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At a Glance Commentary: Scientific Knowledge on the Subject. Chronic obstructive 

pulmonary disease (COPD) is associated with aberrant immune and structural responses 

of the airways to inhaled toxics. While accumulation of B cells and lymphoid follicles 

has been described in COPD airways, the functional status of lung B cells remains poorly 

known. What This Study Adds to the Field. This study demonstrates upregulated IgA 

expression in lung lymphoid follicles from severe COPD patients, suggesting exacerbated 

IgA immune response against foreign (e.g., microbial) and/or self-antigens in severe 

disease. Online Data Supplement: This article has an online data supplement, which is 

accessible from this issue’s table of content online at www.atsjournals.org
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Abstract

Rationale: Accumulation of B cells and lymphoid follicles (LF) has been described in 

chronic obstructive pulmonary disease (COPD) airways, but the functional status of lung 

B cells remains poorly known. Objectives: The aim of this study was to characterize LF 

for expression of IgA, the main mucosal antibody. Methods: The presence of B cells and 

LF, including intra-follicular IgA expression, were determined in the lung from COPD 

patients (n=37) versus controls (n=34) by immunohistochemistry. We also evaluated 

follicular IgA responses in the lungs from mice infected with Pseudomonas aeruginosa 

(PAO1) (n=10 per group) and in smoking mice. Measurements and main results: 

Whereas in smokers B cell numbers slightly increased, robust increases in B cell and LF 

numbers (mainly in distal airways) were only observed in severe COPD. The majority of 

follicular B cells were IgM+ (70-80%), but IgA+ (and not IgG+) B-cell numbers were 

increased in LF from severe COPD compared to controls (two-fold, 44.7% vs 25.2%), 

and this was significant in distal but not proximal airways. Follicular IgA response was 

also observed in PAO1-infected mouse lungs, but not following smoke exposure. 

Moreover, follicular IgA expression associated with expression of IL-21, which was very 

potent to activate Ig production in vitro. Conclusions: This study shows that IgA 

production occurs in peribronchiolar LF from severe COPD, where IL-21-producing T 

cells are present, and presumably represents a feature of exacerbated mucosal adaptive 

immune responses against microbial and/or self-antigens. 

Abstract word count: 236   

Key words: COPD, lymphoid follicles, B Lymphocytes, IgA
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Introduction

Chronic obstructive pulmonary disease (COPD) is a lung disorder associated with 

aberrant immune and structural responses of the airways to inhaled toxics, including 

accumulation of neutrophils, macrophages and CD8+ T-cells (1, 2). Accumulation of B 

cells has been reported more recently in COPD, with organization into so-called tertiary 

lymphoid follicles (LF) (3) in both proximal (4) and distal airways particularly from 

patients with severe disease and emphysema (5). LF consist of specific arrangements of B 

cells, T cells and follicular DCs which allow priming and clonal expansion of T and B 

cells. Several mediators support lymphoid neogenesis in the COPD lung (6-8), including 

CXCL13 (9, 10), BAFF (11, 12), IL-17(13) as well as CXCR3 ligands (14). 

Immunoglobulin A (IgA) is a major first-line mechanism of defense at mucosal surfaces, 

including the airways. It is produced as dimeric IgA (dIgA), which is able (unlike 

monomeric IgA) to bind to the epithelial polymeric immunoglobulin receptor (pIgR) that 

mediates its transcytosis into mucosal secretions. We and others have shown that the 

COPD lung is characterized by a subepithelial accumulation of IgA and related immune 

complexes (15-17) which is due to increased production (15) and reduced pIgR-mediated 

transepithelial transport (18). Increased IgA production in the COPD lung is associated 

with increased levels of BAFF and APRIL (11, 12, 15), which represent cytokines able to 

induce class-switch recombination to IgA (19). It remains however unclear whether 

follicular B cells are switched in COPD to IgA production, as the functional status of 

these B cells remains so far elusive. In addition, the regulation of IgA production in 

follicular B cells is likely to differ from that in extrafollicular B cells (reviewed in (20)). 
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The aim of this study was therefore to characterize follicular B cells in the airways from 

COPD patients for IgA expression, as well as the role of IL-21, which is poorly 

understood in this setting. Follicular IgA responses were also assessed in the lungs from 

mice chronically infected with Pseudomonas aeruginosa (PAO1) beads (21) as an in vivo 

model of lung LF formation, and from mice exposed to cigarette smoke.
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Methods

Patients and lung tissue samples. Seventy-one patients, including 34 control patients 

(i.e. with normal lung function, among whom 21 never smokers, 6 ex-smokers and 7 

current smokers); and 37 COPD patients undergoing lung surgery, either for resection of 

a solitary tumor (n=20) or for transplantation for very severe (GOLD IV) COPD (n=17) 

were included in the study (Table 1). A smoker was requested to have quitted smoking at 

least for 6 months before surgery to qualify as former/ex-smoker. No patient received 

preoperative chemo- or radiotherapy, and patients did not have respiratory exacerbation 

or infection within the last 6 weeks before surgery. Groups were well matched for gender, 

age and smoking histories, except a slight significant difference in age between non-

smokers and GOLD stage I-II COPD patients (and the fact that almost all severe COPD 

were ex-smokers). After surgical removal, lung tissue was sampled (largely, at least 5cm, 

away from the tumor site), to obtain two to five proximal and distal samples for IHC 

(immediately immersed in 4% formaldehyde) and two samples for RT-qPCR 

(immediately immersed in RNAlater). 

In vivo model of persistent lung infection with Pseudomonas aeruginosa. Mice were 

infected as previously described (22). Briefly, sterile agarose beads and agarose beads 

coated with the PA strain PAO1 (median size of the beads, 300 m) were instilled. Mice 

were sacrificed at day 14 or 28 and lungs were removed through the right heart for 

histological analysis and the bronchoalveolar lavage (BAL) was harvested for ELISA 

analysis. 

In vivo model of COPD upon cigarette smoke exposure. Eight weeks old male 

C57Bl/6JolaH mice were randomly divided into 2 groups: air- or cigarette smoke. At 
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sacrifice, BAL was performed in mice before heart-left lung block removal, fixation in 

6% paraformaldehyde, and embedding in paraffin to assess Ig’s in lymphoid aggregates. 

Human B cell isolation and stimulation. Blood B cells were separated by magnetic cell 

sorting using CD19+ microbeads (Miltenyi Biotec), and cultured in the presence or not of 

LPS (1 g/ml), cigarette smoke extract (5%), IL-21 (50 ng/ml; kind gift from L. 

Dumoutier, UCL, Brussels, Belgium), and/or CD40 ligand through irradiated 3T6-

CD40L cells (100,000 cells/well; kind gift from Pr. P. Van der Bruggen, UCL, Brussels, 

Belgium). Cell-free supernatants were harvested at day 6 and day 13 for Ig’s detection by 

ELISA and B cells were harvested for viability or proliferation studies respectively by 

staining with propidium iodide (PI) or carboxyfluorescein succinimidyl ester (CFSE) as 

previously described (15). 

Immunohistochemistry (IHC). The specimens were incubated overnight at 4°C with 

ready-to-use mouse anti-human CD20 mAb (Clone L26) (Dako, Denmark) or rabbit anti-

human CD21 mAb (Clone EP64) (BioSB, USA), respectively revealed with the Ultra 

View Universal DAB or Alkaline Phosphatase Red detection kits (Roche, Switzerland). 

The reaction was stopped by washing in water, and slides were counterstained also in the 

Benchmark XT machine with hematoxylin I or Bluing Reagent. CD20 has been used as 

pan-B cell marker and CD21 for follicular dendritic cells (FDCs), whereas CD21 may 

also stain mature B cells in frozen (and not paraffin-embedded) sections.

For Ig staining in human lungs, the following Abs were used respectively for IgM, IgG 

and IgA staining: biotin-conjugated Abs goat anti-human IgM (B2641, Sigma, USA), 

rabbit anti-human IgG (Southern Biotech, USA) and unlabeled mouse anti-human IgA 

mAb (Thermo Scientific, USA) followed by streptavidin-HRP or anti-mouse HRP 
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conjugated Ab. The reaction was developed by incubation with 0.6 mg/ml 

diaminobenzidine (SigmaFast DAB, Sigma, USA). In murine lungs, rabbit anti-mouse 

IgG (Sigma B8520, USA) and biotinylated rat anti-mouse IgA (Sigma LO-MA-10, USA) 

Abs were used for detection. Revelation was performed as described above for human 

Igs. 

Staining quantification was carried out after digitalization with a x40 objective using the 

slide scanner SCN400 (Leica microsystems, Germany) and TissueIA software (Leica 

microsystems, Ireland). Quantification included application of algorithms for each 

immunostaining (Leica microsystems, Germany). 

Multiplexed immunofluorescence using tyramide-signal amplification 

We fixed all specimens in 7,5% formalin and embedded them in paraffin wax. Unstained 

5µm sections were then cut from formalin-fixed paraffin-embedded (FFPE) blocks for 

immunofluorescence analysis. FFPE sections were deparaffinized in toluene and 

rehydrated through a graded series from ethanol to water. Antigen retrieval was 

performed in citrate buffer (pH 6.0 containing 0.1% of triton) using a pressure cooker at 

15 pound-force per square inch (PSI) for 5 minutes. We then blocked the slides by 

incubation in Bloxall (Vector lab, Burlingame, CA) for 15 min and then by 0.3% 

hydrogen peroxide in 5% goat serum (C07SA, Bio-Rad, Hercules, CA, USA) for 30 min. 

We applied to each slide sequential rounds of staining, each including a 30 min protein 

blocking with 5% goat serum, followed by a primary antibody incubation diluted in 5% 

normal goat serum solution, and a 40 minutes long incubation with corresponding 

SuperBoost™ goat anti-rabbit or anti-mouse poly-horseradish peroxidase-conjugated 

secondary antibody (Thermo Fisher Scientific, Waltham, MA, USA). Each HRP-
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conjugated polymer mediated the focal covalent binding to the tissue of a fluorophore 

using tyramide signal amplification. Finally, this covalent reaction was followed by 

additional stripping steps in heated citric acid buffer (pH 6.0) with pressure cooker. After 

the sequential reactions, sections were counterstained with Hoechst (Thermo Fisher 

Scientific) diluted at 1:500 in TBS-BSA 5% and mounted with Dako fluorescence 

mounting medium (Dako, Carpinteria, CA). We performed four staining rounds for the 

first experiment (IL-21 (Merck-Millipore, 06-1074), BCL-6 (Acris, AM33123PUM), 

CXCR5 (Abcam, AB46218), CD3 (Cell Signaling, 85061S)), and three rounds for the 

second experiment (CD3, IL-21 and RORγt (Sigma, MABF81)). For negative controls, 

we used rabbit or mouse isotype controls at the same concentration as the corresponding 

primary antibodies in 5% normal goat serum.

Finally, stained slides were scanned with the Pannoramic 250 Flash digital microscope 

(P250 Flash digital microscopes; 3DHISTECH, Budapest, HU).

RNA extraction and RT-qPCR. Total RNA was isolated from lung tissues using the 

Rneasy® Plus Mini kit (Qiagen, Hilden, Germany). Total RNA (500 ng per sample) was 

reverse-transcribed and the expression levels in lung tissues of human IL-6 and IL-21 

were assessed and reported to those of RPS18, RNA18S and GAPDH housekeeping 

genes (by using the geometric mean of the three housekeeping genes, HKG); as well as 

mouse IgA and IgG1 that were reported to those of RNA18S housekeeping gene. The 

quantification was made by real time quantitative PCR using the iCycler IQ5 PCR (Bio-

Rad, Hercules, CA, USA). Data analysis was performed using Bio-Rad iQ5 Software 

(Bio-Rad, USA).
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Statistical analysis. Differences between groups were analysed using non-parametric 

Mann-Whitney U test for unpaired data and Wilcoxon test for paired data.  Kruskal-

Wallis test (followed by Dunn’s test) was used for multiple comparisons. Correlations 

were assessed by the Spearman’s correlation test. A probability value less than 0.05 was 

considered as statistically significant. Statistical analyses were performed using 

GraphPad Prism (version 5.00 for Windows; GraphPad Software, San Diego CA; 

www.graphpad.com). 

Ethical considerations. All patients gave signed informed consent to the study protocol, 

which was approved by our local Ethical committee of Cliniques UCL St-Luc (Ref. 

#2007/19MARS/58). All animal experiments received approval (Ref. 

#CEEA34.PRB.135.12) from the ethical review board of Paris Descartes University.

Page 10 of 48Page 10 of 46
 AJRCCM Articles in Press. Published on 19-October-2018 as 10.1164/rccm.201802-0352OC 

 Copyright © 2018 by the American Thoracic Society 



11

Results

Patient characteristics. Lung tissues were obtained from well-characterized COPD 

patients (n=34) with various range of airflow limitation and smoking histories, compared 

to controls (never, former or current smokers) without the disease (i.e., with normal lung 

function, n=37) (Table 1). 

B cells and LF in COPD lung. We first analysed the number of B cells in the airways 

from controls versus COPD patients. A significant increase was observed in the 

percentage of B cells, among total cell number, both in smokers (mild increase, p=0.009 

smokers vs non-smokers) and in severe COPD patients (p=0.0005 severe COPD vs non-

smokers) (Figure 1A and 1B). B cells were negatively correlated with airway obstruction 

in terms of FEV1 (Figure 1D) and FEV1/FVC ratio (rs= -0.25, p= 0.03 and rs= -0.34, p= 

0.005). In those CD20-stained lung tissue sections, the number of LF was increased in 

severe COPD patients as compared to non-smokers controls (p=0.02) (Figures 1A and 

1C). LF numbers were also negatively correlated with FEV1 (rs= -0.37, p=0.002; Figure 

1E). CD20+ lymphoid structures were significantly increased in distal lung tissue from 

severe COPD patients (p=0.0002), present around bronchioles and within parenchymal 

tissue, and correlated with FEV1 (rs=-0.47, p=0.0003) and FEV1/FVC ratio (rs=-0.42, 

p=0.001), while it was not significantly increased in proximal tissue (Figure 2). Thus, 

both B cell and (distal) LF numbers were increased in COPD and correlated to disease 

severity.

Of note, only half (47%) of LF displayed CD21+ follicular DCs (appearing in clusters) 

and those CD21+ LF numbers were not significantly increased in COPD (Figure E1).
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Follicular IgA expression in COPD lung. We next characterized Ig expression by B 

cells from those LF. Most follicular B cells were IgM+ (70-80%), showing no 

difference between COPD and control groups (Figure 3). In contrast, a significant 

increase in follicular IgA+ B cells was observed in severe COPD as compared to controls 

(2-fold, 45% vs 25% of follicular cells, p=0.04; and p=0.02 for staining intensity), while 

no difference was globally observed in IgG+ nor IgM+ B cells (Figure 3). When 

considering separately proximal and distal airways, IgA upregulation was only 

significantly observed in distal/parenchymal LF (Figures E2-E3). Moreover, IgA+ cells 

in distal LF were negatively correlated with airway obstruction in terms of FEV1/FVC 

ratio (rs= -0.48, p= 0.001; Figure E3H). 

Follicular IgA expression following mice lung infection by Pseudomonas aeruginosa. 

We then evaluated whether lung infection could underlie an upregulation of follicular 

IgA expression in the lung, by assessing Pseudomonas aeruginosa (PAO-1)-infected 

mice as an in vivo model of chronic lung infection which displays robust peribronchial 

lymphoid neogenesis within 14 days. First, the global number of (extrafollicular) IgA+ B 

cells increased at day 28 post-infection (Figure 4D-E). Second, the percentage of IgA+ B 

cells within LF from those mice tended to increase from day 14 (30±14%) to day 28 post-

infection (40±19%) (p=0.06, Figure 4F), while that of IgG+ B cells (which are globally 

more numerous than IgA) did not change (54±23% at d14, 54±20% at d28) (Figure E4F). 

Of note, the diffuse alveolar IgG staining likely represents circulating IgG (Figure E4B-

C). Accordingly, total IgA and PAO1-specific IgA levels consistently increased in the 

BALF from infected mice (Figure 4G-H), whereas total IgG did not change and only a 

few mice mounted a specific IgG response (Figure E4G-H). At the gene level, increased 

Page 12 of 48Page 12 of 46
 AJRCCM Articles in Press. Published on 19-October-2018 as 10.1164/rccm.201802-0352OC 

 Copyright © 2018 by the American Thoracic Society 

http://www.ncbi.nlm.nih.gov/pubmed/26517580


13

synthesis of IgG1 (p=0.04) and a trend for increased synthesis of IgA (p=0.12) were 

observed (Figure 4I and Figure E4I).

Follicular IgA expression in mice following cigarette smoke exposure. The cigarette 

smoke-induced COPD model was used to assess the effect of chronic smoke exposure on 

IgA production, including in lymphoid follicles that are observed in this 12-weeks model. 

No effect was observed on both extrafollicular and follicular IgA stainings, or on BAL 

IgA content (Figure E5). Similar findings were observed for IgG (Figure E5).

Regulation of IgA production by B cells. In order to link our findings in the COPD lung 

and this animal model, we assessed in vitro whether gram negative-derived LPS or 

cigarette smoke (CS) could directly regulate normal blood B cells for IgA production. 

First, no significant cytotoxicity was observed in these conditions, according to PI 

staining (Figure 5C). Very significant increases in B cell proliferation and survival were 

observed upon CSE exposure (Figure 5C-5D), while no effect was observed on IgA or 

IgG production (Figure 5A-5B). Therefore, we evaluated whether relevant immune 

factors could regulate IgA production, and assessed IL-21 as first candidate (23). We 

found that B cells stimulated by IL-21 did upregulate IgA production ( 2 to 5 median 

fold increase), as well as IgG ( 10 to 25 fold) and to a lesser extent IgM (2 fold), 

irrespectively of CD40L ligation (Figure 6E-G)

Production of IL-21 by follicular Th17 cells in the COPD lung. We also assessed 

whether follicular IgA upregulation could be associated with local expression of IL-21 or 

with IL-6, known as cytokines promoting IgA production. Whereas gene expression of 

IL-6 or IL-21 was not significantly affected (data not shown), intra-follicular numbers of 

IL-21-expressing cells were significantly up-regulated in mild and severe COPD, as 
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compared to controls (p=0.03 and 0.01 respectively) (Figure 6A-6B). To further confirm 

the nature of the intra-follicular IL-21+ cells, we performed colocalization by 

immunofluorescence staining of IL-21 with CD4, Bcl-6 and CXCR5 as markers of 

follicular Th cells (Tfh) (24). We found that almost all IL-21 producing cells were CD3+, 

with a few co-expressing CXCR5 and Bcl6, as defined as Tfh (Figure 6C). We next  

assessed whether IL-21 could be alternatively produced by Th17 cells (25). By dual 

staining for CD3 and RORt, we found that a more substantial number of RORt+ T cells 

(RORt+ CD3- cells corresponding to innate lymphocytes) do express IL-21, indicating 

that Th17 cells were a more prominent source of this cytokine than Tfh but also that IL-

21 is expressed by several other, uncharacterized T cells in COPD lymphoid follicles.
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Discussion

This study is to our knowledge the first to explore the functional status (in particular Ig 

production) of B cells within the lymphoid follicles found in the diseased human lung. 

Our data show that lymphoid aggregates that accumulate preferentially in distal areas of 

the lung, around bronchioles and in parenchyma, from severe COPD contain B cells that 

have preferentially switched to IgA. We also show that this follicular IgA response is 

reproduced in the lungs from mice following Pseudomonas infection, but not following 

cigarette smoke exposure. Moreover, the follicular IgA expression associates with the 

presence of T cells expressing IL-21, which is very potent in stimulating IgA and IgG 

production in vitro, while cigarette smoke directly increases (in vitro) the proliferation 

and survival of B cells but not IgA production.

The presence of LF has been described in several lung diseases such as COPD, cystic 

fibrosis, bronchiectasis, idiopathic pulmonary fibrosis, pulmonary hypertension, or lung 

cancer. In lung cancer, those LF (named tumor-induced bronchus-associated lymphoid 

tissue, Ti-BALT) (26) consist of DC-Lamp+ mature DCs and T cell clusters adjacent to 

B-cell follicles, and are associated with a better outcome and anti-tumoral responses (27, 

28). In COPD, our study confirms that the formation of LF occurs preferentially in distal 

airways and correlates with disease severity. It was also shown that these LF contain 

germinal centers, indicating induction of Ig switching (5). Our data further show that this 

switching concerns IgA, which is the only isotype clearly upregulated within COPD LF 

while IgG is not significantly affected.

It has been shown that mechanisms of lymphoid neogenesis in COPD involve CXCL13 

(9, 10), BAFF (11, 12), IL-17F and IL-17A (13, 29) as well as CXCR3 ligands (14). We 
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and others demonstrated an upregulation of BAFF and APRIL in lungs of smokers and 

more significantly in COPD lung (11, 12, 15, 30). Frija-Masson et al., showed that the 

airway epithelium from mice infected with PA expresses IL17A (as well as CXCL12 and 

CXCL13) (21), further suggesting a role for the airway epithelium in LF neogenesis. It 

was also shown in mouse models that smoke-induced pulmonary LF persist even after 

cigarette exposure cessation (31) and were associated with impaired immune responses to 

bacterial infection (32). Altogether, these data suggest that cigarette smoke and infection 

could both play roles in LF formation in COPD. However, regarding IgA, this study 

shows that LFs from smoking mice do not display upregulated IgA (or IgG) production, 

as confirmed in vitro in cultures of CSE-exposed human B cells. The possibility of 

combined effects of cigarette smoke and infection should be further studied to better 

understand the regulation of IgA production in the COPD lung.

The pathways underlying the selective induction of IgA synthesis in COPD-related LF 

remain uncertain but could consist of epithelial BAFF and T cell-derived IL-21 as first 

candidates. Thus, besides increased BAFF we found increased IL-21 expression produced 

by T cells from those LF. It was previously demonstrated that IL-21 has a predominant 

role for IgA production (23, 33). In addition, lung LF seen in patients with idiopathic 

pulmonary arterial hypertension patients were also associated with IL-21-producing Tfh 

together with activation-induced cytidine deaminase (AID) and long-lived CD138+ 

plasma cells (34), suggesting that LF present in different chronic lung diseases represent 

local niches of active antibody production. In our COPD study, very few of these IL-21-

producing T cells consisted of Tfh cells, whereas a more substantial signal was found in 

Th17 cells which represent another source of this cytokine (25) and which are reportedly 
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increased in COPD (35). IL-21+ Th17 cells were also observed in the smoking mice 

model, where they correlated with activated CD8+ T cells (36). However, IL-21 appeared 

expressed by several other T cells in our COPD LFs, that further studies should 

characterize, with NKT cells or Th2 cells representing potential candidates. Of note, only 

half (47%) of LF from COPD lungs displayed evidence of CD21+ follicular DCs, which 

thus suggests that they are not mandatory to support COPD lymphoid neogenesis. This 

was also reported in the model of mice infected by repeated instillations of (heat 

inactivated) PA that developed LF lacking fDCs (37).

Although the objective quantification of IHC staining using color deconvolution 

represents a strength of this work, one limitation relates to the fact that our results were 

not extrapolated to whole lung distribution such as described in the ATS/ERC guidelines 

(38), as quantification of Ig expressing cells (or Ig-stained area) were performed on the 

lymphoid structures of whole sections for each mouse lung or human biopsy. Another 

limitation is the fact that a role of inhaled corticosteroids cannot be excluded, as most 

severe COPD patients were under this treatment, even though this seems unlikely as 

already reported for polymeric Ig receptor expression (39). Only some severe COPD 

displayed increased B cell and LF numbers, but we could not relate this to any clinical 

feature, due to absence of exacerbation data in this series and to modest effective, except 

that it was clearly independent from active smoking as all severe COPD patients were ex-

smokers except one. The fact that IgA upregulation more selectively concerns distal, and 

not proximal, follicles should also deserve further studies; one could speculate that it 

could reflect an adaptive IgA response to antigens more selectively present or released in 

distal areas of the COPD lungs.
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Altogether our study shows that IgA production occurs in distal (peribronchiolar and 

parenchymal) LF from severe COPD patients, and that this feature is recapitulated in the 

lungs from Pseudomonas-infected mice and associates with the induction of follicular IL-

21 expression in T cells. Our data also indicate that cigarette smoke could directly 

promote B cell accumulation in the lung, but without affecting IgA production both in 

cultured human B cells and in the lungs from smoking mice. It remains to be determined 

whether this IgA response is protective (e.g., against inhaled pathogens or toxic particles) 

or harmful (e.g., against autoantigens). A better understanding of the role of this follicular 

response in COPD, presumably representing a feature of exacerbated mucosal responses 

against microbial and/or self-antigens, could help to define strategies to restore mucosal 

immune homeostasis in this disease.
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Tables

Table 1. Patients’ characteristics of the study population.

Controls COPD

Non-smokers Smokers GOLD I-II GOLD III-IV

N subjects 21 13 19 18

Age (years, mean  SD) 51.8  18.8 59.2  11.4 64.8  11.8 * 56.9  6.1

Gender (Male/Female) 8/13 7/6 14/5 11/7

Smokers, n (ex-/current) *** 0 13 (6/7) 19 (9/10) 18 (17/1)

Smoking (PY, N=65) 0 46.1  26.5 *** 47.4  21.4 *** 45.3  23.3 ***

Post2 FEV1 

(% pred, N=69)

92.6  18.2 95.4  12.7 §§§ 80.6  14.8 ††† 21.6  7.3 ***

FEV1/FVC  (%, N=66) 86.7  13.8 76.8  4.5 §§§ 63.7  6.4 *** 34.2  10.3 ***

DLCO (% pred, N=55) 79.4  12.4 73.5  11.3 §§§ 58.2  15.1 * † 26.8  10.2 ***

Inhaled corticosteroids, n  *** 0 0 3 17

Demographic data, lung function tests and smoking history are stated for the patient 

groups, classified according to smoking history and the presence of airflow limitation. 

Values represent mean  SD.  Definition of abbreviations: FEV1: Forced Expiratory 

Volume in one sec.; FVC: Forced Vital Capacity; DLCO: Diffusing capacity of carbon 

monoxide; % pred: percent predicted. Eight very severe COPD patients were also treated 

by maintenance oral steroids (4 to 8 mg methylprednisolone).

* p<0.05, ** p<0.01 and *** p<0.001 (for comparisons versus control non smokers); § 

p<0.05, §§ p<0.01 and §§§ p<0.001 (for comparisons versus control smokers); † p<0.05, 

†† p<0.01 and ††† p<0.001 (for comparisons of mild versus severe COPD). Kruskal-
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Wallis test and Dunn’s comparison tests were used for multiple comparisons. Chi-square 

test was used to compare gender, smoking and treatment (by inhaled corticosteroids) 

status. 
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Figure legends

Figure 1: CD20 staining in human lung tissue (A) Representative CD20 staining 

(brown) and hematoxylin counterstaining (blue) in lung tissues from one control non-

smoker, one smoker, one GOLD II and one GOLD IV COPD patient, and non-immune 

control IgG staining, and evaluation of (B) the percentage of CD20 positive B cells 

among total cells, and (C) the number of CD20 positive lymphoid follicles per tissue area 

in whole lung tissue sections. Among controls (n=34), non-smokers are represented by 

white circles, control ex-smokers and current smokers by white and black triangles, 

respectively. Among COPD patients (n=37), white squares represent ex-smokers with 

GOLD I-II COPD and black squares active smokers with GOLD I-II COPD patients; 

white inverted triangles represent ex-smokers with GOLD III-IV COPD and black 

inverted triangles smokers with GOLD III-IV COPD. Correlation of CD20+ B cells (D) 

and LF (E) with FEV1 values in all groups. Scale bar, 100µm. Lines represent median 

and interquartile range. Mann-Whitney U test for comparisons and Spearman test for 

correlation; * p<0.05, ** p<0.01, *** p<0.001. 

Figure 2: CD20 positive lymphoid follicles (LF) in proximal and distal lung tissue 

(A) Representative peri-bronchial LF in a GOLD IV COPD patient, and evaluation of (B) 

the number of CD20 positive LF per tissue area in large airways. (C) Representative 

parenchymal LF in a GOLD IV COPD patient, and evaluation of (D) the number of 

CD20 positive LF per tissue area in small airways. (E) Correlation of distal LF with 

FEV1 values in all groups. Scale bar, 100µm. Lines represent median and interquartile 

range. Mann-Whitney U test for comparisons and Spearman test for correlation; 

***p<0.001.
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Figure 3: Intra-follicular immunoglobulin expression in lung tissue. (A), (B) and (C) 

Representative IgA, IgG and IgM stainings (brown) and hematoxylin counterstaining 

(blue) within a lymphoid structure. Evaluation of (D), (E) and (F) the number of intra-

follicular IgA, IgG or IgM positive cells (% of intra-follicular total cells) and (G), (H) 

and (I) the staining per LF surface area of intra-follicular IgA, IgG or IgM (thus reported 

to the lymphoid structure surface area). Scale bar, 100µm. Lines represent median and 

interquartile range. Mann-Whitney U test; * p<0.05; **p<0.01.

Figure 4: IgA expression in lung tissue and broncho-alveolar lavage from 

Pseudomonas infected mice. (A), (B) and (C) Representative IgA staining (brown) and 

hematoxylin counterstaining (blue) in lung tissue from non-immune control IgG staining, 

mice instilled with sterile beads or PAO1-infected mice, respectively; and evaluation of 

(D) and (E) total IgA expression and (F) intra-follicular IgA-positive cells at days 14 and 

28 post-infection; (G) and (H) total and PAO-specific IgA in broncho-alveolar lavage 

from mice instilled with sterile beads or PAO-infected mice at day 14 post-infection; (I) 

IgA mRNA expression corrected to the housekeeping gene in lung tissue from mice 

instilled with sterile beads or PAO-infected mice at day 14 post-infection. White circles 

(mice instilled with sterile beads, n=5 to 9) and black circles (mice infected with PAO 

beads, n=5 to 10). Scale bar, 100µm. Lines represent median and interquartile range. 

Mann-Whitney U test; * p<0.05, ** p<0.01.

Figure 5: Effect of LPS or cigarette smoke exposure on human B cell Ig production, 

survival and proliferation. Blood B cells were assessed by flow cytometry for cell 

survival and proliferation and cell-free supernatants were assessed by ELISA for IgA (A) 

and IgG (B)following culture for 13 days in resting or in LPS- or CSE- stimulated 
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conditions. (C) Percentage of viable B cells (PI negative cells), (D) Percentage of 

proliferating B cells as measured by CFSE staining. (A-G) IgA, IgG (F) and IgM (G) 

production by B cells stimulated by IL-21, CD40L or both (and expressed as fold change 

from unstimulated control cells). Lines represent median and interquartile range of data 

from 23 to 27 independent cultures/donors. Wilcoxon paired test *p<0.05, *** p<0.001. 

Figure 6: IL-21 staining in lung tissue and co-localization with T cells. (A) 

Representative IL-21 staining (red)  in lung tissue from a patient with COPD, and (B) 

evaluation of the number of intra-follicular IL-21+ cells in controls (8 non-smokers and 6 

smokers), GOLD I-II and GOLD III-IV COPD patients. Lines represent mean ± SD. 

Mann-Whitney U test ; *p<0.05. (C) Representative co-staining of IL-21 (orange) with 

CD3 (red), Bcl-6 (yellow) and CXCR5 (green), performed by multiplexed 

immunofluorescence using tyramide-signal amplification. We used Hoechst (blue) for 

nuclear counterstaining. (D) Representative co-staining of IL-21 (orange) with CD3 (red), 

and RORγt (green), performed by multiplexed immunofluorescence using tyramide-

signal amplification. We used Hoechst (blue) for nuclear counterstaining.
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Figure 1: CD20 staining in human lung tissue (A) Representative CD20 staining (brown) and hematoxylin 

counterstaining (blue) in lung tissues from one control non-smoker, one smoker, one GOLD II and one 

GOLD IV COPD patient, and non-immune control IgG staining, and evaluation of (B) the percentage of CD20 

positive B cells among total cells, and (C) the number of CD20 positive lymphoid follicles per tissue area in 

whole lung tissue sections. Among controls (n=34), non-smokers are represented by white circles, control 

ex-smokers and current smokers by white and black triangles, respectively. Among COPD patients (n=37), 

white squares represent ex-smokers with GOLD I-II COPD and black squares active smokers with GOLD I-II 

COPD patients; white inverted triangles represent ex-smokers with GOLD III-IV COPD and black inverted 

triangles smokers with GOLD III-IV COPD. Correlation of CD20+ B cells (D) and LF (E) with FEV1 values in 

all groups. Scale bar, 100µm. Lines represent median and interquartile range. Mann-Whitney U test for 

comparisons and Spearman test for correlation; * p<0.05, ** p<0.01, *** p<0.001. 
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Figure 2: CD20 positive lymphoid follicles (LF) in proximal and distal lung tissue (A) Representative peri-

bronchial LF in a GOLD IV COPD patient, and evaluation of (B) the number of CD20 positive LF per tissue 

area in large airways. (C) Representative parenchymal LF in a GOLD IV COPD patient, and evaluation of (D) 

the number of CD20 positive LF per tissue area in small airways. (E) Correlation of distal LF with FEV1 

values in all groups. Scale bar, 100µm. Lines represent median and interquartile range. Mann-Whitney U 

test for comparisons and Spearman test for correlation; ***p<0.001. 
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Figure 3: Intra-follicular immunoglobulin expression in lung tissue. (A), (B) and (C) Representative IgA, IgG 

and IgM stainings (brown) and hematoxylin counterstaining (blue) within a lymphoid structure. Evaluation of 

(D), (E) and (F) the number of intra-follicular IgA, IgG or IgM positive cells (% of intra-follicular total cells) 

and (G), (H) and (I) the staining per LF surface area of intra-follicular IgA, IgG or IgM (thus reported to the 

lymphoid structure surface area). Scale bar, 100µm. Lines represent median and interquartile range. Mann-

Whitney U test; * p<0.05; **p<0.01. 
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Figure 4: IgA expression in lung tissue and broncho-alveolar lavage from Pseudomonas infected mice. (A), 

(B) and (C) Representative IgA staining (brown) and hematoxylin counterstaining (blue) in lung tissue from 

non-immune control IgG staining, mice instilled with sterile beads or PAO1-infected mice, respectively; and 

evaluation of (D) and (E) total IgA expression and (F) intra-follicular IgA-positive cells at days 14 and 28 

post-infection; (G) and (H) total and PAO-specific IgA in broncho-alveolar lavage from mice instilled with 

sterile beads or PAO-infected mice at day 14 post-infection; (I) IgA mRNA expression corrected to the 

housekeeping gene in lung tissue from mice instilled with sterile beads or PAO-infected mice at day 14 post-

infection. White circles (mice instilled with sterile beads, n=5 to 9) and black circles (mice infected with PAO 

beads, n=5 to 10). Scale bar, 100µm. Lines represent median and interquartile range. Mann-Whitney U test; 

* p<0.05, ** p<0.01. 
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Figure 5: Effect of LPS or cigarette smoke exposure on human B cell Ig production, survival and 

proliferation. Blood B cells were assessed by flow cytometry for cell survival and proliferation and cell-free 

supernatants were assessed by ELISA for IgA (A) and IgG (B)following culture for 13 days in resting or in 

LPS- or CSE- stimulated conditions. (C) Percentage of viable B cells (PI negative cells), (D) Percentage of 

proliferating B cells as measured by CFSE staining. (A-G) IgA, IgG (F) and IgM (G) production by B cells 

stimulated by IL-21, CD40L or both (and expressed as fold change from unstimulated control cells). Lines 

represent median and interquartile range of data from 23 to 27 independent cultures/donors. Wilcoxon 

paired test *p<0.05, *** p<0.001. 
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Figure 6: IL-21 staining in lung tissue and co-localization with T cells. (A)
Representative IL-21 staining (red) in lung tissue from a patient with COPD, and (B) evaluation of the 
number of intra-follicular IL-21+ cells in controls (8 non-smokers and 6 smokers), GOLD I-II and GOLD III-
IV COPD patients. Lines represent mean ± SD. Mann-Whitney U test ; *p<0.05. (C) Representative co-
staining of IL-21 (orange) with CD3 (red), Bcl-6 (yellow) and CXCR5 (green), performed by multiplexed
immunofluorescence using tyramide-signal amplification. We used Hoechst (blue) for nuclear 
counterstaining. (D) Representative co-staining of IL-21 (orange) with CD3 (red),
and RORγt (green), performed by multiplexed immunofluorescence using tyramidesignal
amplification. We used Hoechst (blue) for nuclear counterstaining.
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Supplemental material: 

In vivo model of persistent lung infection with Pseudomonas aeruginosa. Mice were infected 

as previously described (22). Briefly, sterile agarose beads and agarose beads coated with the 

PA strain PAO1 (inoculum containing mean±sem 6×105 ± 3×105 cfu/mouse; median size of the 

beads, 300 m) were instilled through a cannula into the mice trachea. Mice were sacrificed at 

day 14 or 28. For histological analysis, lungs were removed after flushing 4% 

paraformaldehyde through the right heart, were fixed in 4% paraformaldehyde and embedded 

in paraffin; 5-μm sections were prepared for IHC. Bronchoalveolar lavage (BAL) was also 

harvested at day 14 post-infection. 

In vivo model of COPD upon cigarette smoke exposure. CS-treated animals were exposed to 

6 cigarettes (3R4F research cigarettes with filter, Kentucky Tobacco Research and 

Development Center, University of Kentucky) twice a day for 12 weeks (5 days/week), in a 

nose-only smoke-exposure system (InExpose System, Scireq). Control mice were exposed to 

ambient air for the same duration. At sacrifice, BAL was performed in mice anesthetized with 

a mixture of ketamine (150 mg/kg) and xylazine (10 mg/kg) and tracheotomized before heart-

left lung block removal, fixation in 6% paraformaldehyde at a constant hydrostatic pressure of 

25cm H2O for 24h, and embedding in paraffin to assess Ig’s in lymphoid aggregates.  

Human B cell isolation and stimulation. Leucocytes were isolated from buffy coats of healthy 

blood donors by centrifugation of whole blood for 20 minutes. PBMCs were then isolated using 

centrifugation on a Lymphoprep gradient for 20 minutes. Blood B cells were separated by 

magnetic cell sorting using CD19+ microbeads (Miltenyi Biotec), and cultured in the presence 

or not of LPS (1 g/ml), cigarette smoke extract (5%), IL-21 (50 ng/ml; kind gift from L. 

Dumoutier, UCL, Brussels, Belgium), and/or CD40 ligand through irradiated 3T6-CD40L cells 

(100,000 cells/well; kind gift from Pr. P. Van der Bruggen, UCL, Brussels, Belgium). Cell-free 

supernatants were harvested at day 6 and day 13 for Ig’s detection by ELISA and B cells were 
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harvested for viability or proliferation studies respectively by staining with propidium iodide 

(PI) or carboxyfluorescein succinimidyl ester (CFSE) as previously described (15).  

Immunohistochemistry (IHC). Serial lung sections of 5-m thickness were cut from paraffin 

blocks, spread on polylysine-coated glass slides, and dried at 37°C for at least 24 h. The slides 

were then processed for IHC; each step of the procedure being followed by washing with Tris-

buffered saline (pH 7.4). CD20 and CD21 stainings were performed using the Benchmark XT 

machine (Roche, Switzerland). The specimens were incubated overnight at 4°C with ready-to-

use mouse anti-human CD20 mAb (Clone L26) (Dako, Denmark) or rabbit anti-human CD21 

mAb (Clone EP64) (BioSB, USA), respectively revealed with the Ultra View Universal DAB 

or Alkaline Phosphatase Red detection kits (Roche, Switzerland) according to the 

manufacturer’s instructions. The reaction was stopped by washing in water, and slides were 

counterstained also in the Benchmark XT machine with hematoxylin I or Bluing Reagent. CD20 

has been used as pan-B cell marker and CD21 for follicular dendritic cells (FDCs), whereas 

CD21 may also stain mature B cells in frozen (and not paraffin-embedded) sections. 

For Ig staining in human lungs, after disembedding and rehydration of the specimens, 

endogenous peroxidases were inhibited by incubation in 0.3% (vol/vol) H2O2 in water for 30 

min, and the slides were treated with 1% (wt/vol) BSA in Tris-buffered saline for 30 min. The 

following Abs were used respectively for IgM, IgG and IgA staining: biotin-conjugated Abs 

goat anti-human IgM (B2641, Sigma, USA), rabbit anti-human IgG (Southern Biotech, USA) 

and unlabeled mouse anti-human IgA mAb (Thermo Scientific, USA) followed by streptavidin-

HRP or anti-mouse HRP conjugated Ab. The reaction was developed by incubation with 0.6 

mg/ml diaminobenzidine (SigmaFast DAB, Sigma, USA) in 0.3% H2O2 for 10 min. In murine 

lungs, rabbit anti-mouse IgG (Sigma B8520, USA) and biotinylated rat anti-mouse IgA (Sigma 

LO-MA-10, USA) Abs were used for detection. Revelation was performed as described above 

for human Igs.  
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Staining quantification was carried out after digitalization with a x40 objective using the slide 

scanner SCN400 (Leica microsystems, Germany) and TissueIA software (Leica microsystems, 

Ireland). Quantification included application of algorithms for each immunostaining (Leica 

microsystems, Germany). Color deconvolution was applied to each pixel using hematoxylin 

and DAB or Fast Red matrix of the software. On the color matrix, a threshold was adjusted for 

DAB or Fast Red detection according to color intensity. These parameters were kept constant 

throughout the quantification for each immunostaining. For the quantification (percentage) of 

extrafollicular CD20 positive cells in whole sections, nuclear parameters (size, heterogeneity, 

strength of nuclear counterstaining, nuclei density) and cellular parameters (size and cell radius) 

were adjusted on the hematoxylin matrix to determine the adequate segmentation. Then, the 

number of DAB positive cells (CD20+ cells) was evaluated as a percentage of total cells. For 

quantification of CD20 (or CD21)+ LF, the number of positive aggregates was counted 

manually for each section, and results were adjusted to the tissue area analyzed per section. For 

the quantification of intra-LF Ig+ (IgM+, IgG+ or IgA+) B cells all LF were delineated 

manually and Ig+ B cells were counted within those LF. Hematoxylin segmentation and DAB 

deconvolution were applied as above. Two parameters were determined, namely percentage of 

Ig-positive cells (evaluating the proportion of surface IgX+ B cells among all B cells) and the 

staining concentration (representing the average intensity of positive pixels corrected to the LF 

surface, reflecting the intensity of IgX expression). 

Immunofluorescence (IF). Paraffin embedded lung sections were processed into 5µm-thick 

sections and mounted on slides for staining. After classical deparaffinization and drying 

(toluene and methanol), antigen recovery was obtained by high pressure treatment (15 PSI 

during 15 min, in citrate buffer (pH 6.0)). Tissue sections were blocked with Bloxall® (Vector 

Laboratories, SP-6000) for 15 min and blocking serum for 30 min, then endogenous 

peroxidases were blocked by incubation with 0.3% H2O2 for 30 min. Afterwards, sections were 
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successively stained and revealed for IL-21 (Merck-Millipore, 06-1074), BCL-6 (Acris, 

AM33123PUM), CXCR5 (Abcam, AB46218),  CD3 (Cell Signaling, 85061S), and RORt 

(Sigma, MABF81) by incubation with primary antibodies for 1.5 hour, poly-HRP conjugated 

secondary antibodies (Sigma, USA) for 1h, and tyramide-signal amplification reagents for 10 

min. All staining preparations included a primary negative control IgG. Sections were scanned 

with the Pannoramic 250 Flash digital microscope (P250 Flash digital microscopes; 

3DHISTECH, Budapest, Hungary). 

RNA extraction and RT-qPCR. Total RNA was isolated from lung tissues using the Rneasy® 

Plus Mini kit (Qiagen, Hilden, Germany). Total RNA (500 ng per sample) was reverse-

transcribed with RevertAidTM Reverse transcriptase kit (Fermentas, St. Leon-Rot, Germany) 

with 0.3 µg of random hexamer (Invitrogen, Gent, Belgium) and 1mM of each dNTP 

(Invitrogen, Gent, Belgium) following the manufacturer’s protocol in a thermocycler (Applied 

Biosystems, Carlsbad, CA, USA). The expression levels in lung tissues of human IL-6 and IL-

21 were assessed and reported to those of RPS18, RNA18S and GAPDH housekeeping genes 

(by using the geometric mean of the three housekeeping genes, HKG); as well as mouse IgA 

and IgG1 that were reported to those of RNA18S housekeeping gene. The quantification was 

made by real time quantitative PCR using the iCycler IQ5 PCR (Bio-Rad, Hercules, CA, USA). 

The reaction mix contained 5µl of 10-fold diluted cDNA, 400nM of each and 2x iQTM 

SYBR®Green Supermix (Bio-Rad, USA) in a final volume of 20µl. The cycling conditions 

were 95°C for 3 min followed by 40 cycles of 95°C for 15s and 60°C for 30s. To control the 

specificity of the amplification products, a melting curve analysis was performed. Samples were 

run in duplicates and the copy number was calculated from the standard curve. Data analysis 

was performed using Bio-Rad iQ5 Software (Bio-Rad, USA). 
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Supplemental figures legends:  

Figure E1: CD21 positive follicular Dendritic cells (fDCs) in proximal and distal lung 

tissue (A) Representative peri-bronchial lymphoid structure with red staining and blue 

hematoxylin counterstaining, and evaluation of (B) the number of CD21 positive lymphoid 

structures per tissue area in large airways in a subset of control and COPD patients with GOLD 

I-II and III-IV stages (C) Representative parenchymal lymphoid structure, and evaluation of 

(D) the number of CD21 positive lymphoid structures per tissue area in small airways. Among 

controls, non-smokers are represented by white circles, control ex-smokers and current smokers 

by black circles. Among COPD patients, white triangles represent GOLD I-II COPD and black 

triangles represent GOLD III-IV COPD. Lines represent median and interquartile range. Scale 

bar, 100µm. 

Figure E2: Intra-follicular immunoglobulin expression in proximal lung tissue. (A), (C) 

and (E) Evaluation of the number of intra-follicular IgA, IgG or IgM positive cells (% of intra-

follicular total cells) respectively and (B), (D) and (F) the staining concentration of intra-

follicular IgA, IgG or IgM staining (reported to the lymphoid structure surface area) in control 

and COPD patients with GOLD I-II and III-IV stages. Among controls, non-smokers are 

represented by white circles, control ex-smokers and current smokers by white and black 

triangles, respectively. Among COPD patients, white squares represent ex-smokers with GOLD 

I-II COPD and black squares active smokers with GOLD I-II COPD patients; white inverted 

triangles represent ex-smokers with GOLD III-IV COPD and black inverted triangles smokers 

with GOLD III-IV COPD. (G) Comparison between percentages of intra-follicular IgA, IgG 

and IgM positive cells in all pooled (control and COPD) groups. Mann-Whitney U test; * 

p<0.05, ** p<0.01, *** p<0.001. 

 Figure E3: Intra-follicular Immunoglobulin expression in distal lung tissue. (A), (C) and 

(E) Evaluation of the number of intra-follicular IgA, IgG or IgM positive cells (% of intra-

Page 40 of 48Page 39 of 46
 AJRCCM Articles in Press. Published on 19-October-2018 as 10.1164/rccm.201802-0352OC 

 Copyright © 2018 by the American Thoracic Society 



follicular total cells) respectively and (B), (D) and (F) the staining concentration of intra-

follicular IgA, IgG or IgM staining (reported to the lymphoid structure surface area) in control 

and COPD patients with GOLD I-II and III-IV stages. Among controls, non-smokers are 

represented by white circles, control ex-smokers and current smokers by white and black 

triangles, respectively. Among COPD patients, white squares represent ex-smokers with GOLD 

I-II COPD and black squares active smokers with GOLD I-II COPD patients; white inverted 

triangles represent ex-smokers with GOLD III-IV COPD and black inverted triangles smokers 

with GOLD III-IV COPD. (G) Comparison between percentages of intra-follicular IgA, IgG 

and IgM positive cells in all pooled (control and COPD) groups. (H) Correlation of intra-LF 

IgA + cells in distal lung with FEV1/FVC ration values in all groups. Mann-Whitney U test for 

comparisons and Spearman test for correlation; * p<0.05, ** p<0.01, *** p<0.001. 

Figure E4: IgG expression in lung tissue and broncho-alveolar lavage from Pseudomonas 

infected mice. (A), (B) and (C) Representative IgG staining (brown) and hematoxylin 

counterstaining (blue) in lung tissue from non-immune control IgG staining, mice instilled with 

sterile beads or PAO1-infected mice, respectively; and evaluation of (D) and (E) total IgG 

expression and (F) intra-follicular IgG-positive cells at days 14 and 28 post-infection; (G) and 

(H) total and PAO-specific IgG in broncho-alveolar lavage from mice instilled with sterile 

beads or PAO-infected mice at day 14 post-infection; (I) IgG1 mRNA expression corrected to 

the housekeeping gene in lung tissue from mice instilled with sterile beads or PAO-infected 

mice at day 14 post-infection. White circle (mice instilled with sterile beads, n=5 to 9) and black 

circles (mice infected with PAO beads, n=5 to 10). Scale bar, 100µm. Lines represent median 

and interquartile range. Mann-Whitney U test; * p<0.05, ** p<0.01. 

Figure E5: IgA and IgG expression in broncho-alveolar lavage (BAL) and lung tissue from 

smoking mice. Evaluation of (A) and (B) total IgA and IgG expression; (C) and (D) intra-

follicular IgA and IgG expression in lung tissue of smoking versus non-smoking mice and (E) 
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and (F) total IgA and IgG in broncho-alveolar lavage from smoking versus non-smoking mice. 

White circle (mice exposed to ambient air, n=8 to 11) and black circles (mice exposed to 

cigarette smoke, twice a day for 12 weeks, n=9 to 11). Lines represent median and interquartile 

range. Mann-Whitney U test; * p<0.05. 
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Figure E1: CD21 positive follicular Dendritic cells (fDCs) in proximal and distal lung tissue (A) Representative 

peri-bronchial lymphoid structure with red staining and blue hematoxylin counterstaining, and evaluation of 

(B) the number of CD21 positive lymphoid structures per tissue area in large airways in a subset of control 

and COPD patients with GOLD I-II and III-IV stages (C) Representative parenchymal lymphoid structure, 

and evaluation of (D) the number of CD21 positive lymphoid structures per tissue area in small airways. 

Among controls, non-smokers are represented by white circles, control ex-smokers and current smokers by 

black circles. Among COPD patients, white triangles represent GOLD I-II COPD and black triangles represent 

GOLD III-IV COPD. Lines represent median and interquartile range. Scale bar, 100µm. 
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Figure E2: Intra-follicular immunoglobulin expression in proximal lung tissue. (A), (C) and (E) Evaluation of 

the number of intra-follicular IgA, IgG or IgM positive cells (% of intra-follicular total cells) respectively and 

(B), (D) and (F) the staining concentration of intra-follicular IgA, IgG or IgM staining (reported to the 

lymphoid structure surface area) in control and COPD patients with GOLD I-II and III-IV stages. Among 

controls, non-smokers are represented by white circles, control ex-smokers and current smokers by white 

and black triangles, respectively. Among COPD patients, white squares represent ex-smokers with GOLD I-II 

COPD and black squares active smokers with GOLD I-II COPD patients; white inverted triangles represent 

ex-smokers with GOLD III-IV COPD and black inverted triangles smokers with GOLD III-IV COPD. (G) 

Comparison between percentages of intra-follicular IgA, IgG and IgM positive cells in all pooled (control and 

COPD) groups. Mann-Whitney U test; * p<0.05, ** p<0.01, *** p<0.001. 
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Figure E3: Intra-follicular Immunoglobulin expression in distal lung tissue. (A), (C) and (E) Evaluation of the 

number of intra-follicular IgA, IgG or IgM positive cells (% of intra-follicular total cells) respectively and (B), 

(D) and (F) the staining concentration of intra-follicular IgA, IgG or IgM staining (reported to the lymphoid 

structure surface area) in control and COPD patients with GOLD I-II and III-IV stages. Among controls, non-

smokers are represented by white circles, control ex-smokers and current smokers by white and black 

triangles, respectively. Among COPD patients, white squares represent ex-smokers with GOLD I-II COPD 

and black squares active smokers with GOLD I-II COPD patients; white inverted triangles represent ex-

smokers with GOLD III-IV COPD and black inverted triangles smokers with GOLD III-IV COPD. (G) 

Comparison between percentages of intra-follicular IgA, IgG and IgM positive cells in all pooled (control and 

COPD) groups. (H) Correlation of intra-LF IgA + cells in distal lung with FEV1/FVC ration values in all 

groups. Mann-Whitney U test for comparisons and Spearman test for correlation; * p<0.05, ** p<0.01, *** 

p<0.001. 
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Figure E4: IgG expression in lung tissue and broncho-alveolar lavage from Pseudomonas infected mice. (A), 

(B) and (C) Representative IgG staining (brown) and hematoxylin counterstaining (blue) in lung tissue from 

non-immune control IgG staining, mice instilled with sterile beads or PAO1-infected mice, respectively; and 

evaluation of (D) and (E) total IgG expression and (F) intra-follicular IgG-positive cells at days 14 and 28 

post-infection; (G) and (H) total and PAO-specific IgG in broncho-alveolar lavage from mice instilled with 

sterile beads or PAO-infected mice at day 14 post-infection; (I) IgG1 mRNA expression corrected to the 

housekeeping gene in lung tissue from mice instilled with sterile beads or PAO-infected mice at day 14 post-

infection. White circle (mice instilled with sterile beads, n=5 to 9) and black circles (mice infected with PAO 

beads, n=5 to 10). Scale bar, 100µm. Lines represent median and interquartile range. Mann-Whitney U test; 

* p<0.05, ** p<0.01. 

190x254mm (300 x 300 DPI) 

Page 47 of 48Page 45 of 46
 AJRCCM Articles in Press. Published on 19-October-2018 as 10.1164/rccm.201802-0352OC 

 Copyright © 2018 by the American Thoracic Society 



 

Figure E5: IgA and IgG expression in broncho-alveolar lavage (BAL) and lung tissue from smoking mice. 

Evaluation of (A) and (B) total IgA and IgG expression; (C) and (D) intra-follicular IgA and IgG expression in 

lung tissue of smoking versus non-smoking mice and (E) and (F) total IgA and IgG in broncho-alveolar 

lavage from smoking versus non-smoking mice. White circle (mice exposed to ambient air, n=8 to 11) and 

black circles (mice exposed to cigarette smoke, twice a day for 12 weeks, n=9 to 11). Lines represent 

median and interquartile range. Mann-Whitney U test; * p<0.05. 
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