org/10.1038/nature06013
http://dx.doi.org/10.1164/rccm.201306-1181OC
http://dx.doi.org/10.1136/thoraxjnl-2012-203062
http://dx.doi.org/10.1183/13993003.02006-2016
http://dx.doi.org/10.1164/rccm.201502-0223OC
http://www.ncbi.nlm.nih.gov/pubmed/25945594
http://dx.doi.org/10.1152/ajplung.00279.2015
http://www.ncbi.nlm.nih.gov/pubmed/26432870
http://dx.doi.org/10.1164/rccm.201104-0655OC
http://www.ncbi.nlm.nih.gov/pubmed/21680950
http://dx.doi.org/10.1371/journal.pone.0180888
http://dx.doi.org/10.1111/j.1699-0463.1998.tb01395.x
http://dx.doi.org/10.1164/rccm.200509-1489OC
http://dx.doi.org/10.1164/ajrccm.164.9.2105011
http://dx.doi.org/10.1136/thoraxjnl-2016-209023
http://www.ncbi.nlm.nih.gov/pubmed/28432209
http://dx.doi.org/10.1016/j.rmed.2008.06.006
http://dx.doi.org/10.1164/rccm.200506-859OC
http://dx.doi.org/10.1056/NEJMoa0909883
http://www.ncbi.nlm.nih.gov/pubmed/20843247

J. Clin. Med. 2020, 9, 1807 17 of 17

44.

45.

46.

47.

48.

49.

50.

51.

Utokaparch, S.; Sze, M.A.; Gosselink, ].V.; McDonough, ].E.; Elliott, WM.; Hogg, ].C.; Hegele, R.G. Respiratory
viral detection and small airway inflammation in lung tissue of patients with stable, mild COPD. COPD ].
Chronic Obstr. Pulm. Dis. 2013, 11, 197-203. [CrossRef] [PubMed]

Chiatti, C.; Barbadoro, P.; Marigliano, A.; Ricciardi, A.; Di Stanislao, F.; Prospero, E. Determinants of influenza
vaccination among the adult and older Italian population with chronic obstructive pulmonary disease: A
secondary analysis of the multipurpose ISTAT Survey on Health and Health Care use. Hum. Vaccines 2011, 7,
1021-1025. [CrossRef] [PubMed]

Falsey, A.R.; Formica, M.A.; Hennessey, P.A.; Criddle, M.M.; Sullender, W.M.; Walsh, E.E. Detection of
respiratory syncytial virus in adults with chronic obstructive pulmonary disease. Am. |. Respir. Crit. Care Med.
2006, 173, 639-643. [CrossRef]

McManus, T.E.; Marley, A.-M.; Baxter, N.; Christie, S.N.; Elborn, J.S.; Heaney, L.G.; Coyle, P.; Kidney, J.C.
Acute and latent adenovirus in COPD. Respir. Med. 2007, 101, 2084-2090. [CrossRef] [PubMed]

Gandhi, A.; Walsh, E.E.; Formica, M.A.; Hennessey, P.A.; Criddle, M.M.; Peterson, D.R.; Baran, A.; Falsey, A.R.
Factors associated with symptomatic rhinovirus infection in patients with COPD. J. Clin. Virol. 2012, 55,
343-347. [CrossRef] [PubMed]

Quint, ].K,; Donaldson, G.C.; Goldring, J.J.; Baghai-Ravary, R.; Hurst, ].R.; Wedzicha, J.A. Serum IP-10 as a
biomarker of human rhinovirus infection at exacerbation of COPD. Chest 2009, 137, 812-822. [CrossRef]
Kennedy, J.L.; Turner, R.B.; Braciale, T.; Heymann, PW.; Borish, L. Pathogenesis of rhinovirus infection.
Curr. Opin. Virol. 2012, 2, 287-293. [CrossRef]

Birger, R.; Morita, H.; Comito, D.; Filip, I.; Galanti, M.; Lane, B.; Ligon, C.; Rosenbloom, D.; Shittu, A.;
Ud-Dean, M,; et al. Asymptomatic shedding of respiratory virus among an ambulatory population across
seasons. mSphere 2018, 3, €00249-18. [CrossRef] [PubMed]

® © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.3109/15412555.2013.836166
http://www.ncbi.nlm.nih.gov/pubmed/24088037
http://dx.doi.org/10.4161/hv.7.10.16849
http://www.ncbi.nlm.nih.gov/pubmed/21941094
http://dx.doi.org/10.1164/rccm.200510-1681OC
http://dx.doi.org/10.1016/j.rmed.2007.05.015
http://www.ncbi.nlm.nih.gov/pubmed/17631991
http://dx.doi.org/10.1016/j.jcv.2012.08.020
http://www.ncbi.nlm.nih.gov/pubmed/22999488
http://dx.doi.org/10.1378/chest.09-1541
http://dx.doi.org/10.1016/j.coviro.2012.03.008
http://dx.doi.org/10.1128/mSphere.00249-18
http://www.ncbi.nlm.nih.gov/pubmed/29997120
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Methods 
	Subjects 
	Lung Function Tests and Volumes 
	Fiberoptic Bronchoscopy, Collection, and Processing of Bronchial Biopsies 
	Collection and Processing of the Peripheral Lung Tissue 
	Immunohistochemistry Analysis on OCT-embedded Bronchial Biopsies and Peripheral Lung Tissue 
	Scoring System and Quantification of Immunohistochemistry in the Bronchial Biopsies 
	Scoring System for Immunohistochemistry in the Peripheral Lung Tissue 
	Collection and Processing of Broncho-Alveolar Lavage 
	Extraction of RNA/DNA and qRT-PCR for Viral Load Quantification in Bronchial Rings and Lung Parenchyma 
	Statistical Analysis 

	Results 
	Clinical Characteristics of Subjects 
	Measurement of Inflammatory Cells in the Bronchial Biopsies of COPD Patients 
	Immunohistochemistry of Innate Immune Mediators Related to Respiratory Viruses in Bronchial Biopsies 
	Immunohistochemistry in Bronchial Epithelium 
	Immunohistochemistry in Bronchial Lamina Propria 
	Immunohistochemistry of Innate Immune Mediators Related to Respiratory Viruses in the Peripheral Lung Tissue 
	ELISA Assays of Innate Immune Mediators Related to Respiratory Viruses in the BAL Supernatants 
	Correlations among Innate Immune Mediators Related to Respiratory Viruses, Clinical Parameters, and Inflammatory Cells in Bronchial Biopsies 
	Viral Load in Bronchial Biopsies 
	Viral Load in Bronchial Rings and Peripheral Lung Tissue 

	Discussion 
	References

