
RESEARCH ARTICLE

The Effect of Cigarette Smoke Exposure on
the Development of Inflammation in Lungs,
Gut and Joints of TNFΔARE Mice
Liesbeth Allais1☯*, Smitha Kumar2☯, Karlijn Debusschere3,6, Stephanie Verschuere4,
Tania Maes2, Rebecca De Smet1, Griet Conickx2, Martine De Vos5, Debby Laukens5, Guy
F. Joos2, Guy G. Brusselle2, Dirk Elewaut3,6, Claude A. Cuvelier1‡, Ken R. Bracke2‡*

1 Department of Medical and Forensic Pathology, Ghent University, Ghent, Belgium, 2 Laboratory for
Translational Research in Obstructive Pulmonary diseases, Department of Respiratory Medicine, Ghent
University Hospital, Ghent, Belgium, 3 Laboratory for Molecular Immunology and Inflammation, Department
of Rheumatology, Ghent University, Ghent, Belgium, 4 Department of Pathology, AZ Sint-Jan, Brugge,
Belgium, 5 Department of Gastroenterology, Ghent University, Ghent, Belgium, 6 VIB Inflammation
Research Center, Ghent University, Ghent, Belgium

☯ These authors contributed equally to this work.
‡ These authors contributed equally to the study supervision.
* liesbeth.allais@ugent.be; ken.bracke@ugent.be

Abstract
The inflammatory cytokine TNF-α is a central mediator in many immune-mediated dis-

eases, such as Crohn’s disease (CD), spondyloarthritis (SpA) and chronic obstructive pul-

monary disease (COPD). Epidemiologic studies have shown that cigarette smoking (CS) is

a prominent common risk factor in these TNF-dependent diseases. We exposed TNFΔARE

mice; in which a systemic TNF-α overexpression leads to the development of inflammation;

to 2 or 4 weeks of air or CS. We investigated the effect of deregulated TNF expression on

CS-induced pulmonary inflammation and the effect of CS exposure on the initiation and pro-

gression of gut and joint inflammation. Upon 2 weeks of CS exposure, inflammation in lungs

of TNFΔARE mice was significantly aggravated. However, upon 4 weeks of CS-exposure,

this aggravation was no longer observed. TNFΔARE mice have no increases in CD4+ and

CD8+ T cells and a diminished neutrophil response in the lungs after 4 weeks of CS expo-

sure. In the gut and joints of TNFΔARE mice, 2 or 4 weeks of CS exposure did not modulate

the development of inflammation. In conclusion, CS exposure does not modulate gut and

joint inflammation in TNFΔARE mice. The lung responses towards CS in TNFΔARE mice how-

ever depend on the duration of CS exposure.

Introduction
Aberrant cytokine profiles have been linked to several immune-mediated diseases, such as
Crohn’s disease (CD), spondyloarthritis (SpA) and chronic obstructive pulmonary disease
(COPD) [1,2,3]. TNF-α, a prominent pro-inflammatory cytokine, appears to be an important
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pathogenic factor in the development of these diseases and is known to mediate a wide range of
biological activities [4,5]. TNF-α expression is elevated in affected mucosal areas of inflamma-
tory bowel disease (IBD) patients and in the active disease regions in animal models of intesti-
nal inflammation [6,7,8]. Anti-TNF-α therapy is commonly used as a treatment for CD and
SpA [9,10,11]. Levels of TNF-α are increased in sputum, bronchoalveolar lavage (BAL) fluid
and serum of patients with COPD, which may further amplify the existing pulmonary inflam-
mation and play a role in the systemic manifestations occurring in a subgroup of COPD
patients [12,13]. Although several trials using anti-TNF-α blockers in patients with COPD
have revealed no benefits, a large observational study reports reduced hospitalization rates in
patients diagnosed with both COPD and rheumatoid arthritis (RA) and receiving TNF-α
inhibitors [14].

A prominent risk factor for the development of these TNF-α -mediated diseases is cigarette
smoking (CS)[15,16]. CS exerts a detrimental effect on multiple organ systems and adversely
affects immune function, promoting the progression of several diseases, such as COPD [17],
CD and coronary heart disease [18,19]. Importantly, CS is associated with an increased suscep-
tibility and altered disease course in several auto-immune diseases, including Graves’ disease,
multiple sclerosis, SpA, RA and systemic lupus erythematosus [20,21,22,23].

Many studies have focused on the effect of CS on the individual entities (CD, SpA and
COPD), however, little is known on the link between the pathologies and the role of CS therein.
CD and SpA are clearly linked on a genetic and clinical level. SpA patients are prone to develop
CD and vice versa [24,25,26,27]. Mutations in NOD2, IL-23 and HLA-B27 have been linked to
both CD and SpA [28,29,30]. CS is the most prominent environmental risk factor for develop-
ing CD [31,32]. In addition, the interaction between CS and certain genetic factors, such as the
HLA-DR locus, increases the risk for development of arthritis [33].

The well-known TNFΔARE mouse model, in which the AU-region of the TNF-αmRNA is
deleted, results in systemic TNF-α overproduction and is hallmarked by the spontaneous
development of chronic Crohn-like ileitis and inflammatory arthritis [34]. To study the effect
of deregulated TNF-α expression on CS-induced pulmonary inflammation and the effect of CS
exposure on TNF-α-induced gut and joint inflammation, we exposed TNFΔARE to air or CS for
2 or 4 weeks. Our first hypothesis stated that CS-induced inflammation might aggravate in the
lungs of TNFΔARE mice. We secondly hypothesized that CS might aggravate TNF-induced gut
and joint inflammation in TNFΔARE mice. Inflammation and pro-inflammatory cytokine pro-
duction was simultaneously investigated in lungs, gut and joints.

Materials and Methods

Experimental Mouse Model
C57BL/6 mice heterozygous for tumor necrosis factor (TNF)ΔAU-rich element (ARE)
(TNFΔARE) andWT littermates were bred at the animal breeding facility of the Faculty of Med-
icine and Health Sciences, Ghent University. Mice were housed in filtertop cages in groups of
5 mice per cage, containing untreated wood shavings and nestlets for environmental enrich-
ment (Carfil Quality, Turnhout, Belgium). By 8 weeks of age, TNFΔARE mice develop disease
that worsens progressively. All mice were given free access to chlorinated tap water and offered
a standard chow diet ad libitum (Carfil Quality, Turnhout, Belgium). The mice (all males) were
6 weeks old at the start of the smoke exposure. The local Ethics Committee for animal experi-
mentation of the Faculty of Medicine and Health Sciences (Ghent, Belgium) approved all
experiments (ECD 25/11). The experiments were carried out in accordance with the approved
guidelines of the Faculty of Medicine and Health Sciences (Ghent, Belgium).
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Cigarette Smoke Exposure
Mice were exposed to main stream cigarette smoke, as described previously [35]. Groups of 6
to 10 mice were put in a plexiglass chamber connected to a smoking apparatus and exposed to
the tobacco smoke of 5 simultaneously lit cigarettes (Reference Cigarette 3R4F without filter;
University of Kentucky, Lexington, KY, USA). This exposure was repeated 4 times a day with
30 min. smoke-free intervals, 5 days per week for 2 or 4 weeks. The smoking chamber is fitted
with an air supply whereby an optimal smoke:air ratio of 1:6 is obtained. The control groups
were exposed to air. Using this protocol, carboxyhemoglobin levels in serum of CS-exposed
mice reached 8.35 ± 0.46% (versus 0.65 ± 0.25% in air-exposed mice), corresponding to serum
levels in human smokers [36]. Given that full-blown ileal inflammation in TNFΔARE mice
occurs already at 12–14 weeks of age, we decided to start the CS exposure at the early age of 6
weeks. A longer CS exposure than 4 weeks appeared impossible due to ethical reasons.

Evaluation of clinical parameters, fecal lipocalin-2 (LCN-2) and serum
TNF-α and IL-6 levels
The mice were weighed, randomized for weight and scored for arthritis before the start of the
first smoke exposure. During the experiment, the mice were weighed twice a week. Fecal sam-
ples were collected twice a week and frozen at -80°C until analysis. Clinical scoring for arthritis
was performed 3 times a week during the 2-week experiment and twice a week during the
4-week experiment. Mice were bled once a week in both experiments and sera were stored at
-20°C.

For quantification of LCN-2 by ELISA, frozen fecal samples were reconstituted in PBS con-
taining 0.1% Tween20 and vortexed for 20 min to get a homogenous fecal suspension as
described previously [37]. Subsequently, the samples were centrifuged for 10 min at 12.000
rpm and 4°C. Clear supernatants were collected and stored at -20°C until analysis. LCN-2 levels
were measured using the Duoset murine LCN-2 ELISA kit (R&D Systems, Abingdon, Oxon,
UK).

TNF-α and IL-6 levels in serum were measured by means of a commercially available
enzyme-linked immunosorbent assay (ELISA) for mouse TNF-α and IL-6 (eBioScience,
Vienna, Austria).

Sampling procedure
Mice were weighed and euthanized with an overdose of pentobarbital (Sanofi-Ceva, Paris,
France) 24 hours after the last smoke exposure. The peritoneal cavity was opened to take sam-
ples of gut. First, ileum sections and Peyer’s patches were recovered. Next, bronchoalveolar
lavage (BAL) fluid was collected and samples of the lung were taken. BAL fluid recovery and
differential cell counts were performed as described previously [38,39]. Thirdly, the joints of
the knee and ankle were sampled.

Bronchoalveolar lavage (BAL) fluid analysis
Flow cytometric analysis of BAL cells was performed to enumerate dendritic cells (DCs), mac-
rophages, neutrophils and CD4+ and CD8+ T cells. BAL cells were labeled with fluorochrome-
conjugated monoclonal antibodies against the following cell markers: CD11c, MHC class II
(MHC-II), CD11b, Ly6C, Ly6G, CD3, CD4 and CD8 (BD Pharmigen, San Jose, CA, USA).
7-aminoactinomycin D (BD Pharmigen, San Jose, CA, USA) was used for dead cell exclusion.
Data acquisition was performed on a FACSCalibur flow cytometer running Cell Quest soft-
ware. FlowJo software (Tree star Inc., Ashland, Oregon, USA) was used for data analysis. TNF-
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α protein level in BAL fluid was determined using a commercially available ELISA kit
(eBioScience, Vienna, Austria).

Hematoxylin and eosin staining and quantification of inflammation in gut
and joints
The gut was dissected, terminal ileum was sampled and fixed in phosphate-buffered formalin
(pH 7.4) and embedded in paraffin wax. Paraffin-embedded 4 μm tissue sections taken from
terminal ileum were dewaxed and rehydrated. The sections were stained with haematoxylin
and eosin (H&E), using the Tissue-Tek Prisma/Film automated slide stainer (Sakura, Torrance,
US). The degree of ileal inflammation was scored in a blinded manner and independently by
two pathologists according to a scoring scheme (Table 1) adapted from Kontoyiannis et al.,
2002 [40]. The histologic scoring was performed on the most terminal ileal sections.

Total ankle and knee joints were dissected, fixed in phosphate-buffered formalin (pH 7.4),
decalcified in 5% buffered formic acid and embedded in paraffin wax. Paraffin-embedded 7 μm
tissue sections taken from the joints were dewaxed and rehydrated. H&E staining on the tissue
sections was performed using the Tissue-Tek Prisma/Film automated slide stainer (Sakura,
Torrance, US). The degree of joint inflammation was evaluated by two blinded assessors. Tarsal
and metatarsal joints (ankle) were scored for three parameters: infiltrate in the Achilles tendon
and synovio-entheseal complex, calcaneal erosion and exudate at the synovio–entheseal com-
plex and metatarsal joints, each ranging from 0 (normal) to 3. A composite score was built
from these parameters resulting in a score ranging up to 6 (adapted from proof of concept by
Jacques et al.)[26]. For the knee joints, a composite score was built from three other parame-
ters: synovial infiltrate, exudate in the joint space, cartilage and bone destruction.

CCL20 immunohistochemistry in terminal ileum
Immunohistochemistry for CCL20 was performed as described by Verschuere et al [41].
Briefly, cryosections of terminal ileum were air-dried and fixed with ice-cold acetone. Endoge-
nous peroxidase activity was quenched with 1% H2O2, followed by blocking of non-specific
binding sites with 2% rabbit serum and 1% BSA in PBS. Subsequently, slides were incubated

Table 1. Histologic score to quantify the degree of ileal inflammation.

Score Acute inflammation

0 0–1 PMN/hpf within mucosa

1 2–10 PMN/hpf within mucosa

2 11–20 PMN/hpf within mucosa

3 21–30 PMN/hpf within mucosa or 11–20 PMN/hpf with extension below muscularis mucosae

4 >30 PMN/hpf within mucosa or >20 PMN/hpf with extension below muscularis mucosae

Score Chronic inflammation

0 0–10 ML/hpf within mucosa

1 11–20 ML /hpf within mucosa

2 21–30 ML /hpf within mucosa or 11–20 with extension below muscularis mucosae/follicular
hyperplasia

3 31–40 ML /hpf within mucosa or 21–30 with extension below muscularis mucosae/follicular
hyperplasia

4 >40 ML /hpf within mucosa or >30 with extension below muscularis mucosae/follicular hyperplasia

PMN: polymorphonuclear cells. ML: mononuclear leukocytes. Hpf: high power field. Scoring scheme

adapted from Kontoyiannis et al, 2002.

doi:10.1371/journal.pone.0141570.t001
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with the primary antibody (polyclonal goat anti-mouse CCL20, R&D Systems) or goat IgG iso-
type control (Santa Cruz Biotechnology, Santa Cruz, CA, USA) for 90 min at 37°C and with
the biotinylated rabbit anti-goat secondary antibody (DAKO) for 30 min at room temperature.
Then, HRP-conjugated streptavidin (DAKO) was applied for 30 min. DAB was used as enzyme
substrate before counterstaining with haematoxilin.

Quantitative real-time PCR
RNA from ileum, Peyer’s patches and lung was extracted using the Qiagen miRNeasy Mini Kit
(Qiagen, Hilden, Germany). Subsequently, cDNA was synthesized by reverse transcription
using the iScript™ cDNA Synthesis kit (Bio-Rad Laboratories, Nazareth, Belgium) following the
manufacturer’s instructions. cDNA from total lung RNA was prepared using Transcriptor
First strand cDNA synthesis kit (Roche Diagnostics, Basel, Switzerland).

In lungs, expression of target genes Tnf-α, Tnfr1 and Tnfr2, Cxcl1/Kc, Ccl2/Mcp-1, Cxcl2/
Mip-2 and reference genes Hypoxanthine-guanine phosphoribosyltransferase (Hprt1), Glycer-
aldehyde-3-phosphate dehydrogenase (Gapdh) and Transferrin receptor (Tfrc) was measured
using TaqMan Gene Expression assays (Applied BioSystems, Forster City, CA, USA). Quanti-
tative real-time PCR was performed in duplicate using 10 ng cDNA with a LightCycler96
detection system (Roche Diagnostics). Expression levels were calculated using a standard
curve. Expression of target genes was normalized based on the three reference genes.

For gut, expression of target genes Cxcl1/Kc, Cxcl2, Il-1β, Tnf-α, Ccr1, Ccr6, Ccl20, Atg5,
Atg7, Beclin-1 and Atg16L1 (sequences are provided in Table 2), was analyzed by qRT-PCR
using the SensiMix™ SYBR No-ROX Kit (Bioline, London, UK). As reference genes, Succinate
dehydrogenase (Sdha) and Hydroxymethylbilane synthase (Hmbs) were used to normalize
ileal gene expression. qRT-PCR was performed on a LightCycler480 detection system (Roche,
Vilvoorde, Belgium) with the following cycling conditions: 10 min incubation at 95°C, 45
cycles of 95°C for 10 seconds and 60°C for 1 min. Melting curve analysis confirmed primer
specificity. The PCR efficiency of each primer pair was calculated using a standard curve from
reference cDNA. The amplification efficiency was determined using the formula 10−1/SLOPE - 1.

Statistical analysis
Reported values are expressed as mean ± standard error of the mean (SEM). Statistical analysis
was performed by SPSS 21 Software (SPSS 21 Inc., Chicago, IL, USA) using Student’s t-test for
normally distributed populations and Kruskal Wallis or Mann–Whitney U-test for populations
where normal distribution was not accomplished. Mixed model analysis was performed for
multiple time points. A p-value of less than 0.05 was considered significant.

Results

Cigarette smoke-induced pulmonary inflammation in TNFΔARE mice is
aggravated upon 2 weeks, but not upon 4 weeks of CS exposure
To evaluate the effect of cigarette smoke (CS) exposure on the lungs of TNFΔARE mice, we mea-
sured inflammatory cells in BAL fluid of WT and TNFΔARE mice exposed to air or CS for 2 and
4 weeks. WT mice exposed to CS for 2 weeks showed a modest, but significant increase in the
absolute numbers of neutrophils, dendritic cells (DC) and CD4+ T-lymphocytes compared to
air-exposed control mice (Fig 1C–1E). Interestingly, in TNFΔARE mice, the CS-induced inflam-
mation in BAL was significantly aggravated compared to the WTmice (Fig 1A–1F), resulting
in significantly increased numbers of macrophages, neutrophils, DCs and CD4+ and CD8+ T
lymphocytes. Upon 4 weeks of CS exposure, the WT mice showed further increase in the
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Table 2. Mouse primer sequences qRT-PCR.

Gene Symbol Accession Number Forward Primer (5’-3’) Reverse primer (3’-5’) Effic R2

Hmbs NM_001110251 AAGGGCTTTTCTGAGGCACC AGTTGCCCATCTTTCATCACTG 99 0,99

Hprt NM_013556 GTTAAGCAGTACAGCCCCAAA AGGGCATATCCAACAACAAACTT 95 0,9974

Sdha NM_023281 CTTGAATGAGGCTGACTGTG ATCACATAAGCTGGTCCTGT 97 0,9981

Cxcl1/Kc NM_008176 ACCGAAGTCATAGCCACACTC TCTCCGTTACTTGGGGACAC 95 0,9995

Cxcl2 NM_009140 GCGCCCAGACAGAAGTCATAG AGCCTTGCCTTTGTTCAGTATC 89,2 0,99

Il-1β NM_000576 CACGATGCACCTGTACGATCA GTTGCTCCATATCCTGTCCCT 97 0,9987

Tnf-α NM_013693 ATGAGCACTGAAAGCATGATCC GAGGGCTGATTAGAGAGAGGTC 92 0,9761

Ccr1 NM_009912 CTCATGCAGCATAGGAGGCTT ACATGGCATCACCAAAAATCCA 93 0,8432

Ccr6 NM_009835 CCTGGGCAACATTATGGTGGT CAGAACGGTAGGGTGAGGACA 115 0,9824

Ccl2 NM_011333 GCATCTGCCCTAAGGTCTTCA TGCTTGAGGTGGTTGTGGAA 107 0,9958

Ccl9 NM_011338 CCCTCTCCTTCCTCATTCTTACA AGTCTTGAAAGCCCATGTGAAA 106 0,992

Ccl19 NM_011888 GGGGTGCTAATGATGCGGAA CCTTAGTGTGGTGAACACAACA 89 0,928

Ccl20 NM_016960 GCCTCTCGTACATACAGACGC CCAGTTCTGCTTTGGATCAGC 95 0,9991

Atg5 NM_053069 TGTGCTTCGAGATGTGTGGTT ACCAACGTCAAATAGCTGACTC 98 0,9985

Atg7 NM_028835 TCTGGGAAGCCATAAAGTCAGG GCGAAGGTCAGGAGCAGAA 105 0,9901

Atg16l1 NM_001205392 CAGAGCAGCTACTAAGCGACT AAAAGGGGAGATTCGGACAGA 96 0,9901

Beclin-1 NM_019584 ATGGAGGGGTCTAAGGCGTC TGGGCTGTGGTAAGTAATGGA 107 0,9912

doi:10.1371/journal.pone.0141570.t002

Fig 1. Inflammatory cell counts in BAL fluid of WT and TNFΔARE mice.Numbers of (A) total cells, (B)macrophages, (C) neutrophils, (D) dendritic cells,
(E) CD4+ T-lymphocytes and (F) CD8+ T-lymphocytes in BAL fluid of mice exposed to air or CS during 2 weeks. Numbers of (G) total cells, (H)macrophages,
(I) neutrophils, (J) dendritic cells, (K) CD4+ T-lymphocytes and (L) CD8+ T-lymphocytes in BAL fluid of mice exposed to air or CS during 4 weeks. Values are
expressed as mean ± SEM. * p<0.05, ** p<0.01, *** p<0.001.

doi:10.1371/journal.pone.0141570.g001
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number of inflammatory cells compared to 2 weeks of CS exposure (Fig 1H–1L). However, the
aggravated pulmonary inflammatory response in TNFΔARE mice was no longer observed after
4 weeks of CS exposure, and even significantly reduced levels of neutrophils and CD4+ T cells
could be detected.

The mRNA expression level of TNF-α was higher in the lungs of TNFΔARE mice compared
to WT mice and significantly increased after 4 weeks of CS, but not after 2 weeks. Also, CS
exposure for 2 and 4 weeks significantly increased TNF-α protein levels in BAL fluid of
TNFΔARE mice (Fig 2A, 2B, 2H and 2I). Consequently, we examined the expression of the
TNF-α receptors. The expression of TNFR1 and TNFR2 is differentially affected by CS
depending on duration of exposure (Fig 2C, 2D, 2J and 2K). Two weeks of CS exposure signifi-
cantly increased TNFR1 and TNFR2 gene expression levels in lung tissue of WT mice, while
the expression of both receptors decreased in TNFΔARE mice. Upon 4 weeks CS exposure, no
difference in TNFR1 and TNFR2 mRNA levels could be observed between air- and CS-exposed
WT or TNFΔARE mice.

In line with the increased inflammatory cells, gene expression levels of CXCL1, CXCL2 and
CCL2 were higher in lungs of TNFΔARE mice compared with WTmice exposed to CS for 2
weeks. Although the inflammatory cell response decreased after 4 weeks CS exposure, gene
expression levels of inflammatory mediators remained elevated in lungs of TNFΔARE mice (Fig
2E–2G and 2L–2N).

Fig 2. Inflammatory gene expression in lung tissue and BAL fluid of WT and TNFΔARE mice.mRNA expression of (A) Tnf-α, (C) Tnfr1, (D) Tnfr2, (E)
Ccl2, (F) Cxcl1 and (G) Cxcl2 in lung tissue of WT and TNFΔARE mice exposed to air or CS during 2 weeks. (B) Protein levels of TNF-α in BAL fluid of WT and
TNFΔARE mice exposed to air or CS during 2 weeks. mRNA expression of (H) Tnf-α, (J) Tnfr1, (K) Tnfr2, (L) Ccl2, (M) Cxcl1 and (N) Cxcl2 in lung tissue of
WT and TNFΔARE mice exposed to air or CS during 4 weeks. (I) Protein levels of TNF-α in BAL fluid of WT and TNFΔARE mice exposed to air or CS during 4
weeks. Expression levels are relative to the expression of 3 reference genes (hypoxanthine phosphoribosyltransferase 1 (Hprt1), glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) and transferring receptor protein 1 (Tfrc)). Values are expressed as mean ± SEM. * p<0.05, ** p<0.01, *** p<0.001.

doi:10.1371/journal.pone.0141570.g002
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CS exposure does not affect macroscopic clinical parameters of ileitis,
ileal histology, fecal lipocalin-2 levels and inflammatory and autophagy
gene expression
The clinical appearance of TNFΔARE mice, which were exposed to air or CS was evaluated.
TNFΔARE mice developed ileitis as assessed by body weight loss (Fig 3A). At the start of CS
exposure (defined as day 0), TNFΔARE mice already weighed significantly less (p< 0,0001)
than WTmice, due to the development of ileitis. The mean weight difference between the WT
and the TNFΔARE mice was 3,88 ± 0,53 g. No weight differences were observed between air-
and CS-exposed TNFΔARE mice. In addition, the level of faecal lipocalin-2 (LCN-2), a marker
for both histopathologically evident and sub-clinical gut inflammation, was assessed [37].
Higher levels of faecal LCN-2 in TNFΔARE mice at day 14 and day 21 were observed; however,
no differences between air- and CS-exposed TNFΔARE mice could be detected (Fig 3B). Histo-
logical scoring of the terminal ileum was performed by two independent investigators (intra-
class correlation coefficient = 0,885). TNF-α overexpression induced ileitis as evidenced by
body weight loss and increased histological inflammation in TNFΔARE mice (Fig 3A, 3C and
3D). After both 2 and 4 weeks of CS exposure, no further increase in TNF-induced histologic

Fig 3. Parameters of gut inflammation in WT and TNFΔARE mice. (A) Absolute weight of WT and TNFΔARE mice during 4 weeks air or CS exposure. (B)
Lipocalin-2 (LCN-2) protein levels in the faeces of WT and TNFΔARE mice, as a marker for intestinal inflammation. (C) Combined acute and chronic
inflammation score in the terminal ileum of WT and TNFΔARE mice upon 2 weeks air or CS exposure. (D) Combined acute and chronic inflammation score in
the terminal ileum of WT and TNFΔARE mice upon 4 weeks air or CS exposure. Histology of the ileum in (E)WT and (F) TNFΔARE mice upon 2 weeks of air- or
CS-exposure. Values are expressed as mean ± SEM. * p<0.05, ** p<0.01, *** p<0.001.

doi:10.1371/journal.pone.0141570.g003
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inflammation could be observed (Fig 3C and 3D). An ileal section of a WT and TNFΔARE

mouse is depicted in Fig 3E and 3F respectively.
In addition, we examined the expression of the cytokines and chemokines, which are upre-

gulated in the ileum by CS exposure [42], namely CXCL2, KC and IL-1β. These factors were
elevated in TNFΔARE mice, however, no further increase was observed after 2 or 4 weeks of CS
exposure (Fig 4A–4C and 4G–4I). Furthermore, no major changes in autophagy gene expres-
sion were detected (Fig 4D). Thirdly, mRNA expression of the chemokine CCL20 and the che-
mokine receptor CCR6 was probed, as this is a prominent chemokine-chemokine receptor axis
implicated in the response of Peyer’s patches to CS exposure [41]. CCL20 and CCR6 expression
was significantly induced in the ileum of TNFΔARE mice (Fig 4E, 4F, 4K and 4L). However,
CCL20 protein remained unchanged (data not shown). In addition, 4 weeks of CS exposure
showed a very slight increase in TNF-induced expression of CCL20 (Fig 4). As expected,
mRNA expression of TNF-α was elevated in TNFΔARE mice compared to WT mice. However,
nu further increase in TNF-α has been found due to CS exposure (data not shown).

Short term CS exposure does not affect clinical score and histology in
the joints
The degree of arthritis was clinically evaluated at the tarsal and metatarsal region of both WT
and TNFΔARE mice during the 2 and 4 weeks CS exposure experiment. In both experiments,
the mean clinical arthritis score was significantly different between the WT and TNFΔARE

Fig 4. Inflammatory and autophagy gene expression in the ileum of WT and TNFΔARE mice.mRNA expression of (A) Cxcl2, (B) Cxcl1, (C) Il-1β, (D)
Atg7, (E) Ccl20 and (F)Ccr6 in the ileum after 2 weeks of air or CS exposure. mRNA expression of (G) Cxcl2, (H) Kc, (I) Il-1β, (J) Atg7, (K) Ccl20 and (L) Ccr6
in the ileum after 4 weeks of air or CS exposure. Expression levels are relative to the expression of two reference genes (glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) and hydroxymethylbilane synthase (HMBS)). Data are expressed as mean ± SEM. * p<0.05, ** p<0.01, *** p<0.001.

doi:10.1371/journal.pone.0141570.g004
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group. However, within the WT and TNFΔARE group, no significant increase in arthritis score
due to short term CS exposure could be observed (Fig 5). These clinical observations were con-
firmed by the histology results. The total histological score, and thus the amount of inflamma-
tion and tissue destruction in the joints was clearly higher in the TNFΔARE group compared to
the WT group. The largest difference between these groups was seen in the amount of cellular
infiltrate at the synovio-entheseal complex in the tarsal joints. However, no significant differ-
ences were observed upon CS-exposure in both groups (Fig 6). Knee joints were also histologi-
cally examined, but no significant difference was observed between TNFΔARE and WTmice
(data not shown).

CS exposure does not affect TNF-α serum levels
ELISA for TNF-α was performed on serum at different time points in the 4 weeks CS exposure
experiment. As expected, a significant difference in TNF-α levels was observed between the
WT and TNFΔARE mice. However, there was no difference in TNF-α-levels between air- and
CS-exposed mice (Fig 7).

Discussion
This is the first study to report the effects of CS on multiple organ systems (lung, gut and joints)
in TNFΔARE mice as a model of combined pathologies. In the lungs of TNFΔARE mice, inflam-
mation was aggravated after 2 weeks of CS exposure. In contrast, after 4 weeks of CS exposure,
this aggravation was abolished with even a decrease in neutrophils, CD4+ and CD8+ T cells. In
the gut and joints of TNFΔARE mice, 2 or 4 weeks of CS exposure did not modulate the develop-
ment of gut and joint inflammation. Although the effects of TNF-α overexpression in the lungs
have been described before, CS-induced pulmonary inflammation within the context of TNF-α
overexpression has not yet been studied [43,44,45].

In the lungs of TNFΔARE mice exposed to 4 weeks of air, which is at the age of 10 weeks, we
denoted an increase in neutrophils, dendritic cells, CD4+ and CD8+ T cells. This response was
not found in TNFΔARE mice exposed to air for 2 weeks, at the age of 8 weeks. In line with stud-
ies showing the importance of TNF-α and its receptors in CS-induced pulmonary inflamma-
tion [46,47], we observed an aggravation of inflammation in the lungs and a simultaneous
increase in inflammatory gene expression levels in TNFΔARE mice upon 2 weeks of CS expo-
sure. However, after 4 weeks of CS exposure, the inflammation was dampened in the TNFΔARE

Fig 5. Mean clinical arthritis score in WT and TNFΔARE mice.Clinical arthritis score during the course of (A) 2 weeks (WT vs. TNFΔARE: p < 0,005) and (B)
4 weeks CS exposure (WT vs. TNFΔARE: p < 0,005).

doi:10.1371/journal.pone.0141570.g005
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mice, with decreased numbers of inflammatory cells in BAL fluid despite the still increased
inflammatory gene expression. This temporal difference in inflammatory reaction may reflect
an anti-inflammatory state observed during critical illness and far progressed disease states
[48] or a tolerance effect induced by dampening of the immune response [49]. Interestingly, in
the 2 weeks experiment, there is no difference in the expression of TNFR2 between CS-exposed
WT and TNFΔARE mice. In contrast, in the 4 weeks experiment the expression of TNFR2 is sig-
nificantly higher in CS-exposed TNFΔARE mice, compared to CS-exposed WTmice. Most of
the inflammatory responses attributed to TNF-α and T cell apoptosis occur through TNFR1,

Fig 6. Histology of the joints in WT and TNFΔARE mice.H&E staining of the ankle joints of (A) air-exposed
WTmice, (B) CS-exposedWTmice, (C) air-exposed TNFΔARE mice and (D) CS-exposed TNFΔARE mice. (E)
Histological score of inflammation in the joints of WT and TNFΔARE mice. Histological inflammation is
increased in TNFΔARE mice compared to WTmice (p < 0,005). Data are expressed as mean ± SEM. *
p<0.05, ** p<0.01, *** p<0.001.

doi:10.1371/journal.pone.0141570.g006

Fig 7. Mean TNF-α levels in serum of WT and TNFΔARE mice. Protein levels of TNF-α in serum of WT and
TNFΔARE mice throughout the 4 weeks air- or CS-exposure. As expected, TNF-αwas increased in TNFΔARE

mice compared to WTmice (p < 0,005).

doi:10.1371/journal.pone.0141570.g007
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which is the primary signaling receptor. In contrast, TNFR2 directs TNF-α-mediated T cell
proliferation, in addition to its antagonizing function through TNF-α neutralization [50]. Fur-
thermore, TNFR have been shown to play a role in COPD [51]. Taken together, the higher
TNFR2 expression levels and the loss of the aggravated inflammatory response in the lungs of
TNFΔARE mice upon 4 weeks CS exposure suggest that this receptor possibly modulates the
inflammatory response.

In CD patients, cigarette smoking has detrimental effects on the clinical course of disease,
necessitating increased need for steroids, immunosuppressive drugs, and surgery [31,32].
TNF-α is known to be aberrantly overproduced in CD and anti-TNF is commonly used as a
treatment [9]. It is likely that CS acts as a predisposing factor for CD development in suscepti-
ble individuals, as we previously demonstrated in an experimental model of CS exposure in
healthy mice [41,42,52]. In the dextrane sodium sulphate (DSS)-induced colitis mouse model
showing features of human ulcerative colitis (UC), it has been shown that TNF-α is decreased
in the colon due to CS exposure [53]. UC is known to be mainly a disease of ex-smokers. We
chose the TNFΔARE model for our study as its deletion in the AU-rich elements of the TNF
gene is ubiquitous and therefore combines multiple TNF-mediated pathologies such as CD
and SpA. Also, this model shows Crohn-like ileitis, which can only be obtained with an altered
genetic context. Th1-driven CD8+ T cells play a dominant role in the development of ileitis in
the TNFΔARE model [40]. Since we previously demonstrated that chronic smoke exposure elic-
its the recruitment of the CD8+ T cell subset to the Peyer’s patches of healthy mice [41], this
seemed a great model to investigate CS-induced effects on ileitis.

Epidemiologic studies have shown that cigarette smoking influences radiographic progres-
sion, quality of life and occurrence of comorbidities in SpA-patients, more specifically ankylos-
ing spondylitis [54,55]. The mechanisms underlying this phenomenon have not yet been
investigated in SpA, in contrast to RA. The TNFΔARE mouse is an interesting SpA-like model
to study the effect of CS exposure on disease initiation and progression, since the development
of arthritis in these mice does not depend on T- and B-cells, and thus the production of auto-
antibodies, as shown by Kontoyiannis et al [34].

The TNF-α overproduction in the TNFΔARE mice resulted into ileal inflammation, with a
decrease in body weight, an increase in LCN-2, histological inflammation and inflammatory
gene expression, which confirms previous studies [34,40]. The same was observed in the joints,
with an increase in clinical arthritis score and histological inflammation in the ankles [27].
Also, an increase in TNF-α levels was observed in serum of both air- and CS-exposed TNFΔARE

mice. The effects of 2 and 4 week CS exposure on the gut and joints of TNFΔARE mice were
examined. Histological inflammation in the ileum and ankle and knee joints was not aggra-
vated by this short term CS exposure in WT or in TNFΔARE mice. Also, TNF-α were not ele-
vated in serum of CS-exposed TNFΔARE mice compared to air-exposed TNFΔARE mice. Only in
the ileum, minor gene expression changes occurred: Ccl20mRNA in TNFΔARE mice, but not
CCL20 protein, was increased in TNFΔARE mice after 4 weeks CS exposure. Despite the minor
gene expression changes we detected, we could not show an additional effect of 2 and 4 weeks
CS exposure in the ileum or in the joints.

Although CS exposure clearly affects the immune response in the lung, no effect on inflam-
mation in the gut and the joints was found. This might be partly explained by the indirect
action of CS on gut and joints, while the lungs are the main contact site for CS. However, in
human, CS does affect disease course of CD and SpA. Indeed, humans often encounter patho-
gens, which might promote the effects of CS, while the mice are kept in a standardized and con-
trolled environment. Also, the CS exposure protocol might be too short or too weak to evaluate
the effect of CS in the gut and joints. Moreover, the phenotype of CD- and SpA-like inflamma-
tion in TNFΔARE mice can be too strong to still observe a further aggravation by CS exposure.

The Effect of Cigarette Smoke Exposure on TNFΔARE Mice

PLOS ONE | DOI:10.1371/journal.pone.0141570 November 2, 2015 12 / 16



In conclusion, our findings demonstrate that the deregulated TNF-α expression in TNFΔARE

mice aggravates CS-induced pulmonary inflammation upon 2 weeks of exposure. Intriguingly,
this aggravated response in lungs of TNFΔARE mice is attenuated upon 4 weeks of CS exposure.
The TNFΔARE phenotype encompasses the development of TNF-α-induced inflammation in
the ileum and the joints. However, in the gut and joints of TNFΔARE mice, CS exposure for 2 or
4 weeks did not alter the TNF-α -induced development of CD and SpA.

Supporting Information
S1 Dataset. Raw data of qPCR, ELISA and histology.
(XLSX)

Acknowledgments
We thank Ran Rumes, Lynn Supply, Marie-Rose Mouton, Katleen De Saedeleer, Anouck Goe-
thals, Ann Neesen, Indra De Borle, Evelyn Spruyt, Greet Barbier, Lien Coelembier, Nadia
Schryvers, Fien Windels, Julie Coudenys, Tine Decruy, Eveline Verheugen and Karin Weening
for the support with the animal experiments and the processing of the samples. We are grateful
to Prof. Dr. George Kollias (Alexander Fleming Institute, Greece) for authorizing the use of the
TNFΔARE mouse model. We thank Aline Van Acker and Georges Leclercq for kindly providing
TNFΔARE mouse breeding pairs. No author has an ethical or financial conflict of interest.

Author Contributions
Conceived and designed the experiments: LA SV GGB KRB. Performed the experiments: LA
SK KD GC KRB. Analyzed the data: LA SK KD KRB. Contributed reagents/materials/analysis
tools: SV CAC GGB KRB. Wrote the paper: LA SK KD KRB TM RDS MDV DL GFJ GGB DE
CAC.

References
1. Strober W, Fuss IJ, Blumberg RS (2002) The immunology of mucosal models of inflammation. Annu

Rev Immunol 20: 495–549. PMID: 11861611

2. Hreggvidsdottir HS, Noordenbos T, Baeten DL (2014) Inflammatory pathways in spondyloarthritis. Mol
Immunol 57: 28–37. doi: 10.1016/j.molimm.2013.07.016 PMID: 23969080

3. Mukhopadhyay S, Hoidal JR, Mukherjee TK (2006) Role of TNFalpha in pulmonary pathophysiology.
Respir Res 7: 125. PMID: 17034639

4. Vassalli P (1992) The pathophysiology of tumor necrosis factors. Annu Rev Immunol 10: 411–452.
PMID: 1590993

5. Kollias G, Douni E, Kassiotis G, Kontoyiannis D (1999) On the role of tumor necrosis factor and recep-
tors in models of multiorgan failure, rheumatoid arthritis, multiple sclerosis and inflammatory bowel dis-
ease. Immunol Rev 169: 175–194. PMID: 10450517

6. Matsuda R, Koide T, Tokoro C, Yamamoto T, Godai T, et al. (2009) Quantitive cytokine mRNA expres-
sion profiles in the colonic mucosa of patients with steroid naive ulcerative colitis during active and qui-
escent disease. Inflamm Bowel Dis 15: 328–334. PMID: 18942752

7. Raddatz D, Bockemuhl M, Ramadori G (2005) Quantitative measurement of cytokine mRNA in inflam-
matory bowel disease: relation to clinical and endoscopic activity and outcome. Eur J Gastroenterol
Hepatol 17: 547–557. PMID: 15827446

8. Neurath MF, Fuss I, Pasparakis M, Alexopoulou L, Haralambous S, et al. (1997) Predominant patho-
genic role of tumor necrosis factor in experimental colitis in mice. Eur J Immunol 27: 1743–1750.
PMID: 9247586

9. Peng JC, Shen J, Ran ZH (2014) Novel agents in the future: Therapy beyond anti-TNF agents in inflam-
matory bowel disease. J Dig Dis 15: 585–590. doi: 10.1111/1751-2980.12193 PMID: 25251263

10. Papadakis KA, Targan SR (2000) Tumor necrosis factor: biology and therapeutic inhibitors. Gastroen-
terology 119: 1148–1157. PMID: 11040201

The Effect of Cigarette Smoke Exposure on TNFΔARE Mice

PLOS ONE | DOI:10.1371/journal.pone.0141570 November 2, 2015 13 / 16

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0141570.s001
http://www.ncbi.nlm.nih.gov/pubmed/11861611
http://dx.doi.org/10.1016/j.molimm.2013.07.016
http://www.ncbi.nlm.nih.gov/pubmed/23969080
http://www.ncbi.nlm.nih.gov/pubmed/17034639
http://www.ncbi.nlm.nih.gov/pubmed/1590993
http://www.ncbi.nlm.nih.gov/pubmed/10450517
http://www.ncbi.nlm.nih.gov/pubmed/18942752
http://www.ncbi.nlm.nih.gov/pubmed/15827446
http://www.ncbi.nlm.nih.gov/pubmed/9247586
http://dx.doi.org/10.1111/1751-2980.12193
http://www.ncbi.nlm.nih.gov/pubmed/25251263
http://www.ncbi.nlm.nih.gov/pubmed/11040201


11. Callhoff J, Sieper J, Weiss A, Zink A, Listing J (2014) Efficacy of TNFalpha blockers in patients with
ankylosing spondylitis and non-radiographic axial spondyloarthritis: a meta-analysis. Ann Rheum Dis.

12. Tangedal S, Aanerud M, Persson L, Brokstad KA, Bakke PS, et al. (2014) Comparison of inflammatory
markers in induced and spontaneous sputum in a cohort of COPD patients. Respir Res 15: 138. doi:
10.1186/s12931-014-0138-6 PMID: 25398249

13. Vlahos R, Bozinovski S (2014) Recent advances in pre-clinical mouse models of COPD. Clin Sci
(Lond) 126: 253–265.

14. Suissa S, Ernst P, Hudson M (2008) TNF-alpha antagonists and the prevention of hospitalisation for
chronic obstructive pulmonary disease. Pulm Pharmacol Ther 21: 234–238. PMID: 17517530

15. Chang K, Yang SM, Kim SH, Han KH, Park SJ, et al. (2014) Smoking and Rheumatoid Arthritis. Int J
Mol Sci 15: 22279–22295. doi: 10.3390/ijms151222279 PMID: 25479074

16. Karczewski J, Poniedzialek B, Rzymski P, Rychlewska-Hanczewska A, Adamski Z, et al. (2014) The
effect of cigarette smoking on the clinical course of inflammatory bowel disease. Prz Gastroenterol 9:
153–159. doi: 10.5114/pg.2014.43577 PMID: 25097712

17. Vlahos R, Bozinovski S, Jones JE, Powell J, Gras J, et al. (2006) Differential protease, innate immunity,
and NF-kappaB induction profiles during lung inflammation induced by subchronic cigarette smoke
exposure in mice. Am J Physiol Lung Cell Mol Physiol 290: L931–945. PMID: 16361358

18. Arcavi L, Benowitz NL (2004) Cigarette smoking and infection. Arch Intern Med 164: 2206–2216.
PMID: 15534156

19. Bagaitkar J, Demuth DR, Scott DA (2008) Tobacco use increases susceptibility to bacterial infection.
Tob Induc Dis 4: 12. doi: 10.1186/1617-9625-4-12 PMID: 19094204

20. George J, Levy Y, Shoenfeld Y (1997) Smoking and immunity: an additional player in the mosaic of
autoimmunity. Scand J Immunol 45: 1–6. PMID: 9010493

21. Arnson Y, Shoenfeld Y, Amital H (2010) Effects of tobacco smoke on immunity, inflammation and auto-
immunity. J Autoimmun 34: J258–265. doi: 10.1016/j.jaut.2009.12.003 PMID: 20042314

22. Poddubnyy D, Haibel H, Listing J, Marker-Hermann E, Zeidler H, et al. (2012) Baseline radiographic
damage, elevated acute-phase reactant levels, and cigarette smoking status predict spinal radio-
graphic progression in early axial spondylarthritis. Arthritis Rheum 64: 1388–1398. doi: 10.1002/art.
33465 PMID: 22127957

23. Perry E, Kelly C, Eggleton P, De Soyza A, Hutchinson D (2014) The lung in ACPA-positive rheumatoid
arthritis: an initiating site of injury? Rheumatology (Oxford) 53: 1940–1950.

24. Ott C, Takses A, Obermeier F, Schnoy E, Muller M (2014) Smoking increases the risk of extraintestinal
manifestations in Crohn's disease. World J Gastroenterol 20: 12269–12276. doi: 10.3748/wjg.v20.i34.
12269 PMID: 25232261

25. Roberts H, Rai SN, Pan J, Rao JM, Keskey RC, et al. (2014) Extraintestinal manifestations of inflamma-
tory bowel disease and the influence of smoking. Digestion 90: 122–129. doi: 10.1159/000363228
PMID: 25277851

26. Jacques P, Lambrecht S, Verheugen E, Pauwels E, Kollias G, et al. (2014) Proof of concept: enthesitis
and new bone formation in spondyloarthritis are driven by mechanical strain and stromal cells. Ann
Rheum Dis 73: 437–445. doi: 10.1136/annrheumdis-2013-203643 PMID: 23921997

27. Jacques P, Van Praet L, Carron P, Van den Bosch F, Elewaut D (2012) Pathophysiology and role of the
gastrointestinal system in spondyloarthritides. Rheum Dis Clin North Am 38: 569–582. doi: 10.1016/j.
rdc.2012.08.012 PMID: 23083756

28. De Vos M, Hindryckx P, Laukens D (2011) Novel development in extraintestinal manifestations and
spondylarthropathy. Best Pract Res Clin Gastroenterol 25 Suppl 1: S19–26. doi: 10.1016/S1521-6918
(11)70006-3 PMID: 21640926

29. Laukens D, Georges M, Libioulle C, Sandor C, Mni M, et al. (2010) Evidence for significant overlap
between common risk variants for Crohn's disease and ankylosing spondylitis. PLoS One 5: e13795.
doi: 10.1371/journal.pone.0013795 PMID: 21072187

30. Laukens D, Peeters H, Cruyssen BV, Boonefaes T, Elewaut D, et al. (2006) Altered gut transcriptome
in spondyloarthropathy. Ann Rheum Dis 65: 1293–1300. PMID: 16476712

31. Persson PG, Ahlbom A, Hellers G (1990) Inflammatory bowel disease and tobacco smoke—a case-
control study. Gut 31: 1377–1381. PMID: 2265777

32. Ananthakrishnan AN (2013) Environmental risk factors for inflammatory bowel disease. Gastroenterol
Hepatol (N Y) 9: 367–374.

33. Klareskog L, Stolt P, Lundberg K, Kallberg H, Bengtsson C, et al. (2006) A new model for an etiology of
rheumatoid arthritis: smoking may trigger HLA-DR (shared epitope)-restricted immune reactions to
autoantigens modified by citrullination. Arthritis Rheum 54: 38–46. PMID: 16385494

The Effect of Cigarette Smoke Exposure on TNFΔARE Mice

PLOS ONE | DOI:10.1371/journal.pone.0141570 November 2, 2015 14 / 16

http://dx.doi.org/10.1186/s12931-014-0138-6
http://www.ncbi.nlm.nih.gov/pubmed/25398249
http://www.ncbi.nlm.nih.gov/pubmed/17517530
http://dx.doi.org/10.3390/ijms151222279
http://www.ncbi.nlm.nih.gov/pubmed/25479074
http://dx.doi.org/10.5114/pg.2014.43577
http://www.ncbi.nlm.nih.gov/pubmed/25097712
http://www.ncbi.nlm.nih.gov/pubmed/16361358
http://www.ncbi.nlm.nih.gov/pubmed/15534156
http://dx.doi.org/10.1186/1617-9625-4-12
http://www.ncbi.nlm.nih.gov/pubmed/19094204
http://www.ncbi.nlm.nih.gov/pubmed/9010493
http://dx.doi.org/10.1016/j.jaut.2009.12.003
http://www.ncbi.nlm.nih.gov/pubmed/20042314
http://dx.doi.org/10.1002/art.33465
http://dx.doi.org/10.1002/art.33465
http://www.ncbi.nlm.nih.gov/pubmed/22127957
http://dx.doi.org/10.3748/wjg.v20.i34.12269
http://dx.doi.org/10.3748/wjg.v20.i34.12269
http://www.ncbi.nlm.nih.gov/pubmed/25232261
http://dx.doi.org/10.1159/000363228
http://www.ncbi.nlm.nih.gov/pubmed/25277851
http://dx.doi.org/10.1136/annrheumdis-2013-203643
http://www.ncbi.nlm.nih.gov/pubmed/23921997
http://dx.doi.org/10.1016/j.rdc.2012.08.012
http://dx.doi.org/10.1016/j.rdc.2012.08.012
http://www.ncbi.nlm.nih.gov/pubmed/23083756
http://dx.doi.org/10.1016/S1521-6918(11)70006-3
http://dx.doi.org/10.1016/S1521-6918(11)70006-3
http://www.ncbi.nlm.nih.gov/pubmed/21640926
http://dx.doi.org/10.1371/journal.pone.0013795
http://www.ncbi.nlm.nih.gov/pubmed/21072187
http://www.ncbi.nlm.nih.gov/pubmed/16476712
http://www.ncbi.nlm.nih.gov/pubmed/2265777
http://www.ncbi.nlm.nih.gov/pubmed/16385494


34. Kontoyiannis D, Pasparakis M, Pizarro TT, Cominelli F, Kollias G (1999) Impaired on/off regulation of
TNF biosynthesis in mice lacking TNF AU-rich elements: implications for joint and gut-associated
immunopathologies. Immunity 10: 387–398. PMID: 10204494

35. Bracke KR, D'Hulst A I, Maes T, Moerloose KB, Demedts IK, et al. (2006) Cigarette smoke-induced pul-
monary inflammation and emphysema are attenuated in CCR6-deficient mice. J Immunol 177:
4350–4359. PMID: 16982869

36. Macdonald G, Kondor N, Yousefi V, Green A, Wong F, et al. (2004) Reduction of carboxyhaemoglobin
levels in the venous blood of cigarette smokers following the administration of carbogen. Radiother
Oncol 73: 367–371. PMID: 15588884

37. Chassaing B, Srinivasan G, Delgado MA, Young AN, Gewirtz AT, et al. (2012) Fecal lipocalin 2, a sen-
sitive and broadly dynamic non-invasive biomarker for intestinal inflammation. PLoS One 7: e44328.
doi: 10.1371/journal.pone.0044328 PMID: 22957064

38. Dupont LL, Bracke KR, De Maeyer JH, Compan V, Joos GF, et al. (2014) Investigation of 5-HT4 recep-
tors in bronchial hyperresponsiveness in cigarette smoke-exposed mice. Pulm Pharmacol Ther 28:
60–67. doi: 10.1016/j.pupt.2013.10.003 PMID: 24183679

39. Vermaelen K, Pauwels R (2004) Accurate and simple discrimination of mouse pulmonary dendritic cell
and macrophage populations by flow cytometry: methodology and new insights. Cytometry A 61:
170–177. PMID: 15382026

40. Kontoyiannis D, Boulougouris G, Manoloukos M, Armaka M, Apostolaki M, et al. (2002) Genetic dissec-
tion of the cellular pathways and signaling mechanisms in modeled tumor necrosis factor-induced
Crohn's-like inflammatory bowel disease. J Exp Med 196: 1563–1574. PMID: 12486099

41. Verschuere S, Bracke KR, Demoor T, PlantingaM, Verbrugghe P, et al. (2011) Cigarette smoking alters
epithelial apoptosis and immune composition in murine GALT. Lab Invest 91: 1056–1067. doi: 10.
1038/labinvest.2011.74 PMID: 21537330

42. Allais L, Kerckhof FM, Verschuere S, Bracke KR, De Smet R, et al. (2015) Chronic cigarette smoke
exposure induces microbial and inflammatory shifts and mucin changes in the murine gut. Environ
Microbiol.

43. Lundblad LK, Thompson-Figueroa J, Leclair T, Sullivan MJ, Poynter ME, et al. (2005) Tumor necrosis
factor-alpha overexpression in lung disease: a single cause behind a complex phenotype. Am J Respir
Crit Care Med 171: 1363–1370. PMID: 15805183

44. Thomson EM, Williams A, Yauk CL, Vincent R (2012) Overexpression of tumor necrosis factor-alpha in
the lungs alters immune response, matrix remodeling, and repair and maintenance pathways. Am J
Pathol 180: 1413–1430. doi: 10.1016/j.ajpath.2011.12.020 PMID: 22322299

45. Vuillemenot BR, Rodriguez JF, Hoyle GW (2004) Lymphoid tissue and emphysema in the lungs of
transgenic mice inducibly expressing tumor necrosis factor-alpha. Am J Respir Cell Mol Biol 30:
438–448. PMID: 12972399

46. Churg A, Wang RD, Tai H, Wang X, Xie C, et al. (2004) Tumor necrosis factor-alpha drives 70% of ciga-
rette smoke-induced emphysema in the mouse. Am J Respir Crit Care Med 170: 492–498. PMID:
15184206

47. D'Hulst A I, Vermaelen KY, Brusselle GG, Joos GF, Pauwels RA (2005) Time course of cigarette
smoke-induced pulmonary inflammation in mice. Eur Respir J 26: 204–213. PMID: 16055867

48. Oberholzer A, Oberholzer C, Moldawer LL (2000) Cytokine signaling—regulation of the immune
response in normal and critically ill states. Crit Care Med 28: N3–12. PMID: 10807312

49. Biswas SK, Lopez-Collazo E (2009) Endotoxin tolerance: newmechanisms, molecules and clinical sig-
nificance. Trends Immunol 30: 475–487. doi: 10.1016/j.it.2009.07.009 PMID: 19781994

50. Peschon JJ, Torrance DS, Stocking KL, GlaccumMB, Otten C, et al. (1998) TNF receptor-deficient
mice reveal divergent roles for p55 and p75 in several models of inflammation. J Immunol 160:
943–952. PMID: 9551933

51. D'Hulst A I, Bracke KR, Maes T, De Bleecker JL, Pauwels RA, et al. (2006) Role of tumour necrosis fac-
tor-alpha receptor p75 in cigarette smoke-induced pulmonary inflammation and emphysema. Eur
Respir J 28: 102–112. PMID: 16540505

52. Verschuere S, Allais L, Bracke KR, Lippens S, De Smet R, et al. (2012) Cigarette smoke and the termi-
nal ileum: increased autophagy in murine follicle-associated epithelium and Peyer's patches. Histo-
chem Cell Biol 137: 293–301. doi: 10.1007/s00418-011-0902-3 PMID: 22198275

53. Montbarbon M, Pichavant M, Langlois A, Erdual E, Maggiotto F, et al. (2013) Colonic inflammation in
mice is improved by cigarette smoke through iNKT cells recruitment. PLoS One 8: e62208. doi: 10.
1371/journal.pone.0062208 PMID: 23638007

54. Poddubnyy D, Haibel H, Listing J, Marker-Hermann E, Zeidler H, et al. (2013) Cigarette smoking has a
dose-dependent impact on progression of structural damage in the spine in patients with axial

The Effect of Cigarette Smoke Exposure on TNFΔARE Mice

PLOS ONE | DOI:10.1371/journal.pone.0141570 November 2, 2015 15 / 16

http://www.ncbi.nlm.nih.gov/pubmed/10204494
http://www.ncbi.nlm.nih.gov/pubmed/16982869
http://www.ncbi.nlm.nih.gov/pubmed/15588884
http://dx.doi.org/10.1371/journal.pone.0044328
http://www.ncbi.nlm.nih.gov/pubmed/22957064
http://dx.doi.org/10.1016/j.pupt.2013.10.003
http://www.ncbi.nlm.nih.gov/pubmed/24183679
http://www.ncbi.nlm.nih.gov/pubmed/15382026
http://www.ncbi.nlm.nih.gov/pubmed/12486099
http://dx.doi.org/10.1038/labinvest.2011.74
http://dx.doi.org/10.1038/labinvest.2011.74
http://www.ncbi.nlm.nih.gov/pubmed/21537330
http://www.ncbi.nlm.nih.gov/pubmed/15805183
http://dx.doi.org/10.1016/j.ajpath.2011.12.020
http://www.ncbi.nlm.nih.gov/pubmed/22322299
http://www.ncbi.nlm.nih.gov/pubmed/12972399
http://www.ncbi.nlm.nih.gov/pubmed/15184206
http://www.ncbi.nlm.nih.gov/pubmed/16055867
http://www.ncbi.nlm.nih.gov/pubmed/10807312
http://dx.doi.org/10.1016/j.it.2009.07.009
http://www.ncbi.nlm.nih.gov/pubmed/19781994
http://www.ncbi.nlm.nih.gov/pubmed/9551933
http://www.ncbi.nlm.nih.gov/pubmed/16540505
http://dx.doi.org/10.1007/s00418-011-0902-3
http://www.ncbi.nlm.nih.gov/pubmed/22198275
http://dx.doi.org/10.1371/journal.pone.0062208
http://dx.doi.org/10.1371/journal.pone.0062208
http://www.ncbi.nlm.nih.gov/pubmed/23638007


spondyloarthritis: results from the GErman SPondyloarthritis Inception Cohort (GESPIC). Ann Rheum
Dis 72: 1430–1432. doi: 10.1136/annrheumdis-2012-203148 PMID: 23625981

55. Wendling D, Prati C (2013) Spondyloarthritis and smoking: towards a new insight into the disease.
Expert Rev Clin Immunol 9: 511–516. doi: 10.1586/eci.13.35 PMID: 23730882

The Effect of Cigarette Smoke Exposure on TNFΔARE Mice

PLOS ONE | DOI:10.1371/journal.pone.0141570 November 2, 2015 16 / 16

http://dx.doi.org/10.1136/annrheumdis-2012-203148
http://www.ncbi.nlm.nih.gov/pubmed/23625981
http://dx.doi.org/10.1586/eci.13.35
http://www.ncbi.nlm.nih.gov/pubmed/23730882

