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Abbreviations

CS, cigarette smoke; FA, filtered air; LF, lymphoid follicle; TLO, tertiary lymphoid organ;
iBALT, inducible bronchus-associated lymphoid tissue; BAL, bronchoalveolar lavage; KC,
keratinocyte chemoattractant; TNF-o, tumor necrosis factor o; MIP2, macrophage
inflammatory protein 2-alpha; MIG, monokine induced by interferon-y; MMP12, matrix
metalloproteinase 12; NE, neutrophil elastase; GM-CSF, granulocyte macrophage colony-
stimulating factor; CO, carbon monoxide; CO-Hb, carboxyhemoglobin; TPM, total particulate

matter.
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Abstract

Chronic obstructive pulmonary disease (COPD) is characterized by a progressive decline in
lung function, caused by exposure to exogenous particles, mainly cigarette smoke (CS).
COPD is initiated and perpetuated by an abnormal CS-induced inflammatory response of the
lungs, involving both innate and adaptive immunity. Specifically, B cells organized in iBALT
structures and macrophages accumulate in the lungs and contribute to CS-induced
emphysema, but the mechanisms thereof remain unclear. Here, we demonstrate that B cell-
deficient mice are significantly protected against CS-induced emphysema. Chronic CS
exposure led to an increased size and number of iBALT structures, and increased lung
compliance and mean linear chord length in WT, but not B cell-deficient mice. The increased
accumulation of lung resident macrophages around iBALT and in emphysematous alveolar
areas in CS-exposed WT mice coincided with upregulated MMP12 expression. In vitro co-
culture experiments using B cells and macrophages demonstrated that B cell-derived IL-10
drives macrophage activation and MMP12 upregulation, which could be inhibited by an anti-
IL10 antibody. In summary, B cell function in iBALT formation seems necessary for
macrophage activation and tissue destruction in CS-induced emphysema, and possibly

provides a new target for therapeutic intervention in COPD.
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Introduction

Chronic obstructive pulmonary disease (COPD) is a major public health problem and its
prevalence as well as morbidity and mortality are still rising worldwide (50, 53). The stimulus
of long-term exposure to toxic gases and particles, most often cigarette smoke (CS) induces
mucus production, remodeling of small airways, septal tissue damage and chronic bronchitis
(36). These severe pathophysiological changes are the cause for the constant and accelerated
decline in lung function observed in patients suffering from COPD. Currently, there is no

therapy for COPD and treatment can only aim at alleviating symptoms.

In the lung, chronic CS exposure causes activation and influx of various inflammatory cells,
including both innate immune cells, with macrophages and neutrophils predominating, and
adaptive immune cells, specifically T and B lymphocytes (2, 20). Their numbers are increased
in both airways and parenchyma of patients with COPD (4, 44, 45). Moreover, the
progression and severity of COPD are associated with increasing infiltration of the airways by
innate and adaptive immune cells, which form ectopic lymphoid follicles (LFs) consisting of
B cells surrounded mainly by CD4 T cells (21). Further studies have confirmed that increased
B cell numbers are observed in the mucosa of large airways in COPD patients compared to
controls (16) and the number of B cell follicles present in the lung also increases with disease

severity (52).

Highly organized ectopic LFs are referred to as tertiary lymphoid organs (TLOs) because of
their structural similarity to secondary lymphoid organs, which includes distinct B and T cell
areas, germinal centers and high endothelial venules (1, 10, 33). TLOs form in various tissues
targeted by chronic inflammation and have an important role in maintaining immune
responses that can either be harmful or beneficial. They have been associated with local

pathogenic autoantibody production (37, 42) or, in respiratory infections and lung cancer,



73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

with favorable outcome (14, 17, 34). However, it is still under critical debate whether TLOs in
COPD are beneficial or harmful because their role in COPD pathogenesis remains unknown

(8, 57).

Lung TLOs, preferentially termed inducible bronchus-associated lymphoid tissue (iBALT),
have also been described in in vivo models of COPD. Mice develop LFs after chronic CS
exposure (12, 52). Recently, Litsiou et al. discovered that CXCL13 is involved in lymphoid
neogenesis in COPD by promoting B cell migration to ectopic sites of lymphoid tissue
formation and by upregulating lymphotoxin on B cells, which in turn further induces
CXCL13 required for follicle expansion (29). In CS-exposed mice, administration of an anti-
CXCL13 antibody prevents the formation of pulmonary LFs thereby attenuating the

destruction of alveolar walls and BAL inflammation (6).

Aside from their involvement in lymphoid neogenesis and their antibody-producing capacity,
B cells can also function as antigen-presenting cells and provide co-stimulatory signals to T
cells (15). Furthermore, the secretion of a variety of cytokines including IL-6 and IL-10 may
enable B cells to influence and modulate differentiation and polarization of macrophages, T
cells and dendritic cells during the development of the immune response thereby regulating
immune reactions (23). B cell-mediated modulation of macrophage effector functions via
cytokine secretion has been described to be important for the outcome of various models of

infection, inflammation and cancer (3, 32, 56).

In COPD, the role of innate immune cells in CS-induced lung inflammation and subsequent
emphysema development has been addressed in several animal studies (5, 12). Macrophage-
derived matrix metalloproteinase (MMP) 12 was described as being required for the induction
of experimental emphysema after prolonged CS exposure because CS-exposed MMP12

knockout mice failed to recruit macrophages and did not develop lung destruction (7, 18).
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This finding points to a primary role for macrophages and derived factors in the development
of emphysema both in patients and CS-exposed animals. We hypothesized that B cell-
dependent iBALT formation is involved in macrophage activation and polarization thereby
inducing and maintaining a severe inflammatory response that is driving the
pathophysiological changes in COPD. Therefore, we monitored the development of COPD in
wildtype (WT) and B cell-deficient knockout mice exposed to CS. We characterized structural
and functional changes, iBALT formation and the inflammatory response occurring in lung
tissue. Interestingly, we identified B cell-derived IL-10 as one of the possible key regulators
of MMP12 production in macrophages. Thus, the responsiveness of B cells to CS induces
iBALT formation in the lung thereby leading to accumulation and activation of matrix-
degrading macrophages. This finding could lead to the development of new therapeutic

targets for the treatment of COPD patients.
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Materials and Methods
Animals and maintenance

B cell deficient B6.129S2-Igh-6""“¢" mice (27), also known as uMT mice and their
respective eight to ten weeks old pathogen-free female C57BL/6 WT control mice were
purchased from Charles River (Sulzfeld, Germany). Animals were housed in rooms
maintained at constant temperature and humidity with a 12 hour light cycle and were allowed
food and water ad libitum. All experiments were conducted under strict governmental and
international guidelines and were approved by the local government for the administrative

region of Upper Bavaria.

Cigarette smoke (CS) exposure

Cigarette smoke (CS) was generated from 3R4F Research Cigarettes (Tobacco Research
Institute, University of Kentucky, Lexington, KY). Mice were whole body exposed to active,
i.e. 100% mainstream CS of 500 mg/m3 total particulate matter (TPM) for 50 min twice per
day for 1, 4 and 6 months in a manner mimicking natural human smoking habits (24). Control
mice were kept in a filtered air (FA) environment, but exposed to the same stress as CS-

exposed animals. 24 h after the last CS exposure, mice were sacrificed.

The TPM level was monitored via gravimetric analysis of quartz fiber filters prior and after
sampling air from the exposure chamber and measuring the total air volume. CO
concentrations in the exposure chamber were constantly monitored by using a GCO 100 CO
Meter (Greisinger Electronic, Regenstauf, Germany) and reached values of 288+ 74 ppm. All
mice tolerated CS-mediated CO concentrations without any sign of toxicity, with CO-Hb
levels of 12.2 + 2.4%. Experiments were performed with n=8 animals per group and were

repeated twice. All animals were subjected to lung function analysis. Afterwards, n=4 animals
7
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per group were lavaged, the right lung was shock-frozen in liquid nitrogen and the left lung
was fixed in paraformaldehyde (PFA; see below). The remaining n=4 animals per group were

used for FACS analysis of whole lung single-cell suspensions (see below).

Elastase application

Emphysema was induced in mice by oropharyngeal application of porcine pancreatic elastase
(PPE, 80 U/kg body weight in 80 ul volume) as previously described (59). Control mice
received 80 pl of sterile PBS. Mice were killed on day 28. Experiments were performed with

n=8 animals per group and were repeated twice.

Lung function measurement

Pulmonary function in mice was measured using a flexiVent system (Scireq, Montréal,
Canada). Mice were anesthetized with ketamine-xylazine, tracheostomized and connected to
the flexiVent system. Mice were ventilated with a tidal volume of 10 ml/kg at a frequency of
150 breaths/min in order to reach a mean lung volume similar to that of spontaneous
breathing. Testing of lung mechanical properties including dynamic lung compliance and
resistance was carried out by a software-generated script. Measurements were repeated four

times per animal.

Preparation of bronchoalveolar lavage (BAL)

BAL was obtained to perform total and differential cell counts for inflammatory cell
recruitment of neutrophils, macrophages and lymphocytes. The lungs were lavaged by

instilling the lungs with 4 x 0.5 ml aliquots of sterile PBS (Gibco, Life Technologies,

8
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Darmstadt, Germany). For cytospins, cells were spun down at 400 g and re-suspended in
RPMI-1640 medium containing 10% FCS (both from Gibco). Total cell counts were
determined in a hemocytometer. Differential cell counts were performed using morphological
criteria on May-Griinwald-Giemsa-stained cytospins (200 cells/ sample). BAL fluid was used

to evaluate cytokine secretion via multiplex analysis.

Lung tissue processing

Lung tissue was either shock-frozen in liquid nitrogen to isolate mRNA for gene expression
analysis or fixed at a constant pressure (20 cm fluid column) by intratracheal instillation of
PBS buffered 6% paraformaldehyde (PFA) and embedded into paraffin for histological

analysis of hematoxylin-eosin (HE)-stained slides and for immunohistochemistry.

For analysis of lymphocyte infiltration, single-cell suspensions of whole lung tissue were
used. Lungs were perfused with sterile PBS via the right ventricle to clear leukocytes and
erythrocytes from the pulmonary circulation. Lung homogenization was performed via
enzymatic digestion and mechanical dissociation steps using a lung dissociation buffer and
the gentleMACS Dissociator (both from Miltenyi Biotec, Bergisch Gladbach, Germany).
After dissociation, samples were applied to a filter to remove any remaining larger particles

from the single-cell suspensions.

FACS analysis of whole lung lymphocyte infiltration

For FACS analysis of single-cell suspensions, one part of the sample was directly labeled with
FACS antibodies against T and B cell surface antigens. Staining of activated T lymphocytes

was performed with antibodies against CD4, CD8 (both from eBioscience, San Diego, CA)
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and B lymphocytes were stained with an antibody against CD20 (eBioscience). Remaining
lung cells were subjected to density gradient centrifugation using Pancoll (PAN Biotech,
Aidenbach, Germany) to isolate mononuclear cells. Isolated cells were cultured over night in
anti-CD3/anti-CD28-coated plates to perform intracellular cytokine staining. On the following
day, cultivated cells were restimulated with leukocyte activation cocktail with Golgi Plug (BD
Pharmingen) for 4h. Afterwards, cells were stained with anti-CD4, fixed in 2% formaldehyde,
permeabilized in 0.3% saponin buffer and stained with antibodies against IL-17A, IFN-y (both
from eBioscience) and IL-4 (Biozol) to distinguish between different T helper cell
subpopulations. Multicolor analysis of stained cells was conducted with a BD FACSCanto II

flow cytometer (BD Biosciences, Heidelberg, Germany) and BD FACSDiva software.

Quantitative morphometry

Design-based stereology was used to analyze sections using an Olympus BXS51 light
microscope equipped with a computer-assisted stereological toolbox (newCAST, Visiopharm,
Hoersholm, Denmark) on HE-stained lung tissue slides as previously described (59). Air
space enlargement was assessed by quantifying mean linear chord length (MLI) on 30 fields
of view per lung. Briefly, a line grid was superimposed on lung section images. Intercepts of
lines with alveolar septa and points hitting air space were counted to calculate MLI applying
the formula MLI = } Pair X L(p) / D Lsepta X 0,5. Pyir are the points of the grid hitting air spaces,

L(p) is the line length per point, Ispia is the sum of intercepts of alveolar septa with grid lines.

Volume of inducible bronchus-associated lymphoid tissue (iBALT) normalized to the basal
membrane was quantified on 50 fields of view per lung by counting points hitting iBALT
(PisaLt) and intercepts of lines with vessels and airways (lurway+vesset). The volume was

calculated by applying the formula V/S =} Pigart. X L(p) / X Lairway-+vessel-

10



204

205

206

207

208

209

210

211

212

213

214

215

216

217

218

219

220

221

222

223

224

225

226

The frequency of macrophages expressing MMP12 in lung tissue was quantified on 30 fields
of view per lung. A frame grid was superimposed on lung section images. Within the frame,
macrophages either positive or negative for MMP 12 staining were counted and the percentage

of MMP12-positive macrophages was calculated.

Immunohistochemistry

For immunohistochemistry, lungs were fixed in paraformaldehyde and embedded into
paraffin. After deparaffinizing in xylene and rehydrating in alcohol, the tissue was treated
with 1.8% (v/v) H,O, solution (Sigma-Aldrich, St. Louis, MO) to block endogenous
peroxidase. Heat induced epitope retrieval was performed in HIER Citrate Buffer (pH 6.0,
Zytomed Systems) in a Decloaking chamber (Biocare Medical, Concord, CA). To inhibit
nonspecific binding of antibodies, tissue slides were treated with a rodent blocking antibody
(Biocare Medical). After overnight incubation with primary antibodies against MMP12
(Abcam, Cambridge, UK), CD45R (BD Pharmingen), CD3 (Sigma Aldrich) or IL-10 (Santa
Cruz Biotechnology, Dallas, TX), tissue slides were incubated with an alkaline phosphatase-
labeled secondary antibody (Biocare Medical). Signals were amplified by adding chromogen
substrate Vulcan fast red (Biocare Medical). Slides were counterstained with hematoxylin

(Sigma-Aldrich) and dehydrated in xylene. Afterwards, coverslips were mounted.

Quantitative real time RT-PCR

Total RNA from lung tissue homogenate was isolated using a peqGOLD Total RNA Kit
(Peqlab, Erlangen, Germany) according to the manufacturer’s instructions. cDNA was

synthesized using Random Hexamers and MuLV Reverse Transcriptase (Applied Biosystems,

11
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Darmstadt, Germany). mRNA expression of target genes KC (CXCL1), TNF-o, MCP1I,
MMP12, TIMP1, F4/80, IL-17A, CXCL13, IL-10, IL-6 and GM-CSF in comparison to
housekeeping control hypoxanthine-guanine phosphoribosyltransferase (HPRT)-1 was
determined using Platinum SYBR Green qPCR SuperMix (Applied Biosystems) on a
StepOnePlus™ 96 well Real-Time PCR System (Applied Biosystems, Carlsbad, CA).
Relative transcript expression of a gene is given as p-AcT (ACt = Ctiarget - Clreference), relative
changes compared to control are 284C values (AACt = ACtycated-ACteontrol). Primers were

generated using Primer-BLAST software (58) and according to published mRNA sequences.

Western blot

20 pg of protein was separated by SDS-PAGE, transferred onto a polyvinylidene difluoride
membrane (Bio-Rad, Munich, Germany), blocked by 5% non-fat milk and immunoblotted
with anti-MMP12 (Millipore, Schwalbach, Germany) antibody. Upon developing with
Amersham ECL Prime reagent (GE Healthcare, Freiburg, Germany) the bands were detected

and quantified using the Chemidoc XRS system (Bio-Rad).

Multiplex cytokine analysis

Concentrations of secreted cytokines and chemokines KC (CXCL1), TNF-o. and MCP1 in
BAL were determined using a magnetic bead-based MILLIPLEX MAG multiplex assay
(Millipore, Schwalbach, Germany) and analyzed on a Luminex'® (Bio-Rad). For this assay,
BAL fluid was concentrated (10x) by ultrafiltration in Amicon Ultra-0.5 centrifugal filter

devices (Millipore).

12
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In vitro cell culture experiments

In vitro experiments were performed with the B cell lymphoma line A20 and the macrophage
cell line MH-S, both maintained at 37°C in 5% CO; atmosphere. A20 cells were cultured in
RPMI-1640 supplemented with 10% FCS, 0.1 mM 2-mercaptoethanol, 100 U/ml penicillin-
streptomycin, 10mM Hepes, 2mM L-glutamin, ImM sodium-pyruvat, 0.IlmM non-essential
amino acids, and 1x MEM vitamin solution. MH-S cells were maintained in RPMI-1640

supplemented with 10% FCS and 0.05 mM 2-mercaptoethanol.

CS extract for stimulation of cells was prepared by bubbling smoke from 3 research cigarettes
(3R4F; see above) through 30 ml of RPMI-1640 cell culture medium at puffing speed in a

closed environment with limited air flow. This stock was considered as 100% CS extract.

For testing the influence of B cell secreted cytokines on macrophages, A20 cells were
stimulated either with LPS or with CS extract for 24 h and afterwards, supernatants were used
for stimulation of MH-S cells. In brief, A20 cells were seeded at a density of 4x10° cells per
well in a 24 well plate. The following day, A20 cells were stimulated either with LPS [20
pg/ml] as positive control or with CS extract [1%] and [4%] for 24 h. Pure cell culture
medium served as negative control. After 24 h, supernatants from A20 cells were removed,
centrifuged and used for stimulation of MH-S cells that had been seeded the day before at a
density of 2x10° cells per well in a 24 well plate. Stimulation was performed for 6 h;
afterwards, cells were lysed for subsequent RNA isolation. Blockade of IL-10 signaling was
performed by adding a blocking anti-IL-10 antibody (Santa Cruz Biotechnology) to the
supernatants 30 min before stimulation of MH-S cells. All treatments did not significantly

affect cell viability (data not shown).
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Determination of IL-10 secretion by ELISA

Concentrations of IL-10 in the cell culture supernatants were determined by a commercially
available kit for enzyme-linked immunosorbent assay (eBioscience), and normalized to the

protein concentration of the lysed cells (as measured by BCA Protein Assay).

Th17 cell differentiation

Naive CD4 T cells were purified from total murine splenocytes using the CD4+CD62L+ T
cell Isolation Kit II (Miltenyi Biotec). These were then stimulated for 72 h with anti-
CD3/anti-CD28 coupled beads (Life Technologies, Darmstadt, Germany), along with
recombinant human TGFf (10 ng/ml, R&D Systems, Wiesbaden, Germany), IL-6 (60 ng/ml,
R&D Systems), anti-IL-4 (10 ng/ml, BioLegend, San Diego, CA), anti-IL-12 (10 ng/ml,
BioLegend), anti-IFN-y (5 ng/ml, BioLegend) and anti-IL-2 (2.5 ng/ml, Miltenyi Biotec). ThO

control cells were stimulated with anti-CD3/anti-CD28 coupled beads alone for 72 h.

Cells were restimulated with PMA (20nM) and lonomycin (1uM, both from Merck,
Darmstadt, Germany) for 5 h with the addition of Brefeldin A (10 pg/ml, Sigma-Aldrich) for
the last 2.5 h. Cells were stained with anti-mouse CD4 and Fixable Viability Dye eFluor 450
(both from eBioscience) before fixation with 4% PFA and permeabilization in PBS/0.5%
Saponin/ 1%BSA. Cells were then stained with anti-IL-17A (eBioscience) before being

analyzed on a BD FACSCanto II flow cytometer (BD Biosciences).

Microarray analysis

Lung tissue was obtained from CS-treated C57BL/6 mice (n=3) and FA-treated control
animals (n=3) as described above. Total RNA was isolated employing the RNeasy Mini Kit

14
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(Qiagen) including digestion of remaining genomic DNA. The Agilent 2100 Bioanalyzer was
used to assess RNA quality and only high quality RNA (RIN>7) was used for microarray
analysis. 300 ng of total RNA were amplified using the Illumina TotalPrep RNA
Amplification kit (Ambion). Amplified cRNA was hybridized to Mouse Ref-8 v2.0
Expression BeadChips (Illumina, San Diego, CA). Staining and scanning were done
according to the Illumina expression protocol. Data was processed using the
GenomeStudioV2010.1 software (gene expression module version 1.6.0) in combination with
the MouseRef-8 V2 0 R3 11278551 A.bgx annotation file. The background subtraction
option was used and an offset to remove remaining negative expression values was
introduced. CARMAweb was used for quantile normalization (40). Statistical analyses were
performed by utilizing the statistical programming environment R (R Development Core
Team, (48)) implemented in CARMAweb. Genewise testing for differential expression was
done employing the limma t-test and Benjamini-Hochberg multiple testing correction (FDR <
10%). Pathway enrichment analyses were done with Ingenuity Pathway Software and
significant terms (p<0.05) were determined. Microarray data was submitted to GEO and link
for review was generated:

http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?token=etknuseghzkfvkn&acc=GSE52509

Statistics

Results are given as mean values £ SD. One-way ANOVA following Bonferroni post test was
used for all studies with more than two groups. Analyses were conducted using GraphPad

Prism 6 software (GraphPad Software, La Jolla, CA).
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Results

B cells are required for inducible bronchus-associated lymphoid tissue (iBALT) formation

after CS exposure.

In the lungs of severe COPD patients, increased T and B cell numbers and lymphoid follicle
(LF)-like structures have been described (21, 29). To investigate the role of B cells in a CS-
induced COPD mouse model, B cell deficient (uMT) and WT mice were exposed to CS for
one to six months. We found that in WT animals marginal inflammatory cell infiltrates could
be seen after one month of CS exposure compared to FA control mice. After 4 and 6 months
of CS exposure, these infiltrates forming in WT mice, which we termed iBALT, showed
significant increases in volume as shown by quantitative morphological assessment (Figure
1A, B). Interestingly, the formation of iBALTs did not proceed in the lungs of uMT mice
exposed to CS. Previously, Litsiou et al. have shown that CXCL13 plays an important role in
LF formation (29). Therefore, we investigated whether B cell deficiency in vivo leads to
altered CXCL13 expression. Using qPCR analysis we found a significant induction of
CXCL13 mRNA expression in WT mice compared to uMT mice supporting the finding of

iBALT formation in WT mouse lungs only (Figure 1C).

We further investigated the immune cell composition of iBALT structures by staining for B
and T lymphocytes. CS-induced follicles in WT mice contained an abundance of CD45R-
positive B cells and CD3-positive T cells compared to FA control and pMT mice (Figure 1D,
E). Nevertheless, we observed slightly increased numbers of CD3-positive T cells in uMT

lungs after CS exposure.

These expected results demonstrate that in our clinically relevant COPD mouse model B cells
play crucial roles in CS-induced formation of iBALT structures, which predominantly consist

of B and T cells in WT mice.
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B cell deficient mice show different lymphocyte infiltration in lung tissue after chronic CS

exposure.

Based on the clear differences in lung tissue inflammation and iBALT formation in WT mice
after CS exposure (Figure 1), we aimed at confirming our lung tissue results by using flow
cytometric quantification of B cells and CD4-positive T cell subsets in single-cell suspensions
of whole lungs from WT and pMT mice. Compared to FA animals, lungs from CS-exposed
WT mice revealed increased numbers of CD20-positive B cells starting from one month of
exposure (Figure 2A). Numbers of CD4-positive T cell subtypes Thl and Th2 increased
during the whole time course, but - except for lower Thl cell numbers at 6 months in CS-
exposed pMT compared to WT mice - no significant differences were observed for CS
exposure and between WT and uMT mice, respectively (Figure 2C, D). Th17 cell numbers
were significantly different after six months of CS exposure in WT mice when compared to
CS-exposed puMT and FA mice (Figure 2E). This was supported by significantly elevated IL-
17 mRNA levels at the later time point of six months (Figure 2F). Recently, T helper cell
subsets have been further characterized by dual expression of the prototypic cytokines.
Therefore, we undertook a more detailed analysis of the subsets found in our CS-exposed
mice. We did not observe an increase in IFN-y" Th17, IL-17" Th2 and IFN-y'IL-17'IL-4"
cells after CS exposure for one and four months. After CS exposure for six months, these
subsets were significantly increased in WT compared to FA and CS-exposed pMT mice (IFN-
¥ Th17:2.8 +1.3% in WT vs. 1.4 £ 1.0% in uMT mice; IL17" Th2: 0.6 + 0.2% in WT vs. 0.2

+0.1% in uMT mice; IFN-y'TL-17TL-4": 0.5 = 0.3% in WT vs. 0.1 £ 0.1% in uMT mice).

Because we did not observe increases in Th17 cells after CS exposure of pMT mice, we
investigated whether B cell deficiency alters the ability of CD4 T cells to differentiate into

Th17 cells in these animals. We found that there was no differentiation defect in pMT mice as
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indicated by comparable Th17 levels after ex vivo stimulation of naive CD4 T cells from WT

and uMT mice (12.5 +2.0% vs. 14.1 £3.0% Th17 cells).

These results demonstrate that chronic CS exposure is associated with early increases in B

cells and later increases of Th17 cells in lung tissue of WT mice.

B cells play a critical role in CS-induced emphysema development.

CS-induced lung damage was assessed by lung function analysis and by determining mean
linear chord length (MLI) using the computer-assisted stereological toolbox. After one month
of chronic CS exposure, significant changes in lung architecture and lung compliance could
neither be detected for WT nor for uMT mice compared to the respective FA control animals
(Figure 3). However, there was a significant increase in emphysema development after four
months of exposure to CS in the lungs of WT mice when compared to CS-exposed uMT and
FA mice. We further exposed WT and uMT animals to CS for another two months to enhance
the CS-induced emphysema response. Interestingly, there were no changes in MLI in uMT
animals even after six months of exposure to CS compared to FA control groups (Figure 3A,
B). Lung compliance was further augmented in WT compared with uMT mice exposed to CS
for 4 and 6 months (Figure 3C). In contrast, slight age-dependent increases in lung
compliance and MLI were observed for both WT and uMT mice during the whole time
course. These data were confirmed by a reduction of body weight in CS-exposed WT mice,
whereas both uMT groups showed comparable body weight levels (Figure 3D). These results

indicate that uMT mice were protected against CS-induced airspace enlargement.

To rule out the possibility that uMT mouse lungs are generally protected against airspace
enlargement as shown by Lucey et al. for combined TNF-a- and IL-1BR-deficient mice (30),

as well as to clarify the role of immune cells, specifically B cells in emphysema development
18
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we treated uMT mice with porcine pancreatic elastase (PPE). In the elastase mouse model,
emphysema develops independent of immune cell (re)actions. Interestingly, oropharyngeal
administration of elastase resulted in severe pulmonary emphysema after 28 days in both WT
and pMT mice as demonstrated by HE-stained lung tissue slides (Figure 4A). Quantitative
morphological assessment confirmed airspace enlargement as indicated by significant
increases in MLI for both groups (Figure 4B). The emphysematous changes in WT and uMT
animals were associated with significantly increased lung compliance (Figure 4C). As
expected, HE-stained Iung sections did not show any significant tissue inflammation in the

lungs of elastase-exposed WT and uMT mice (Figure 4A).

Our observations indicate that time-dependent iBALT formation and expansion in WT mice

after CS exposure are also associated with the development of COPD.

iIBALT induces macrophage activation and polarization.

Since B cells and iBALT appear to be crucial for the development of CS-induced emphysema,
and macrophage-derived MMP12 was described as being required for the induction of
experimental emphysema after prolonged CS exposure (18), the role of B cells in
accumulation and activation of tissue macrophages in the chronic model was investigated.
Despite the lack of iBALT formation in pMT mice after chronic CS exposure (Figure 1) we
did not observe any differences in secreted BAL cytokine and tissue mRNA expression levels
for TNF-a, KC and MCP1 in both CS-exposed groups (Figure 5A, B). This was possibly due
to similar CS-induced inflammatory reactions by lung epithelial cells. The comparable levels
of BAL cytokines and tissue mRNA expression were confirmed by similar increases in total
BAL inflammatory cell counts in CS-exposed WT and pMT mice . For both groups, a

significant and comparable increase in total cells counts in CS-exposed mice compared to FA
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controls was observed at all-time points (fold increase compared to FA after 6 months CS

exposure: 5.0+ 1.0in WT vs. 4.2 + 1.3 in pMT mice).

However, in the lung tissue of WT animals, we observed significantly increased numbers of
MMP12-stained macrophages located especially in iBALT as well as in the emphysematous
alveolar lumen (Figure 6A). pMT mice on the other hand showed significantly lower staining
for MMP12, which is consistent with the data obtained for reduced iBALT formation after CS
exposure in these animals. Interestingly, we observed staining for MMP12 in airway epithelial
cells in uMT mice. Quantitative analysis of MMP12 expressing macrophage numbers in lung
tissue also revealed significantly higher values for CS-exposed WT compared to pMT mice

(Figure 6B).

We further investigated mRNA expression levels for the macrophage marker F4/80. We
noticed increases in F4/80 mRNA expression after CS exposure for both WT and uMT mice,
but levels were significantly higher in WT mice at 4 and 6 months of exposure (Figure 6C),
indicating higher macrophage accumulation in WT lung tissue. This was confirmed by qPCR
for MMP12, which showed strong CS-induced increases for WT and pMT mice, but also
significantly higher expression for WT animals at 4 and 6 months of exposure (Figure 6D).
The stronger increase in MMPI12 expression in WT mice further led to a higher
MMP12/TIMP1 ratio in those animals, indicating a disturbed balance of MMPI12 and its
inhibitor TIMP1 (Figure 6E). Furthermore, western blot analysis for MMP12 using whole
lung tissue lysates from WT and uMT mice after 6 months of CS revealed a significant
increase in active protein in CS-exposed WT compared to pMT mice (Figure 6F). Because
MMP12 is considered a marker for M2 macrophages polarization, we also analyzed the gene
expression profile of several M1 and M2 markers. We did not observe increases in gene

expression for the M1 markers iNOS and IL-6 after CS exposure in both WT and pMT

20



440

441

442

443

444

445

446

447

448

449

450

451

452

453

454

455

456

457

458

459

460

461

462

463

animals (Figure 6G). In contrast, besides MMP12 M2 markers FIZZ1 and Mrc1 were elevated
in WT mice starting from 4 months of CS exposure. These data strongly indicate that CS-

induced iBALT is involved in macrophage activation and positioning.

B cell-derived IL10 activates macrophages.

To decipher the genes and pathways that might be involved in COPD development in WT
animals we examined the lung mRNA expression profile of four and six months CS-exposed
versus FA-exposed mice by microarray analysis using the Illumina Mouse Ref-8 v2.0
BeadChip. CS exposure induced a strong activation of two pathways: “innate and adaptive
immune cell communication” and “IL-10 signaling”, among others (Table 1, Figure 7A). We
selected two regulated genes involved in these pathways and confirmed by an independent
experiment the significant increases in mRNA expression of TNF-a (Figure 5B) and IL1RN

(Figure 7B).

Recently, it was shown that B cells are capable of polarizing macrophages to an alternatively
activated phenotype via secretion of IL-10 (56). Therefore, we first investigated via qPCR
whether IL-10 was upregulated in our smoke model. Though IL-10 mRNA expression levels
were higher in CS-exposed uMT compared to WT mice at 1 month, IL-10 mRNA expression
increased significantly in WT animals at 6 months of CS exposure (Figure 8A).
Immunohistochemistry of WT lung tissue for IL-10 demonstrated strong staining in areas of
inflammatory cell accumulation consisting predominantly of CD45R-positive B cells but not

in CD3 positive T cells (Figure 8B).

Finally, in vitro stimulation of the murine B cell line A20 for 24 hours with two
concentrations of CS extract (CS 1 and 4%) showed increases in IL-10 mRNA expression and

secretion after stimulation with both CS extract concentrations (Figure 8C, D). In contrast,
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increased mRNA expression of inflammatory genes such as IL-6, TNF-o. and GM-CSF was
only observed in positive control (LPS)-treated cells (fold increase compared to control: 2.5 +

0.2 for IL-6, 1.5 = 0.1 for TNF-a, 8.5 £ 1.1 for GM-CSF).

To confirm the role for B cells in influencing macrophage activation, we treated the
macrophage cell line MH-S for 6 hours with LPS and CS extract as well as with supernatants
obtained from A20 cells stimulated with LPS or CS extract (1 and 4%) for 24 hours. qPCR
analysis of MMP12 showed a strong increase in mRNA expression when MH-S cells where
stimulated with supernatants from CS extract-treated A20 cells. Furthermore, to evaluate the
possible role of B cell-derived IL-10, we aimed at blocking IL-10 signaling in MH-S cells
treated with A20 supernatants by including an anti-IL-10 antibody. This led to a significant
reduction of MMP12 expression in MH-S cells stimulated with supernatants from CS extract-
treated A20 cells (Figure 8E). These data indicate that B cell-derived IL-10 is involved in
macrophage polarization and MMP12 upregulation after CS exposure in vivo as well as in

vitro.
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Discussion

Our study aimed at investigating the relationship between B cell-dependent iBALT formation
and the immunopathogenesis of COPD. We identified what we believe to be a major pathway
that induces and maintains the severe inflammatory response causing subsequent emphysema
development in COPD. The results presented here demonstrate that B cells are involved in at
least two mechanisms after CS exposure: firstly, B cells are organized in iBALT and
secondly, they were found to be potent regulators of macrophage accumulation and

macrophage-derived MMP12 production thereby contributing to emphysema development.

There is considerable evidence that the CS-induced inflammatory response plays a major role
in driving the pathophysiological changes observed in COPD (5, 12). Due to the high toxicity
of both its gaseous and particle phases (9, 47), CS persistently induces a neutrophil and
macrophage inflammatory response in the lower respiratory tract of both humans and animals
exposed in experimental models (11, 24, 49). While the acute reaction during the first week of
CS exposure is dominated by a strong neutrophilic and macrophage influx, the chronic phase
starting from 1 month of CS exposure is additionally characterized by infiltration of adaptive
immune cells, i.e. lymphocytes, and by progressive pathophysiological changes similar to
those observed in COPD patients, such as small airway remodeling and septal tissue
damage/emphysema (13, 46, 54). In our current study, we found that B cell deficient animals
develop emphysematous changes in an elastase mouse model (Figure 4); however, these
animals were protected against CS-induced emphysema development (Figure 3). In contrast,
WT mice show functional and structural lung changes after 4 months of CS exposure and this

coincides with B cell accumulation.

TLOs formed in the lung belong to inducible bronchus-associated lymphoid tissue (iBALT),

which is defined as ectopic lymphoid tissue induced in response to infection or inflammation.
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This allows local priming and clonal expansion of B and T cells, antigen retention, somatic
hypermutation, affinity maturation and immunoglobulin (Ig) class switching (1, 28). By
acquiring antigens from the airways, iBALT induces a local inflammatory response and is
responsible for the maintenance of memory cells in the lungs (41). Therefore, iBALT may be
beneficial for the host by providing protection against microbial colonization and infection of
the lower respiratory tract. Several studies have shown a protective role for iBALT-related
local immune responses in the context of influenza infection (34, 43). However, the immune
response mediated by iBALTs might also be of a harmful nature in COPD patients. Two
recent studies investigated lymphoid neogenesis in the COPD lung and confirmed the
important role of CXCL13 (6, 29). Litsiou et al. found that CXCL13 levels correlate with LF
density in COPD patients and that CXCL13 promotes B cell migration to ectopic sites of
lymphoid tissue formation in the lung (29). Bracke et al. performed prophylactic and
therapeutic treatment with an anti-CXCL13 antibody in mice exposed to CS for 6 months (6).
This inhibited the formation of pulmonary LFs and led to an attenuated BAL inflammation
and a partial protection against destruction of alveolar walls. We were also able to confirm an
upregulation of CXCLI13 after CS exposure in WT mice. Furthermore, the prevention of

iBALT formation in uMT mice inhibited COPD development in our study (Figure 1 and 3).

This strongly points to an involvement of iBALT formation in COPD pathogenesis, but the
exact contribution to disease development still remains unclear. Recent studies, mostly from
the field of autoimmune diseases such as multiple sclerosis (22, 55) and rheumatoid arthritis
(51) have focused their attention on the possible B cell roles that are independent of their
lymphoid neogenesis and antibody secreting function. Further potent effector functions
include antigen presentation, T cell activation and regulation as well as secretion of a variety
of immunmodulatory cytokines such as IL-6 and IL-10 (15, 23). Interestingly, cytokine

secretion by B cells has been shown to influence and modulate differentiation and polarization
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of T cells, macrophages and dendritic cells during the development of the immune response
thereby regulating immune reactions (23). Moreover, macrophage effector functions can be
directly regulated by B cell-mediated cytokine secretion, which was shown to be important
for the outcome of various models of infection, inflammation and cancer. Kelly-Scumpia et
al. demonstrated that B cell-dependent cytokine responses are required for and enhance early
innate immune responses during bacterial sepsis (26). During viral infection with VSV, B
cells are indispensable for providing lymphotoxin and thereby maintaining an antiviral

macrophage phenotype that protects against fatal CNS invasion (32).

An important role has been attributed to B cell-derived IL-10 in various disease models.
Increased production of anti-inflammatory IL-10 by B cells in multiple sclerosis, lupus and
rheumatoid arthritis patients is capable of downregulating T cell responses (19, 22). IL-10-
producing B cells were also shown to regulate macrophage function by decreasing their
phagocytic activity and cytokine and NO production (25, 39). The modulated phagocytic
activity of macrophages was described as facilitating fungal infection in mice (38).
Interestingly, B1 cells, a B cell subset predominantly located in peritoneal and pleural
cavities, were described as the main source of B cell-derived IL-10 (31), and IL-10 secreted
by these cells plays a role in polarizing macrophages to an M2-like phenotype that promotes
tumor growth in a melanoma model (56), and modulates wound-healing processes in mice

(35).

Macrophages are involved in the severe chronic lung inflammation observed in COPD. In
response to CS, macrophages release cytokines and proteolytic enzymes and generate
oxidants, thereby causing tissue damage and perpetuating inflammation and immune reactions
(49). Because MMPI12 knockout mice are protected against CS-induced macrophage

recruitment and emphysema development, these cells and their derived factors seem to be
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required for disease onset and progression (18). Here, we showed strong differences in lung
tissue inflammation between WT and pMT mice, with significant increases in tissue
macrophages and upregulated MMP12 expression in CS-exposed WT mice (Figure 6).
Moreover, we identified a role for B cell-derived IL-10 in enhancing macrophage activation
and MMP12 upregulation (Figure 8). To our knowledge, our data are the first to provide a

link between macrophages and B cells involved in COPD pathogenesis.

Interestingly, CXCL13 neutralization was also shown to directly affect macrophages (6).
Bracke et al. found reduced expression of MMP12 in macrophages of CS-exposed, anti-
CXCL13-treated mice, which confirms our findings of B cell-mediated MMP12 induction in
macrophages. However, because CXCL13 treatment did not significantly alter lung
inflammation, alveolar enlargement and airway remodeling in their study, the authors
concluded that the innate immune system might be sufficient to induce emphysema after CS
exposure, as shown by D’hulst et al. using severe combined immunodeficiency (scid) mice,
which lack B and T lymphocytes (12). These animals developed emphysema after CS
exposure. But since scid mice are from a BALB/c background, results are difficult to compare
to our study. Nevertheless, CS exposure of scid and anti-CXCL13-treated mice also revealed
a marked increase in lung macrophages and MMP12 expression. Based on these findings, we
suggest that further investigation and targeting of B cells or especially IL-10-releasing B cells
in the formation of iBALT and subsequent emphysema development in a CS-induced COPD
mouse model may shed further light on mechanisms that could induce reparative and

regenerative processes in the COPD lung.

In conclusion, we have shown that CS exposure leads to B cell-dependent iBALT formation,
which contributes to the pathogenesis of COPD via IL-10-induced macrophage activation and

MMP12 upregulation. Unraveling the mechanisms that are involved in and link innate and
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adaptive immune cell responses to CS in COPD is of great clinical relevance. The significant
role for B cells and iBALT formation in CS-induced emphysema development provides a new
innovative mechanism, which could be explored as a target for therapeutic intervention in
COPD patients. Targeting iBALT formation in early stages after CS exposure in order to
inhibit subsequent macrophage upregulation could be a promising option to prevent COPD

progression.
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Figure captions

Figure 1. Chronic CS exposure leads to inflammatory cell recruitment and inducible

bronchus-associated lymphoid tissue (iBALT) formation in lungs of WT mice. Data were

combined from 2 independent experiments (8 mice per group and per time points) and are
given as mean values + SD; one-way ANOVA following Bonferroni post test with *p <0.05,

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

A. Representative micrographs of HE-stained lung tissue sections from FA and CS-exposed
WT mice versus FA and CS-exposed puMT mice at indicated time points; scale bar 200
pm.

B. Volume of iBALT per basal membrane was determined via quantitative morphological
assessment.

C. mRNA expression of CXCL13 in lung tissue was measured by qPCR and data are

presented as relative expression to house-keeping control HPRT-1.

D & E. Immunhistochemistry for CD45R and CD3 in lung tissue from FA and CS-exposed

WT mice (D) versus FA and CS-exposed uMT mice (E) at indicated time points.

Figure 2. Staining for B cells and CD4 positive Th subsets in lung tissue after chronic CS
exposure reveals increases in B cells and Th17 cells in WT mice. For flow cytometric
analysis single-cell suspensions were prepared from lung tissue. Surface marker stainings
were directly performed with single-cell suspensions. For intracellular cytokine stainings,
mononuclear cells were isolated from total lung cells by density gradient purification,
stimulated overnight and restimulated for 4h prior to fixation, permeabilization and

intracellular staining (see representative FACS plots for each staining performed). Data were
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combined from 2 independent experiments (4-6 mice per group and per time points) and are

given as mean values + SD; one-way ANOVA following Bonferroni post test with *p <0.05,

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

A. Mature B cells defined by expression of CD20 in FA and CS-exposed WT mice.

B. Gating strategy for lung CD4+ T cells expressing either I[FN-y (Thl), IL-4 (Th2) or IL-17
(Th17) or different combinations thereof.

C., D. & E: Thl cells (C), Th2 cells (D) and Th17 cells (E)in FA and CS-exposed WT mice

versus FA and CS-exposed uMT mice.

Figure 3. B cell deficiency protects against airspace enlargement and lung dysfunction

after chronic CS exposure. Data were combined from 2 independent experiments (8 mice

per group and per time points) and are given as mean values = SD; one-way ANOVA
following Bonferroni post test with *p <0.05, **p <0.01, ***p <0.001.

A. Representative micrographs of FA and CS-exposed WT mice versus FA and CS-exposed
uMT mice at indicated time points; scale bar 200 pum.

B. Quantitative measurement of emphysema was determined by design-based stereology of
HE-stained lung tissue sections using an Olympus BX51 light microscope equipped with
the computer-assisted stereological toolbox newCAST.

C. Lung function measurements for dynamic compliance were performed in chronic CS-
exposed WT and uMT mice after 1, 4 and 6 months.

D. Body weight changes are given in [%] compared to the respective FA controls.

Figure 4. Elastase treatment results in severe pulmonary emphysema after 28 days in

both WT and pMT mice. Data were combined from 2 independent experiments (8 mice per
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group) and are given as mean values + SD; one-way ANOVA following Bonferroni post test

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

A. C57BL/6 mice were treated with porcine pancreatic elastase to induce emphysema.
Representative micrographs of hematoxylin and eosin (HE)-stained lung tissue slides
reveal emphysema development after 28 d; scale bar 200 pm.

B. Quantitative morphological assessment demonstrated airspace enlargement as indicated by
significant increases in mean linear intercept (MLI) for both groups.

C. Lung function measurements revealed significantly increased lung compliance.

Figure 5. BAL and lung tissue inflammation is similar in WT and pMT mice after
chronic CS exposure. Data were combined from 2 independent experiments (8 mice per
group) and are given as mean values + SD; one-way ANOVA following Bonferroni post test

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

A. The lungs of WT and uMT mice were lavaged with 4 x 0.5 ml aliquots of sterile PBS.
BAL cytokine secretion of TNF-a, KC and MCP1 was determined using a magnetic bead-
based multiplex assay. For this assay, BAL fluid was concentrated (10x) by ultrafiltration
in centrifugal filter devices.

B. Lung mRNA expression levels of target genes TNF-a, KC and MCP1 in comparison to
housekeeping control HPRT-1 were determined via qPCR using cDNA synthesized from

lung tissue homogenate.

Figure 6. Macrophage markers are increased in the lungs of CS-exposed WT mice. Data
were combined from 2 independent experiments (8 mice per group and per time points) and
are given as mean values = SD; one-way ANOVA following Bonferroni post test with *p
<0.05, **p <0.01, ***p <0.001.
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A. Representative micrographs of immunohistochemical stainings for MMP12 in lung
sections from FA controls and CS-exposed WT and pMT mice at indicated time points;
scale bar 200 pm.

B. Quantitative analysis ofMMP12-expressing macrophage numbers in lung tissue revealed
significantly higher values for CS-exposed WT compared to pMT mice.

C., D. & E. Whole lung mRNA expression levels of macrophage markers F4/80 (C) and
MMP12 (D) as well as the ratio of MMP12/TIMP1 (E) were investigated in comparison to
housekeeping control HPRT-1 by qPCR. Relative transcript expression of target genes is

given as 2-ACT (ACt = Ctyarget - Ctreference), relative changes compared to control are -AACt

values (AACt = ACtycated-ACteontrol). Mean values + SD; one-way ANOVA following
Bonferroni post test with *p <0.05, **p <0.01, ***p <0.001.

F. Representative western blot and densitometric analysis for MMP12 in lung tissue
homogenate from WT and pMT mice after 6 months of CS exposure. -actin was used as
loading control.

G. Whole lung mRNA expression levels of M1 macrophage markers iNOS and IL-6 and M2
markers FIZZ1 and Mrcl were investigated in comparison to housekeeping control HPRT-

1 by qPCR.

Figure 7. Microarray analysis of four and six months CS-exposed versus FA-exposed

mice.

A. Heat map depicting regulated genes from the two strongly activated pathways ’innate and

adaptive immune cell communication’ and ‘IL-10 signaling’.
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B. Whole lung mRNA expression levels of ILIRN in WT and puMT mice after 4 and 6 months
of CS exposure were investigated in comparison to housekeeping control HPRT-1 by

qPCR.

Figure 8. B cell-derived IL-10 secretion upregulates MMP12 expression. /n vivo data
from 2 independent experiments (8 mice per group and per time point) and in vitro data from
3 independent experiments were combined and are given as mean values + SD; one-way

ANOVA following Bonferroni post test with *p <0.05, **p <0.01, ***p <0.001. A20-sup:

supernatant from A20 cells; CS= cigarette smoke extract.

A. IL-10 mRNA expression levels in lung tissue homogenates were investigated in
comparison to housekeeping control HPRT-1 by qPCR.

B. Representative micrographs of immunohistochemical stainings for IL-10 and CD3 and for
IL10 and CD45R in lung serial sections from CS-exposed WT mice after 6 months of CS
exposure; scale bar 200 pm.

C. At 24h post cigarette smoke extract (CS) stimulation mRNA expression levels of IL-10
were significantly elevated in the B cell lymphoma line A20 as measured in comparison to
housekeeping control HPRT-1 by qPCR.

D. IL-10 cytokine secretion in cigarette smoke extract (CS) stimulated B cell lymphoma line
A20 were investigated by ELISA of cell culture supernatants.

E. MMP12 mRNA expression levels in the macrophage cell line MH-S with and without anti-
IL10 antibody treatment were investigated in comparison to housekeeping control HPRT-1

by qPCR.
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Table 1. Enriched canonical pathways

Ingenuity Canonical Pathways -og(p- Ratio |Molecules
value)

IL1A, CD83, Ccl9, IL33, CXCL10, TLR2, CCL4, IL1RN, FCER1G, TLR7, CD85,

Communication between Innate and Adaptive Immune Cells 7.81E+00 1.34E-01 CCL3L1/CCLAL3, i3, GSF2, TNF

Role of Hypercytokinemia/hyperchemokinemia in the

. 5.04E+00 1.74E-01 IL33, CXCL10, IL1A, CCR5, CCL4, CCL2, IL1RN, TNF
Pathogenesis of Influenza

IL33, HMOX1, IL1A, CCRS, JUN, FCGR2A, IL1RN, NFKBIE, IL10RB, CD14,

IL-10 Signaling 4.95E+00 1.54E-01 FCGR2B. TNF

APOE, IL1A, MMP3, CMA1, MMP13, ALOX12, GCL11, PLA2G7, IL33, ITGB2
PLA2G2D, CCL2, IL1RN, PLA2G4F, TNF

Atherosclerosis Signaling 4.36E+00 1.08E-01

PLCB2, IL1A, TYROBP, FCGR2A, NFKBIE, CD83, FCGR2B, TREM2, IL33,

Dendritic Cell Maturation 3.34E+00 7.58E-02 TLR2, IL1RN, FGER1G, CD86, LY75, CSF2, TNF
Crosstalk between Dendritic Cells and Natural Killer Cells 265E+00 8.49E-02 CSF2RB, KLRD1, TYROBP, TLR7, CD86, CD83, TREM2, CSF2, TNF
. TLR2, IL33, TNIP1, IL1A, TGFBR1, CARD10, IL1RN, NFKBIE, TGFBR3,
NF-kB Signaling 1.88E+00 7.18E-02 FCER1G, TLRT, MALT1, TNF
Nicotine Degradation 11 1.86E+00 7.06E-02 UGT1A6, CYP4B1, FMO1, CSGALNACT1, UGT1A9, CYP1B1
Systemic Lupus Erythematosus Signaling 1.32E+00 4.31E-02 IL33, IL1A, JUN, FCGR2A, IL1RN, TLR7, FCER1G, CD86, C6, FCGR2B, TNF

Table 1: Lung mRNA expression profiles of four and six months CS-exposed versus FA-exposed mice
were determined by microarray analysis using Illumina Mouse Ref-8 v2.0 BeadChip. CS exposure
induces a strong activation of ten pathways as analyzed with Ingenuity Pathway software.
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