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Abstract

Background: Chronic obstructive pulmonary disease (COPD) is associated with chronic inflammation and impaired

immune response to pathogens leading to bacteria-induced exacerbation of the disease. A defect in Th17 cytokines

in response to Streptococcus pneumoniae, a bacteria associated with COPD exacerbations, has been recently reported.

Dendritic cells (DC) are professional antigen presenting cells that drive T-cells differentiation and activation. In this

study, we hypothesized that exposure to cigarette smoke, the main risk factor of COPD, might altered the pro-Th17

response to S. pneumoniae in COPD patients and human DC.

Methods: Pro-Th1 and -Th17 cytokine production by peripheral blood mononuclear cells (PBMC) from COPD patients

was analyzed and compared to those from smokers and non-smokers healthy subjects. The effect of cigarette smoke

extract (CSE) was analyzed on human monocyte-derived DC (MDDC) from controls exposed or not to S. pneumoniae.

Bacteria endocytosis, maturation of MDDC and secretion of cytokines were assessed by flow cytometry and ELISA,

respectively. Implication of the oxidative stress was analyzed by addition of antioxidants and mitochondria inhibitors.

In parallel, MDDC were cocultured with autologous T-cells to analyze the consequence on Th1 and Th17

cytokine production.

Results: PBMC from COPD patients exhibited defective production of IL-1β, IL-6, IL-12 and IL-23 to S. pneumoniae

compared to healthy subjects and smokers. CSE significantly reduced S. pneumoniae-induced MDDC maturation,

secretion of pro-Th1 and -Th17 cytokines and activation of Th1 and Th17 T-cell responses. CSE exposure was also

associated with sustained CXCL8 secretion, bacteria endocytosis and mitochondrial oxidative stress. Antioxidants

did not reverse these effects. Inhibitors of mitochondrial electron transport chain partly reproduced inhibition of S.

pneumoniae-induced MDDC maturation but had no effect on cytokine secretion and T cell activation.

Conclusions: We observed a defective pro-Th1 and -Th17 response to bacteria in COPD patients. CSE exposure was

associated with an inhibition of DC capacity to activate antigen specific T-cell response, an effect that seems

to be not only related to oxidative stress. These results suggest that new therapeutics boosting this response in DC

may be helpful to improve treatment of COPD exacerbations.
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Background
Chronic obstructive pulmonary disease (COPD) is a lead-

ing cause of morbidity and mortality worldwide mainly

due to cigarette smoke exposure [1]. Oxidative stress

induced by cigarette smoke induces a chronic lung inflam-

mation responsible for a non-reversible airflow limitation

and an impaired immune lung defenses leading to air-

way bacterial infections [2, 3]. Most of these are due

to Streptococcus pneumoniae, Haemophilus influenzae

and Moraxella catarrhalis [4]. These infectious episodes

are the major cause of acute exacerbations which have a

strong impact on mortality and on disease-related costs

[5]. Indeed, about 50 % of COPD patients developing a

first severe exacerbation die within 4 years after this epi-

sode [6]. Although studies reported that the mucosal

inflammation is increased during COPD disease, recent

evidences demonstrated that the immune response to

micro-organisms is altered [7].

Dendritic cells (DC) are professional antigen presenting

cells (APC) linking innate and adaptive immune responses,

that are crucial to build an effective anti-bacterial response

[8]. DC drive antigen-specific T-cells differentiation and

activation in response to pathogens by delivering 3 signals

including antigen presentation, co-stimulatory molecule

expression and immuno-modulatory cytokine production

[9]. The characteristics of these signals determine the

polarization of the T-cell response as well as those of

non-conventional lymphocytes [10]. Both Th1, i.e., IFN-γ,

and Th17, i.e., interleukin (IL)-17 and IL-22, cytokines

are needed to control S. pneumoniae infection [11, 12].

The oxidative stress induced by cigarette smoke inhibits

LPS-induced DC maturation [13] and production of

interleukin-12 (IL-12) and IL-23 which are involved in

Th1 and Th17 T-cell differentiation, respectively [14].

However, there are little data on cigarette smoke effects

on live bacteria-induced DC maturation.

Previous studies have shown that IL-17-producing

cells are more frequent in the airways of steady-state

COPD patients [15]. Conversely, another study have re-

ported lower IL-17 levels during exacerbation in severe

COPD patients compared to healthy subjects and mild

COPD patients [16]. These results are strengthened by

another clinical study confirming lower IL-17 blood

levels in COPD patients colonized in the airways by

opportunistic pathogens [17]. We recently described an

altered IL-17 response to infection by S. pneumoniae in

in-vitro stimulated peripheral blood mononuclear cells

(PBMC) of COPD patients and in mice chronically ex-

posed to cigarette smoke [18]. As reported in lung APC

from these mice, we hypothesized that exposure to CSE

might altered the response to S. pneumoniae in COPD

patients and human DC.

To evaluate this, we first analyzed the pro-Th1 and

-Th17 response to S. pneumoniae in PBMC from

COPD patients. Since DC play a central role in the host

response to bacteria, we evaluated the effects of

cigarette smoke extract (CSE) on their capacity to initi-

ate a Th17 response against S. pneumoniae, on bacteria

uptake and on costimulatory molecule expression and

cytokine secretion. We finally investigate the role of

cytoplasmic and mitochondrial oxidative stress in CSE

effects.

Methods
Cell preparation

Whole blood from anonymous healthy adult donors

was obtained at the Etablissement Français du Sang

(French National Blood Service). Peripheral blood mono-

nuclear cells (PBMC) were isolated using Ficoll-paque

gradient. Human monocytes were purified from PBMC by

positive selection over a MACS column using anti-CD14-

monoclonal antibodies conjugated microbeads (Miltenyi

Biotec GmBH, Germany). Immature human monocyte-

derived dendritic cells (MDDC) were generated by cultur-

ing monocytes for 5 days in RPMI 1640 supplemented

with 10 % heat-inactivated fetal calf serum (FCS) (Invitro-

gen, Paisley, UK), IL-4 (10 ng/ml) and GM-CSF (25 ng/

ml) (PromoCell, Heidelberg, Germany). Immature MDDC

were characterized by their phenotype (CD11c+ CD1a+

HLA-DRlow CD83low and CCR7low). Autologous T-cells

were purified from whole blood by negative selection

using the Pan T cell isolation kit II (Miltenyi Biotec

GmBH) and stored at −80 °C in freezing mix (90 % FCS

and 10 % DMSO). For the ex vivo study, whole blood

was collected from 14 non-smokers healthy adults, 13

smokers without COPD and 9 stable COPD patients

after informed consent (CPP 2008-A00690-55). De-

scription of the patients is depicted in Table 1. PBMC

were isolated as described above and stimulated as

previously described [18].

Table 1 Clinical characteristics of COPD patients, smokers and non-smokers

Group Nb Sexe (M/F) Age Smoking (pack-year) FEV1 % PO2 BODE Inhaled corticosteroid

COPD 9 8/1 57.8 ± 3.2 57 ± 5.9 57.8 ± 7.9 70.9 ± 2.3 2.4 ± 0.8 4

Smokers 13 10/3 42.6 ± 4.9 35.4 ± 4.6 93.6 ± 1.5 ND ND 0

Non smokers 14 10/4 45.5 ± 5.7 0 95.3 ± 3.5 ND ND 0

FEV1%, percentage of the forced expiratory lung volume in the first second; PO2, blood partial pressure of oxygen; BODE: index combining Body mass index,

airflow obstruction, dyspnea and exercise capacity (6-minute walk test). Results are expressed as mean ± SEM

ND not determined
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Preparation of cigarette smoke extract

Cigarette smoke extract (CSE) was prepared according to

the method described by Blue and Janoff [19]. Briefly, the

smoking apparatus consisted of a 60-ml syringe to which

a cigarette was attached. CSE was prepared by drawing

60 ml of cigarette smoke through the filter into the syringe

and then slowly bubbling the smoke into 10 ml of basal

Airway Epithelial Cell Medium (PromoCell). Two

Kentucky research cigarettes 3RF4 were smoked per

10 ml of medium. The final solution was filtered through

0.2 μm filters and used immediately at 4 % dilution.

Streptococcus pneumoniae

Encapsulated Streptococcus pneumoniae serotype 1 (clinical

isolate from University Hospital of Lille, France) was stored

at −80 °C in 60 % glycerol. For infection, bacteria was

expanded by re-suspension in Todd Hewitt broth supple-

mented with 2 % FCS and incubated at 37 °C for 4 h. The

multiplicity of infection (MOI) used was 2 bacteria in

exponential phase growth per 1 MDDC or PBMC.

Activation of human MDDC and design of the coculture

Immature MDDC were exposed to 4 % CSE for 3 h

in RPMI 1640 before activation by S. pneumoniae or

by the Lipopolysaccharide as a positive control (LPS, E.coli

serotype O55B5, 1 μg/ml) (Invivogen, San Diego, CA). To

stop bacterial growth, 100 UI/ml Penicillin and 100 μg/ml

Streptomycin were added to the culture medium 1 h

after S. pneumoniae has been added. After an overnight

incubation at 37 °C, supernatants were harvested and

MDDC collected and divided in two groups, one to

analyze their phenotype in flow cytometry and one to

analyze their APC function in coculture with autolo-

gous T-cells (5 × 104 MDDC per 5 × 105 T-cells in

500 μL RPMI 1640 supplemented with 10 % FCS, 5 days

at 37 °C). Cell viability assessed by trypan blue staining

confirmed that exposure to CSE did not increase cell

toxicity in unstimulated and S. pneumoniae-stimulated

MDDC (data not shown). For cocultures, a condition

with T-cells alone in a well coated by anti-CD3 anti-

bodies (20 μg/ml, BD Biosciences, San Diego, CA) was

used as a positive control of T-cells activation.

Flow cytometry

MDDC were labelled (30 min at 4 °C) with different mix

of FITC-conjugated anti-CD36, −CD86, −CD209, −CCR7

or -CD1a, PE-conjugated anti-B7H1, −CD80 or -CD54,

APC-conjugated anti-CD83, −CD40 or -CD11c, PECy5-

conjugated anti-HLA-DR and corresponding IgG isotype

controls (BD Pharmingen™, BD Biosciences). After been

washed and fixed in 0.25 % paraformaldehyde (PFA),

MDDC were gated using FSC and SSC on a FACSCalibur

flow cytometer with CellQuest software (BD biosciences).

For intracellular staining, T-cells were incubated in RPMI

1640 supplemented with 10 % FCS plus brefeldin A

(10 μg/ml) for 6 h at 37 °C. Cells were first labelled

(30 min at 4 °C) with APC-Cy7-conjugated anti-CD45,

Alexa Fluor 700-conjugated anti-CD4 and AmCyan-

conjugated anti-CD8. After 15 min incubation, cells were

fixed, permeabilized (Kit, BD Biosciences) and labelled

with FITC-conjugated anti-IFN-γ, APC-conjugated anti-

IL-17, PE-conjugated anti-IL-22 or the related isotype

controls. Results are expressed as the difference between

median fluorescence intensity (MFI) with the specific

antibody and the isotype control (ΔMFI).

Cytokines measurements

For In vitro and ex vivo studies, supernatants were

collected 24 h after S. pneumoniae exposure, and stored

at −20 °C. Concentrations of cytokines were determined

by sandwich ELISA as described by the manufacturer

for IFN-γ, IL-1β, IL-4, IL-6, CXCL8, IL-10, IL-17, IL-

22, IL-23 (eBiosciences, San Diego, CA) and for TNF-α

and IL-12p70 (R&D systems, Abingdon, UK).

Real time quantitative PCR

Specific experiments were done to quantify the mRNA

expression of markers for oxidative stress. After a 6-hours

incubation with S. pneumoniae, MDDC were washed in

PBS and homogenized and stored at −20 °C in TRIzol re-

agent (Invitrogen). RNA were extracted using successively

chloroform, isopropyl alcohol and 75 % ethanol, and re-

suspended into 30 μl RNase free water. Quantity and

quality was determined by Nanodrop spectrophotometer

using OD 260 nm for measuring concentration and 260/

280 ratio for assessing the purity. Overall quality was

also evaluated by electrophoresis through a 0.8 % agarose

gel visualized using GelStar™ staining (Lonza, Rockland,

USA). Total RNA was reverse transcribed using Super-

script® III Platinum® Two-Step qRT-PCR Kit (Invitrogen,

Paisley, Scotland). Real-Time PCR was performed in

duplicates in 96-well plates using SYBR® Green Master

mix (Invitrogen, Paisley, Scotland). Primer sequences are

listed in Additional file 1. Relative mRNA quantities were

calculated using the comparative Ct method normalized

to human β-actin (2-ΔΔCt).

Endocytosis and bactericidy of S. pneumoniae by MDDC

S. pneumoniae was first labelled with pHrodo™ SE

(Molecular Probes®, Invitrogen®) and stored at 4 °C

protected from light according to manufacturer’s in-

structions. CSE was added 3 h before MDDC dye-

labelled S. pneumoniae exposure (MOI 20). After a

30 min-incubation at 37 °C, cells were washed and a

flow cytometer analysis was immediately performed

with 488 nm argon-ion laser using a R-phycoerythrin

emission filter. One condition of MDDC was incubated

at 4 °C as an endocytosis negative control. Results are
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expressed in MFI. Endocytosis of viable bacteria after a

3-hours CSE exposure (MOI 10), was studied in

MDDC as described by Zhou [20].

Oxidative stress and mitochondrial dysfunction

assessment

Cellular and focused mitochondrial oxidative stress were

quantified either after 3 and 6 h after S. pneumoniae

exposure using H2DCFDA and MitoSOX™, respectively

as described by the manufacturer (ThermoFisher). After

30 min incubation at 37 °C, cells were washed in PBS

and analyzed in flow cytometry. For evaluation of oxida-

tive stress involvement in CSE effects, the antioxidants

N-Acetyl-Cystein (0.5 mM), tertiary butyl hydroquinone

(5, 10 or 20 μM), butylated hydroxyanisole (20 μM) or

MitoTEMPO (10 μM) were added to the MDDC medium

30 min before CSE exposure (Sigma, St Louis, MO). Fi-

nally, to test involvement of mitochondrial dysfunction,

two inhibitors of mitochondrial electron transport chain

inducing mitochondrial dysfunction and oxidative stress,

rotenone (2 μM) and antimycin A (1 μM) (Sigma), were

used separately instead of CSE.

Statistical analysis

Results are expressed as mean ± S.E.M. The statistical

significance of differences was calculated by a Wilcoxon

rank-sum test when comparing two groups and a

Friedman test with a post-hoc Wilcoxon test with Holm

correction when comparing more than two groups (R ver-

sion 3.2.3). P-value lower than 0.05 were considered as

significant.

Results

PBMC from COPD patients exhibit a defective pro-Th1

and pro-Th17 response to S. pneumoniae

To compare the cytokine profile of PBMC from healthy

subjects, smokers and COPD patients, levels of CXCL8

(Additional file 2), IL-1β, IL-6, IL-12 and IL-23 were

evaluated (Fig. 1). At baseline, PBMC from COPD

patients produced more IL-6, but not IL-12 and IL-23,

than healthy controls and smokers and more CXCL8

and IL-1β than smokers. As expected, S. pneumoniae ex-

posure triggered higher secretion by PBMC from healthy

controls of CXCL8, IL-1β, IL-6, and IL-12 with a same

trend for IL-23. Interestingly, the same pattern was

observed with PBMC from smokers. However, S. pneu-

moniae exposure did not induce IL-6, IL-12 and IL-23

secretion by PBMC from COPD patients whereas it

increased IL-1β (Fig. 1). However, the concentrations of

IL-1β in S. pneumoniae-stimulated PBMC were lower in

COPD patients than in smokers. CXCL8 production by

PBMC from COPD patients activated by S. pneumoniae

was unchanged although the CXCL8 levels were similar

in the 3 groups (Additional file 2). These data suggest

that the response to S. pneumoniae is altered in PBMC

from COPD patients but not those from smokers.

CSE inhibits S. pneumoniae-induced MDDC maturation

Since we observed a defective production of cytokines

that are known to be mainly produced by APC, in

PBMC from COPD patients, we next focused on the

effect of CSE on DC. Stimulation with S. pneumoniae

significantly increased the expression of maturation

markers including CD83, HLA-DR, CD80, CD86, CD40

and CD54 on MDDC (Fig. 2). In contrast, pre-exposure

of MDDC with CSE modulated the phenotypic response

to S. pneumoniae by minimizing the expression of all

these molecules. As a note, CSE itself did not have any

impact on MDDC phenotype except a small increase of

CD80 expression. Addition of S. pneumoniae also in-

creased the secretion of pro-inflammatory cytokines

including TNF-α, IL-6, IL-23 and CXCL8 with a similar

trend for IL-12 by MDDC (Fig. 3 and Additional file 3a).

CSE exposure inhibited IL-6 and IL-23 secretion in S.

pneumoniae-activated MDDC with a similar trend for

TNF-α and IL-12 (Fig. 3). CSE alone only modulated the

CXCL8 levels for higher levels (Additional file 3a-b). As

a control, CSE was also partly able to inhibit the LPS-

response by MDDC by inhibiting CD83, CD40 and

CD54 expression and TNF-α, IL-6, IL-12 and IL-23 secre-

tion (Additional files 3 and 4). All of these data showed

that CSE inhibits S. pneumoniae-induced MDDC matur-

ation and secretion of cytokines involved in Th1 and

Th17 T-cell differentiation.

CSE-exposed MDDC are responsible for a defective Th1

and Th17 response to S. pneumoniae

To evaluate the effects of CSE on the crosstalk MDDC/T-

cells, we next performed coculture experiments between

MDDC and autologous T-cells. T-cells cultured with S.

pneumoniae-exposed MDDC secreted significantly higher

levels of IFN-γ, IL-17 and IL-22 (Fig. 4a−c). Intracellular

staining confirmed the T-cell origin of these cytokines

(Additional file 5). In contrast, when MDDC were pre-

exposed to CSE prior S. pneumoniae activation, T-cells se-

creted lower levels of IFN-γ and IL-17 with a similar trend

for IL-22 (Fig. 4a−c). MDDC only exposed to CSE had no

effect on IL-17 secretion but induced a slightly higher

IFN-γ and lower IL-22 production (p < 0.05). Exposure

to CSE had no impact on IL-10 and IL-4 levels (Fig. 4d

and data not shown).

To demonstrate that the defective production of IL-12

and IL-23 by MDDC following CSE exposure was re-

sponsible for the defective IFN-γ and IL-17 production

by T-cells respectively, we supplemented the cocultures

with these recombinant cytokines. As depicted in Fig. 4e

and f, addition of recombinant human IL-12 and IL-23 to

cocultures induced a huge IFN-γ secretion and restored
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IL-17 secretion, respectively. Although, the difference was

not significant due to the small sample size, the effect is

reproducible. These data showed that inhibition of MDDC

maturation by CSE altered their ability to promote Th1

and Th17 T-cell differentiation, an effect that seems to

be related to the decreased secretion of IL-12 and IL-23

by MDDC.

Impact of CSE on S. pneumoniae endocytosis by MDDC

To understand why CSE limits MDDC maturation in-

duced by S. pneumoniae, bacterial endocytosis was first

investigated. Despite CSE inhibition of S. pneumoniae-

and LPS-induced MDDC expression of the adherence

molecule CD54 (Fig. 2f and Additional file 4f ), MDDC

exposure to dye-labeled S. pneumoniae showed higher

fluorescence in CSE pre-exposed cells (Fig. 5a). As

pHrodo™ is only fluorescent in acidic environment, it in-

directly reflected a greater internalization of bacteria.

This result was comforted with viable bacteria showing a

trend to a higher endocytosis and a decreased killing of

internalized bacteria in MDDC pre-exposed to CSE

(Fig. 5b−c). These results showed that CSE inhibition of

MDDC maturations is not related to decreased bacterial

endocytosis.

Fig. 1 S. pneumoniae-induced cytokine secretion by PBMC from non-smoker healthy subjects (n = 14), smokers without COPD (n = 13) and COPD

patients (n = 9). Supernatants were collected after 24 h incubation without stimulation (white columns) or after addition of S. pneumoniae (black

columns). a IL-1β, b IL-6, c IL-12 and d IL-23 were quantified by ELISA. Data are reported as mean ± S.E.M. *P < 0.05, **P < 0.01, ***P < 0.001
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Fig. 2 In vitro exposure to cigarette smoke extract (CSE) modulate the phenotype of monocyte-derived dendritic cells (MDDC) from healthy

subjects activated by S. pneumoniae (Sp). Expression of a CD83, b HLA-DR, c CD80, d CD86, e CD40 and f CD54 was evaluated by flow

cytometry in MDDC exposed to CSE and then activated or not by S. pneumoniae for 24 h. Data are reported as mean fluorescence intensity

(MFI) ± S.E.M. of 27 experiments. *P < 0.05, **P < 0.01, ***P < 0.001
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CSE induced oxidative stress was not implicated in the

altered response to S. Pneumoniae

We next focused on the impact of oxidative stress in the

repressive effect of CSE on DC maturation. As expected,

CSE exposure, despite the presence or not of S. pneumo-

niae, increased the expression of heme oxygenase 1

(HO1) within MDDC (Fig. 6a). This was confirmed by

increased fluorescence in DCFDA-pre-treated MDDC

after 3 h incubation (data not shown). Oxidative stress

involvement in CSE inhibitory effects was next tested by

adding before CSE exposure, antioxidants targeting

different oxidative pathways. After addition of N-Acetyl-

Cystein (NAC), the inhibitory effect of CSE on co-

maturation marker expression and cytokine expression

was not reversed except for CD80 and CD86 for which

NAC tended to increase their expression (p =NS) (Fig. 7,

Additional file 6). Similarly, two other antioxidants,

tertiary butyl hydroquinone (TBHQ) and butylated

hydroxyanisole (BHA) were not able to reverse CSE in-

hibitory effects (data not shown). Whereas cytoplasmic

oxidative stress did not persist after 6 h incubation, co-

activation with CSE and S. pneumoniae induced a

mitochondrial oxidative stress depicted by increased

MitoSOX fluorescence (Fig. 6b). Again, MitoTEMPO a

mitochondrially-targeted antioxidant could not reverse

CSE inhibitory effects (data not shown). Moreover,

MDDC pre-treatment by NAC and MitoTEMPO did

not restore the production of IFN-γ and IL-17 by T-cells

in cocultures (data not shown). Furthermore, treatment

with rotenone and antimycin A, which induced a mito-

chondrial dysfunction, tended to minimize S. pneumo-

niae-induced MDDC CD83 expression (Fig. 8a) as well as

S. pneumoniae-stimulated maturation marker expression

(Additional file 7). In contrast, cytokine production by

Fig. 3 In vitro exposure to cigarette smoke extract (CSE) modulate the secretion of cytokines by monocyte-derived dendritic cells (MDDC) from healthy

subjects activated by S. pneumoniae (Sp). Levels of a TNF-α, b IL-6, c IL-12 and d IL-23 were quantified by ELISA in MDDC culture supernatants

collected after 24 h incubation with CSE and/or S. pneumoniae. Data are reported as mean ± S.E.M. of 14 experiments. *P < 0.05, **P < 0.01
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Fig. 4 In vitro exposure to cigarette smoke extract (CSE) of monocyte-derived dendritic cells (MDDC) altered their ability to prime T-cells. MDDC were

exposed to CSE and then activated or not by S. pneumoniae (Sp). After 24 h incubation, MDDC were then cocultured 5 days with autologous T-cells.

Levels of a IFN-γ, b IL-17, c IL-22 and d IL-10 were quantified by ELISA in coculture supernatants. In some experiments, either recombinant human

IL-12 or IL-23 were added to the cocultures with CSE- and Sp-exposed MDDC in order to quantify their ability to restore e IFN-γ or f IL-17 secretion,

respectively. Data are reported as mean ± S.E.M. of 14 and 3 experiments for a-d and e-f, respectively. *P < 0.05, **P < 0.01, ***P < 0.001
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S. pneumoniae-activated MDDC was not modified by

addition of rotenone and antimycin A as illustrated by

sustained S. pneumoniae-induced IL-23 secretion (Fig. 8b).

These data suggest that CSE-induced mitochondrial stress

does not reproduce the major effects of CSE.

Discussion

In this study, we observed that PBMC from COPD patients

secrete lower pro-Th1 and -Th17 cytokines in response to

S. pneumoniae strengthening the concept of an APC

defective response to pathogens in this disease. We demon-

strated that in vitro exposure to CSE inhibits MDDC

maturation and induction of specific Th1 and Th17 re-

sponses against S. pneumoniae. In contrast to previous

studies using LPS [14], anti-oxidants did not markedly

reverse these effects suggesting that cigarette smoke (CS)

inhibitory effects are not mainly related to oxidative stress

in the context of infection with a live bacteria.

Previous studies have reported higher pro-inflammatory

cytokines blood levels in COPD patients at steady state

compared to controls [21]. Besides, others studies have

also showed increased pro-inflammatory cytokines levels

during exacerbations compared to steady state [22].

Whereas in our study, the levels of IL-1β, IL-6 and CXCL8

were higher in unstimulated cells from COPD patients,

we report for the first time that PBMC from COPD

patients exhibit a defective pro-inflammatory cytokine

(including IL-1β, IL-6, IL-12 and IL-23) secretion in

response to bacteria compared to controls or to

smokers. This defective response may favor airway

bacterial infection and colonization which is a main

feature of the disease [23]. This is comforted by

another study reporting lower IL-17 blood levels in

COPD patients with opportunistic pathogen colo-

nization [17]. These pro-inflammatory cytokines are

mainly produced by APC and are involved in

Fig. 5 In vitro exposure to cigarette smoke extract (CSE) is associated with higher endocytosis of S. pneumoniae (Sp) by monocyte-derived dendritic

cells (MDDC). a Mean fluorescence intensity (MFI) of internalized dye-labelled Sp was measured by flow cytometry. One condition was put at 4 °C to

inhibit endocytosis as a negative control. b Proportion of viable internalized Sp after one hour exposure were quantify to measure bacteria endocytosis

as described by Zhou [20]. c After one more hour incubation, internalized still viable Sp were quantify to measure the proportion of killed Sp. Data

represent mean ± S.E.M. of 4 and 2 experiments for a and b-c respectively. There was no statistical difference between groups

Fig. 6 In vitro exposure to cigarette smoke extract (CSE) induced an oxidative stress in monocyte-derived dendritic cell (MDDC) from healthy subjects

activated by S. pneumoniae (Sp). a Expression of Heme-oxygenase (HO)-1 was evaluated by qRT-PCR in MDDC exposed to CSE and then activated or not

by S. pneumoniae for 6 h. b Mitochondrial oxidative stress was measured by flow cytometry by measuring the fluorescence of MitoSox in MDDC exposed

to CSE and then activated or not by S. pneumoniae for 6 h. Data represent mean ± S.E.M of 4 and 6 experiments for a and b, respectively. *P< 0.05

Le Rouzic et al. Respiratory Research  (2016) 17:94 Page 9 of 13



induction of Th1 and Th17 responses to pathogens.

Therefore, these results strengthen our previous data

showing a defective Th17 response to S. pneumoniae

in PBMC from COPD patients and in mice chronically ex-

posed to CS. This defect in mice is related to an altered ac-

tivation of alveolar macrophages and DC by S. pneumoniae

and suggest that the altered Th17 response to pathogens in

COPD patients might be due to a defective response of

both DC and macrophages [18].

DC are professional APC linking innate and adaptive

immune responses which play a central role in the COPD

immunopathology [8]. There are discrepant data on DC

features in the lung of COPD patients either reporting an

accumulation of DC or a decreased number of matured

DC in small airways of COPD patients [24, 25]. This

might be related to the different clinical status or poten-

tially to the presence of dysbiosis and/or colonization in

the airways of these patients. A recent clinical study based

on lung biopsy showed decreased CD83 expression in DC

from small airways of COPD patients as well as smokers

compared with healthy non smokers, corroborating

cigarette smoke involvement in DC decreased maturation

even in subjects without COPD [26]. Surprisingly, in our

study, the cytokine secretion in response to S. pneumoniae

in smokers was not altered compared to non smokers

suggesting that this defective response may be a specific

feature of the disease. In our model of mice chronically

exposed to cigarette smoke, we report a decreased lung

DC maturation and a lower production of IL-1β and IL-

23 in response to S. pneumoniae suggesting that both in

human and mice, the defect in these cytokines explained

the altered Th17 cytokine production induced by CS [18].

Therefore, all these data as well as ours suggest that

cigarette smoke exposure locally inhibits lung APC matur-

ation even in smokers without COPD. In contrast, defect-

ive systemic response to bacteria is a specific feature of

COPD which may be the consequence of the conjugate ef-

fect of exposure to CS, systemic chronic inflammation

and/or host predisposition to develop the disease.

After demonstrating the inhibitory effects of CSE on

DC maturation, we would like to decipher those mecha-

nisms. In a recent study, Givi et al. has reported that

Fig. 7 Treatment with the anti-oxidant N-acetylcystein (NAC) did not reverse the inhibitory effect of cigarette smoke extract (CSE) on the phenotype

and the secretion of cytokines by monocyte-derived dendritic cell (MDDC) activated by S. pneumoniae (Sp). The expression of (a) CD83 and

the secretion of (b) IL-23 by MDDC treated or not with NAC and then exposed to CSE and Sp for 24 h were evaluated by flow cytometry and

ELISA, respectively. Data are reported as mean ± S.E.M of 6 experiments. There was no statistical difference between groups

Fig. 8 In vitro exposures to rotenone (Rot) and antimycin A (AmA) inhibit the phenotype of monocyte-derived dendritic cells (MDDC) activated

by S. pneumoniae (Sp) but not the secretion of cytokines. a Expression of CD83 and b the secretion of IL-23 were evaluated by flow cytometry

and ELISA, respectively, in MDDC exposed to inhibitors and then activated or not by S. pneumoniae for 24 h. Data represent mean ± S.E.M of 6

and 4 experiments for a and b, respectively. There was no statistical difference between groups
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short-term CSE exposure induced maturation of DC

whereas 10 days exposure suppress it [27]. In our model,

both short-term and 6 days exposure (data not shown)

had inhibitory effects on DC maturation. We think that

these differences may be linked to the use of different

cells, namely murine bone marrow derived DC and

Hodgkin’s disease-derived cell line L428, and of cigarette

smoke from commercial cigarette without filter. In fact,

other authors using human MDDC have reported that

exposure to CSE of LPS-activated DC decreased IL-12

secretion and expression of costimulatory molecules

[13, 14]. Moreover, they showed that secretion of IL-12

can be partially restored by treatment with the antioxi-

dants N-acetylcysteine and catalase. Conversely, in our

model we were not able to restore DC maturation and

cytokine secretion with physiologic concentrations of

N-acetylcysteine nor with two other antioxidants, TBHQ

and BHA. Interestingly, we observed that exposure to CSE

induced a mitochondrial oxidative stress. As previously re-

ported, inducing a mitochondrial dysfunction by blocking

mitochondrial electron transport chain with rotenone or

antimycin A inhibits expression of maturation associated

molecules [28]. However, it could not reproduce all CSE

inhibition as these molecules had no effects on cytokines

secretion. Moreover, the mitochondria-targeted antioxi-

dant did not reversed the inhibitory effect of CSE in

bacteria-activated DC. These data indicate that CSE-

induced oxidative stress is not essential for the inhibitory

effect on response to bacteria. Recent reports demon-

strated that exposure to cigarette smoke also modulated

miRNA expression [29]. In our model, we observed in

preliminary experiments that exposure to CSE inhibits

the expression of miR22, a miRNA involved in the de-

velopment of COPD through its effect on DC and the

synthesis of IL-17 [30]. However, in our hands, the in-

hibition of miR22 as well as its upregulation with a

mimicker did not allow to reproduce the phenotype of

CSE-exposed MDDC. Altogether, we can suspect that

since the effect of CSE, a very complex atmosphere, in-

volved different targets, the modulation of one of them

did not allow to block its major effects.

Bacteria endocytosis was higher in CSE pre-exposed

DC. This contrasts with previous data on alveolar macro-

phages showing decreased S. pneumoniae internalization

after concentrated ambient particles exposure [20]. How-

ever, Phipps et al. have shown that CS exposure of alveolar

macrophages reduced complement-mediated endocytosis

of S. pneumoniae while unopsonized bacteria endocytosis

was sustained [31]. This suggests that CS exposure may

affect only the complement-dependent endocytosis path-

way and not the others. As endocytic activity is inversely

correlated to the degree of maturation in DC [32], this

indicates that the inhibition by CSE of maturation might

explain the sustained bacteria endocytosis. Although this

effect should be confirmed, we observed decreased intra-

cellular killing of S. pneumoniae in CSE pre-treated DC

suggesting that bacteria may persist inside DC promoting

bacterial colonization and subsequent re-infection. Other

extracellular bacteria like Streptococcus pyogenes or intra-

cellular like Coxiella burnetii and Brucella abortus have

demonstrated ability to persist inside macrophages or

DC respectively by inhibiting phagolysosome trafficking

[33, 34]. Interestingly, these effects are associated with

decreased DC maturation. Furthermore, Tardif et al. have

demonstrated that heme-oxygenase-1 which was increased

in our model and carbon monoxide which is an im-

portant component of cigarette smoke could both

block endosome-lysosome fusion without endocytosis

reduction in LPS-exposed DC [35]. Altogether these

data suggest that the inhibitory effects of CSE may be

related to defective phagolysosome trafficking.

Conclusions

In this study, we observed a defective pro-Th1 and -Th17

response to S. pneumoniae in the PBMC of COPD pa-

tients compared to healthy controls and smokers suggest-

ing an altered response to bacteria in APC during COPD.

Moreover, we showed that this may be explained by

cigarette smoke inhibition of DC capacity to activate anti-

gen specific T-cell response, an effect which may implicate

an altered phagolysosome trafficking. Further studies are

needed to confirm this hypothesis. Nevertheless, these

data suggest that new therapeutics targeting this defect

may be helpful to improve treatment and prevention of

COPD exacerbations.
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Background: Streptococcus pneumoniae is the leading cause of bacterial pneumonia worldwide. Previous reports

showed that IL-20 cytokines (IL-19, IL-20 and IL-24) are induced and have an immuno-regulatory function dur-

ing cutaneous infection. In the current study, our aim was to demonstrate the implication of IL-20 cytokines and

their receptors and their role during experimental pneumococcal infection.

Methods: C57BL/6 mice were infected with S. pneumoniae by intranasal route. The bacterial burden, the immune

response and the cytokine production were evaluated after treatment with an anti-IL-20 receptor-b (IL-20Rb)

neutralizing antibody (anti-IL-20Rb).

Findings: Of interest, expression of IL-20 cytokines mRNA and protein were transiently increased in the lung tis-

sue during infection. Blocking of the IL-20Rb decreased the bacterial burden both in the bronchoalveolar lavage

and the lung whereas there was no significant drop in the blood. This treatment also reduced the pulmonary

damages (as shown by the alveolar wall thickening), the recruitment of neutrophils and dendritic cells, and

the levels of the pro-inflammatory cytokines IL-1β and IL-6 in the lung. Administration of the anti-IL-20Rb anti-

body enhanced the synthesis of the antibacterial peptide LCN2. However, this effect is transient and did not affect

the survival of the infected mice.

Interpretation: Collectively, this study highlights the implication of IL-20 related cytokines during lung infection

by S. pneumoniae and might have therapeutic applications in bacterial pneumonia.

Fundings: Thisworkwas supported by CNRS, INSERM, INSERM-transfert, theUniversity of Lille and the Fondation

du Souffle (Paris, France).

© 2018 Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Pneumococcal lung infections are a real public health problem and
are responsible for approximately 2 million deaths and cost hundred
billions of dollars per year [1]. Streptococcus pneumoniae (Sp) is a facul-
tative anaerobic Gram-positive diplococcus for which N90 serotypes
have been identified [2]. It is the most common cause of bacterial pneu-
monia and it is also implicated in sinusitis and bacterialmeningitis [3,4].
Sp colonizes the nasopharynx and can spread to the lower respiratory
tract via the airways [1].

The severity of the pneumonia is tightly related to the efficiency of
the anti-bacterial host response. Both innate and adaptive immune re-
sponses participate in the clearance of the pneumococci [5]. Among
the factors orchestrating the anti-bacterial response, Th17-type cyto-
kines, including interleukin (IL)-17 and IL-22, play a major role in the
clearance of Sp [6–8] and the lung homeostasis by limiting injury and
maintaining tissue integrity, by modulating remodeling and the secre-
tion of antimicrobial peptides [6]. We also previously demonstrated
that the increased susceptibility to Sp inmice chronically exposed to cig-
arette smokewas due to a defective IL-22 response [9]. In this situation,
alteration of alveolar macrophages and dendritic cell (DC) function
leads to a lower secretion of these cytokines by conventional and non-
conventional T cells. IL-22 with IL-19, IL-20, IL-24 and IL-26 (IL-26
only present in humans), belong to the IL-20 cytokine subfamily, a sub-
set of the IL-10 family [10–12]. IL-19, IL-20 and IL-24 all bind the type I
IL-20 receptor (IL-20R), a heterodimeric receptor composed of the IL-
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20RA and B chains (IL-20Ra and IL- 20Rb). Moreover, IL-20 and IL-24
bind the type II IL-20R a heterodimeric receptor composed of the IL-22
receptorα1 subunit and IL-20Rb [13]. Thus, IL-20Rb subunit is the com-
mon chain to both receptor types recognizing IL-20 cytokines and
blocking antibodies against this receptor can efficiently neutralize this
pathway [14].

These IL-20Rb-containing receptor complexes are mainly expressed
on epithelial cells, mononuclear phagocytes and some lymphocytes. Re-
cent data also revealed that activated neutrophils expressed this recep-
tor [15]. Moreover, the role of IL-20 related cytokines is controversial
and exhibited some “anti-inflammatory” effects involved in the cutane-
ous tissue homeostasis [16]. However, Myles et al. have shown that IL-
20 related cytokines (IL-19, IL-20 and IL-24) promote cutaneous Staph-
ylococcus aureus infection in mice by downregulating IL-17 and IL-22
production [14]. However, their implication in lung bacterial infection
has not yet been evaluated.

In this study, our aim was to demonstrate the implication during
lung infection by SP and their role in this context. We hypothesized
that blocking the IL-20 pathway using an anti-IL-20Rb neutralizing an-
tibody could help to control such bacterial lung infection. For this, we
first analyzed the production of IL-20-related cytokines and their recep-
tors in lung tissues from mice infected by Sp. The impact of the treat-
ment with a blocking anti-IL-20Rb antibody was evaluated on the
bacterial clearance and lung inflammation as well as on the survival in
mice infected by Sp. This study identified IL-20 related cytokines and

their receptor as modulators of the host response during Sp infection.
Thus, targeting IL-20Rb subunit might be valuable to improve the con-
trol of Sp infection.

2. Materials and methods

2.1. Animals

Six- to eight-week-oldmalewild-type C57BL/6 (H\\2Db)micewere
purchased from Janvier (SOPF animal facility, LeGenest-St.-Isle, France).
All animal work conformed to the guidelines of Animal Care and Use
Committee from Nord Pas-de-Calais (agreement no. AF 16/20,090).
Mice were maintained in a temperature-controlled (23 °C) facility
with a strict 12 h light/dark cycle with food and water provided ad
libitum.

2.2. Infection with streptococcus pneumoniae and bacterial counts

A clinical isolate S. pneumoniae serotype 1 (clinical isolate E1586)
was obtained from the National Reference Laboratory, Ministry of
Health, Uruguay and was grown as described previously [17]. For infec-
tion, frozen working stocks were diluted in phosphate- buffered saline
(PBS). The quantity of bacteria in the frozen stock was systematically
verified in each experiment and the quantity of bacteria was approxi-
mately the same before and after frozen. Anesthetized mice (intraperi-
toneal injection of ketamine (75 mg/Kg)-xylazine (5 mg/Kg) (50% of
each compound used in proportion) (Rompun 2% xylazine, Bayer and
Imalgene 1000, Merial) were intranasally infectedwith 2 × 106 bacteria
(in 50 μl). For the evaluation of the lung response to Sp, mice were
sacrificed by cervical dislocation at 12, 24 or 48 h post-infection. Bacte-
rial burden was measured by plating serial dilutions of lung extracts
(from the middle lobe grinded in 1 ml of PBS), bronchoalveolar lavage
(BAL) (pure, 1/10 to 1/1000) and blood (1/10 to 1/10000) samples
onto chocolate agar plates (Chocolate agar+ PolyViteX™, Biomérieux).
Colony-FormingUnits (CFU)were enumerated 24 h later and expressed
as CFU/ml. Survival experiments were also performed bymeasuring the
weight loss and the survival in infected mice during 6 days. In these ex-
periments, mice were sacrificed if we observed a weight loss higher
than 20% of the initial weight associated with behavior parameters
showing lethargy.

2.3. Treatment of mice with anti-IL-20Rb neutralizing antibody and Isotype

control

Treated animals received the endotoxin-free anti-IL-20Rb neutraliz-
ing antibody (clone 20RNTC, 50 μg/100 μl; eBioscience) by intraperito-
neal route, 24 h before and at day 1 and 3 after Sp infection. The 13R4
IgG2a- antibody was used as the isotype control (Evitria).

2.4. Broncho-alveolar lavage and tissue preparation

BAL was performed by washing the lungs five times with 0.5 ml of
phosphate-buffered saline solution (PBS) plus 2% fetal bovine serum
(FBS) (Gibco). After centrifugation at 400g for 6 min at 4 °C, the super-
natant (cell-free BAL fluid) was stored at −20 °C for cytokine analysis,
and the pellet was used for flow cytometry analysis.

The left lobe of the lung were mashed with a sterile blade then
digested with collagenase (Collagenase Type VI 17104–019 Gibco by
Life technologies) at 37 °C. After 15min of digestion, lungswere homog-
enized with an 18G needle and digested for 15min. After centrifugation
at 400g 6 min at 4 °C, the pellets were resuspended in a 30% Percoll so-
lution (Percoll TM GE Healthcare 17–0891-01) and centrifuged at 500g
for 15 min. The pellets were resuspended in red blood cells (RBC) lysis
buffer during 5 min at 20 °C, to remove erythrocytes. The reaction of
RBC lysis was stopped with PBS 2% FBS (Gibco). After centrifugation at

Research in context

Evidence before the study

Exposure to microorganismsmight be the cause of respiratory
infections which still are a major cause of death and an important
health problem. Among bacteria, Streptococcus pneumoniae was
recognized as a leading cause of pneumonia and hospital-
acquired opportunistic infections. The severity of the pneumonia
is tightly related to the efficiency of the defense mechanism.
Both innate and adaptive immune responses participate in the
clearance of the pneumococci. Among the factors orchestrating
the defense mechanism, IL-20 cytokines play a major role in the
clearance of the bacteria and the lung homeostasis by limiting in-
jury and maintaining tissue integrity. Whereas the role of inter-
leukin(IL)-22 is widely demonstrated, the implication of the
other IL-20 cytokines (IL-19, IL-20 and IL-24) acting through dif-
ferent pathways is unknown.

Added value of this study

We demonstrated that expression of IL-19, IL-20 and IL-24 were

transiently increased in the lung tissue with a peak at 24 h post-

infection. Blocking the binding of IL-20 cytokines to their receptor

improve the bacterial clearance and decrease the inflammatory re-

action and the tissue lesions during the first days of the infection.

Altogether, this study identified a new mechanism inhibiting the

lung defense mechanism against bacterial infection at the oppo-

site of IL-22.

Implications of all the available evidence

These data suggest that imbalance between IL-22 and the other

IL-20 cytokines might increase the susceptibility to respiratory in-

fection often observed during chronic inflammatory diseases.

Thus, targeting IL-20 cytokines might be valuable to improve the

control of respiratory bacterial infection.
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400g for 6min at 4 °C, pulmonary cells were resuspended in PBS 2% FBS,
then enumerated and used for flow cytometry.

2.5. Flow cytometer reagents

The cell phenotype on BAL and pulmonary cell suspension were an-
alyzed by flow cytometry using the following antibodies:

Monoclonal antibodies (mAbs) against mouse CD5 (ref130–102-
574, FITC-conjugated), Tetramer CD1d (NIH facility, PE-conjugated),
NK1.1 (ref 130–103-963, PerCp-Cy5.5–conjugated), CD4 (ref 130–102-
411, PE-Cy7- conjugated), CD25 (ref 130–102-550, APC-conjugated),
CD69 (ref 561,238, Alexa700-conjugated), TCRγδ (ref 130–104-016,
APC- Vio770 conjugated), TCR-β (ref 130–104-815, V450-conjugated),
CD8 (ref 130–109-252, V500-conjugated), CD45 (ref BLE103140,
BV605-conjugated) (BD Biosciences, Biolegend and Myltenyi Biotech),
I-Ab (ref 130–102-168, FITC- conjugated), F4/80 (ref 130–102-422, PE
conjugated), CD103 (ref 563,637, PerCP-Cy5.5-conjugated), CD11c (ref
558,079, PE Cy7-conjugated), CD86 (ref 560,581, Alexa-700 conju-
gated), Ly6G (ref 560,600, APC-H7 conjugated), CD11b (ref 560,455,
V45O conjugated), CD45 (ref 130–402-512, V500 conjugated), Ly6C
(ref BLE128036, BV605-conjugated) (BD Biosciences, Biolegend and
Myltenyi Biotech) and CCR2 (ref FAB 5538A, R&D systems, APC conju-
gated). Data were acquired on a LSR Fortessa (BD Biosciences) and ana-
lyzed with FlowJo™ software v7.6.5 (Stanford, CA, USA). Gating
strategies are described in supplementary Fig. 1 (See supplementary in-
formation). cDC1 were identified among DC, as CD103+ CD11b− cells
whereas cDC2 were CD11b+ CD103−.

2.6. Lung immunohistochemistry

For histopathology, the posterior lobe of lungs were fixed by infla-
tion and immersion in paraformaldehyde (PFA; 4%) and embedded in
paraffin. To evaluate airway inflammation, lung sections (4-μm thick)
were stained by hematoxylin & eosin. On these slides, we have mea-
sured both lung remodeling and inflammation through the use of lung
injury scoring as defined in the supplementary table 1 (See supplemen-
tary information).

For immunohistochemistry, paraffin-embedded lungs sections were
deparaffinized into two successive baths of xylene (Acros Organics)
during 10min and rehydratedwith successive baths of ethanol (succes-
sively, two baths of 100%, one bath of 90%, 80% and 50% during 5min for
all and one bath of water during 5 min). The unmasking of epitope was
carried out in pH 6.0 citrate buffer during 15 min at 90 °C. The kit
ab80436 – Expose Mouse and Rabbit Specific HRP/DAB Detection IHC
Kit (Abcam) was used according to the manufacturer's recommenda-
tion for detection of IL-19, IL-20 and IL-24. For IL-20 receptors, Fast
Red (SIGMAFAST™ Fast Red TR/Naphthol AS-MX Tablets) is used for
revelation. Counterstaining was performed with Hematoxylin
(Interchim).

We used as primary antibodies, an anti-IL-19 antibody [EPNCIR168]
ab154187 (Abcam); an anti-IL-20 antibody orb13501 (Biorbyt), anti-IL-
24 antibody orb228807 (Biorbyt), anti-IL-20Ra antibody bs-2619R
(Bioss), anti-IL-20Rb clone 20RNTC (eBiosciences) and an anti-IL-
22Ra1 clone 496,514 (R&D systems), all at 0.01 mg/ml.

In order to quantify the remodeling within the alveoli, we measured
the alveolar wall thickening in the peribronchial area by using the soft-
ware Image J (NIH). We analyzed at least 10 alveolar walls in the lungs
of 4 different mice for each group.

2.7. Cytokine measurement by individual ELISA system kit

IL-1β, IL-6, IL-19, and IFN-γ (eBiosciences), TNF-α (R&D (Abingdon,
UK), IL-20 (Boster Biological Technology) and IL-24 (Elabscience) were
determined in BAL and lung homogenates by enzyme-linked

immunosorbent assay (ELISA), using commercial kits according to the
manufacturer's recommendations.

2.8. RNA isolation and quantitative RT-PCR

Total RNA was isolated from homogenized mouse lung (the cranial
lobe) using TRIzolR Reagent (Ambion) according to manufacturer's in-
structions and quantified by NanoVue Plus (Healthcare Bio-sciences
AB). Reverse transcription (RT) was performed with High Capacity
cDNA Reverse Transcription Kit (Applied Biosystems) according to
manufacturer's instructions. cDNA were subjected to quantitative PCR
(QuantStudio 12 K Flex Applied Biosystems) using primers for mouse
reported in supplementary Table 2 (See supplementary information)
(Eurofins Genomics). Relative transcript expression of a gene is given
as−2∆∆C using GAPDH as a housekeeping gene.

2.9. Statistical analyses

The experiments evaluating the response to Sp infection at 12, 24
and 72 h were repeated 3 times with 4–5 mice per group. In addition,
two experiments were performed with 10 mice per group for the sur-
vival analysis. Results are expressed as the mean ± SEM. Mann-
Whitney U analysis and non-parametric Kruskal-Wallis followed by
Dunns post tests were performed to determine significant differences
between groups using GraphPad Prism software version 5.00. Data are
expressed asmeans± SEM. Statistically significant differenceswere de-
fined as *P b .05, **P b .01 and ***P b .001.

3. Results

3.1. Infectionwith Sp initiates a pulmonary inflammatory reaction and trig-

gers septicemia

Mice were infected by intranasal administration of Sp (Fig. 1a).
Whereas the bacterial counts were unchanged in the BAL at 24 and
48 h post- infection (p.i), these numbers were strongly increased at
48 h in the lung tissue and the blood as compared to 24 h (Fig. 1b).
Moreover, total cell numbers were significantly increased in BAL and
lungs of infected mice at both time points in comparison to the baseline
which was control mice (PBS), associated with neutrophil recruitment
(Fig. 1c). The concentrations of IL-1β, IL-6 and IFN-γ were significantly
increased in the BAL of infected mice particularly at 24 h (Fig. 1d). In
thelung, the production of these cytokines as well as TNF-α continued
to increase until 48 h p.i (Fig. 1e). No significant change for these param-
eters was observed at 12 h p.i. (data not shown).

3.2. Infection with Sp triggers the lung expression of IL-20 cytokines and

their receptors

We next investigated the pulmonary amount of IL-20 related cyto-
kines during the course of Sp infection. Quantitative RT-PCR analysis in-
dicated enhanced expression of transcripts for Il-19, Il-20 and Il-24 as
well as for Il-22 at 24 h p.i, that decreased at 48 h p.i (Fig. 2a). No changes
were detected at 12 h p.i.

Immunohistochemistry staining revealed that IL-20 and IL-24 were
nearly undetectable at baseline (PBS condition),whereas airway epithe-
lial cells were strongly positive for IL-19. Infection with Spmarkedly in-
creased bronchial and peribronchial staining of these cytokines at 24 h
post-infection (see Table 1). In addition to bronchial epithelial cells,
pneumocytes aswell as inflammatory cells were positive for these cyto-
kines (Fig. 2b). No staining was reported with the isotype controls as
shown in the supplementary fig. 2 (See supplementary information).

Since IL-20 related cytokines were induced after Sp infection, we
then evaluated the expression of their receptors in the lung tissues of in-
fected mice. In contrast with Il-22ramRNA, expression of Il-20ra and Il-

419F. Madouri et al. / EBioMedicine 37 (2018) 417–427



20rbmRNAwere significantly increased in lungs of infectedmice at 24 h
p.i., in comparison to PBSmice. Transcript levelswere similar to baseline
at 12 h and 48 h p.i (Fig. 3a). Immunohistochemical analysis revealed

the IL-20Rawas strongly expressed by airway epithelial cells at baseline
(PBS mice) whereas a light staining was detected for IL-20Rb and IL-
22Ra. Sp markedly increased bronchial and peribronchial staining of

Fig. 1. Infectionwith Streptococcus pneumoniae induces a pro-inflammatory response and bacterial dissemination in the blood. All datawere represented at 24 and 48h post-infectionwith

S. pneumoniae(Sp, 2.106 CFU). (a) Protocol of infection by Sp. (b) Bacterial load in BAL, lung tissues and blood as CFU counts per mL. (c) Total cell count in BAL and lung tissues (obtained

from themiddle right lobe), and neutrophils (PMN) number in lung tissue evaluated by flow cytometry. (d-e) IL-1β, IL-6, IFN-γ, and TNF-α levels in BAL (d) and lung lysates (the cranial

lobe) (e), evaluated by ELISA (pg/mL). Results were expressed as mean ± SEM and statistical analyses were performed byMann-Whitney U analysis and non-parametric Kruskal-Wallis

followed by Dunns posttest in comparison with PBS control. *Pb.05, **Pb.01 and ***Pb.001. Three independent experiments have been performed with 4-5 mice in each group.
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Fig. 2. Streptococcus pneumoniae infection triggers IL-20 cytokine expression in the lung. Lungs from PBS group and frommice infectedwith S. pneumoniae(Sp, 2.106 CFU)were collected at

12, 24 and 48h p.i.. (a) Il-19, Il-20, Il-22 and Il-24mRNA levels were evaluated by RT-qPCR in lung tissue (the cranial lobe) of Spinfected mice and controls. Results were expressed as fold

increase compared to the mice exposed to PBS and using expression of Gapdh as a housekeeping gene. (b) Expression of IL-19, IL-20 and IL-24 was evaluated on lung sections by

immunohistochemistry (magnification x200) at 24h p.i. Lung sections were prepared from not infected mice (PBS), mice infected with Sp and infected with Sp and treated aby anti-IL-

20Rb antibody (Sp + anti-IL-20). Results were expressed as mean ± SEM and statistical analyses were performed by Mann-Whitney U analysis and non-parametric Kruskal-Wallis

followed by Dunns posttest in comparisonwith PBS controls, or with Sp at 48h p.i. *Pb.05 and **Pb.01. Three independent experiments have been performedwith 4-5mice in each group.

Table 1

Number of cells expressing IL-20 related cytokines and their receptors in peribronchial area from lung sections.

IL-19 IL-20 IL-24 IL-20Ra IL-20Rb IL-22Ra

PBS 24.8 ± 2.3 9.6 ± 1.6 13.9 ± 1.5 70.6 ± 5.2 33.2 ± 11.9 31.4 ± 4.8

Sp 84.4 ± 1.0 55.4 ± 5.9 64.5 ± 28.2 85.3 ± 2.3 51.9 ± 3.2 85.3 ± 2.3

Sp

+ anti-IL20Rb

62.9 ± 5.3 32.9 ± 5.5 56.5 ± 3.2 42.8 ± 9.8 25.3 ± 7.9 15.6 ± 2.1

Immunohistological staining of IL-20 related cytokines (IL-19, IL-20, and IL-24) and their receptors (IL-20Ra, IL-20Rb, IL-22Ra)were performed on lung tissues of PBS -, Sp – infectedmice

and Sp - infectedmice treatedwith the anti-IL-20Rbneutralizing antibody. Bronchial epithelial cellswere not included in the count sincemost of themare positive particularly for IL-19 and

IL-20Ra. The results are expressed as the mean number per mm2 of positive cells in 3 to 5 fields with standard deviation.
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IL-20Rb and with a lower intensity, of IL-22Ra at 24 h p.i (Fig. 3b and
Table 1). Some binding was also detected within the inflammatory
cells in Sp mice. In contrast, the expression of IL-20Ra was
unchanged in the airway epithelial cells. Taken together, our data
reveals a basal expression for IL-19 and an enhanced expression of
IL-20 cytokines in the airways and in the inflammatory peribronchial
area early after infectionwith Sp. This is associated with an enhanced
expression of IL-20Rb and IL-22Ra mainly in airway epithelial cells

whereas IL-20Ra was strongly expressed at baseline and not modu-
lated by the infection.

3.3. Treatment with anti-IL-20Rb antibody decreases the bacterial load and

the inflammatory reaction

We next analyzed whether the neutralization of the IL-20Rb sub-
unit could affect the outcome of the pulmonary infection by Sp (Fig. 4a).

Fig. 3. Expression of IL-20 receptors is amplified in lungs from mice infected with Streptococcus pneumoniae. Lungs from PBS group and from mice infected with S. pneumoniae (Sp,

2.106 CFU) were collected at 12, 24 and 48 h p.i.. (a) Il-20ra, Il-20rb and Il-22ramRNA levels in lung tissue of Sp infected mice were evaluated by RT-qPCR in lung tissue of Sp infected

mice and controls. Results were expressed as fold increase compared to the mice exposed to PBS and using expression of Gapdh as a housekeeping gene. (b) Expression of the IL-20Ra,

IL-20Rb and IL-22Ra was evaluated by immunohistochemistry (magnification x200) on lung sections collected at 24 h p.i. Lung sections were prepared from not infected mice (PBS),

mice infected with Sp (Sp) and infected with Sp and treated aby anti-IL-20Rb antibody (Sp + anti-IL-20). Results were expressed as mean ± SEM and statistical analyses were

performed by Mann-Whitney U analysis and non-parametric Kruskal-Wallis followed by Dunns posttest in comparison with PBS controls. *P b .05, and **P b .01. Three independent

experiments have been performed with 4–5 mice in each group.
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Blocking the IL-20Rb receptor significantly decreased the bacterial
burden in the BAL at 24 h p.i, and in the BAL and the lung 48 h p.i

(23% and 38% of inhibition respectively) (Fig. 4b). Treatment with
the anti-IL-20Rb antibody also decreased the number of total cells in
the BAL at 24 h, and in the lung tissues at 48 h (Fig. 4c), while there
was a trend to decrease the total cell number at the other time
point. This was confirmed by the analysis of lung sections. Indeed, his-
topathological scores exhibited a reduction of lung inflammation and
lesions 24 h p.i (anti-IL-20Rb treated Sp mice: 8.67 ± 1.58 vs IgG-
treated Sp mice: 13.3 ± 2.04) and 48 h p.i (anti-IL-20Rb treated Sp

mice: 9.5 ± 1.41 vs IgG-treated Sp mice: 13.83 ± 1.58) compared
with uninfected control mice (3.4 ± 0.68). We have also measured
the alveolar wall thickness in the three groups and our results showed
that Sp infection induced a significant thickening in alveolar walls as
reported in the supplementary fig. 3 (See supplementary informa-
tion). Moreover, treatment with the anti-IL-20Rb antibody completely
prevent the effect of the infection.

To determine which cell populations were impacted by the treat-
ment, we numbered the major subpopulations of inflammatory cells
by flow cytometry. Interestingly, our data revealed that the numbers
of neutrophils, and of cDC2 in the BAL were lower in mice treated
with anti-IL-20Rb than in infected controls while there was a trend to
decrease the number of alveolar macrophages (Fig. 5a). In the lung tis-
sues, treatmentwith the blocking anti-IL-20Rb antibodies decreased the

number of neutrophils and of cDC2 (as well as the total number of DC)
at 48 h p.i (Fig. 5b).

Taken together, blocking the IL-20Rb pathway decreased the bacte-
rial load and the inflammatory cell recruitment (namely of neutrophils
and DC) after respiratory infection by Sp.

3.4. Anti-IL-20Rb antibodymodulates the production of inflammatory cyto-

kines and anti-microbial peptides

Since the blockade of the IL-20 pathway altered the inflammatory
cell recruitment after infectionwith Sp, the cytokine productionwas an-
alyzed in the BAL and the lung tissues (Fig. 6).

Treatment using anti-IL-20Rb antibody significantly decreased the
concentrations of IL-1β and IL-6 in the BAL collected at 24 h p.i. in in-
fected mice, in association with a trend for lower levels of IFN-γ
(Fig. 6a). In the lung tissues, the treatment with the anti-IL-20Rb anti-
body only reduced IL-1β (Fig. 6b). We also measured the levels of
Th17 cytokines in these samples and we did not observe any modula-
tion of the levels for IL-17 protein and IL-22 mRNA after blocking the
IL-20 pathway (supplementary Fig. 4 (See supplementary
information)).

We also checked the impact of the treatment with the anti-IL-20Rb
antibody on the expression of IL-20 cytokines themselves and on their
receptors. Compared to IgG-treated mice, administration of anti-IL-

Fig. 4.Anti-IL-20Rb neutralizing antibody increases bacterial clearance in Streptococcus pneumoniae -infectedmice and limits the inflammatory reaction. (a) Protocol of infection by Sp and

treatment with anti-IL-20Rb neutralizing antibody or the isotype control. (b) CFU counts per mL in BAL, lung tissues (middle lobe) and blood 24 h p.i. (c) Total cell count in BAL and lung

tissues (left lobe). Results were expressed as mean ± SEM and statistical analyses were performed by Mann-Whitney U analysis and non-parametric Kruskal-Wallis followed by Dunns

posttest in comparison with PBS controls or with Sp+ IgG. *P b .05, **P b .01 and ***P b .001. Three independent experiments have been performed with 4–5 mice in each group.

423F. Madouri et al. / EBioMedicine 37 (2018) 417–427



20Rb antibody reduced the mRNA expression of IL-20 and IL-24
without impacting IL-22 mRNA expression at 24 h p.i. (Fig. 7).
This treatment also affects the expression of IL-20Ra. This
was confirmed and extended by the immunohistochemistry
analysis. The administration of the anti-IL-20Rb antibody de-
creased the peribronchial and bronchial expression of IL-19, IL-20
and IL-24 (Fig. 2b), and. IL- 20Ra, IL-20Rb, and IL-22Ra (Fig. 3b).

It also diminished the expression of IL-20Rb in airway epithelial
cells.

We also analyzed the expression of anti-microbial peptides involved
in the anti-infectious defense in the lung by RT-PCR. Sp infection ampli-
fied the expression ofDefb2 and Defb3mRNAat 24 h p.i. (Fig. 6c) but not
the expression of S100a8 and Lcn2 mRNA (Fig. 6d) as well as S100a9
mRNA (supplementary Fig. 5 (See supplementary information)).

Fig. 5. Anti IL-20Rb neutralizing antibody limits cell infiltration in BAL and lung of treatedmice. Natural Killer T (NKT) cells, polymorphonuclear neutrophils (PMN), alveolar macrophages

(AM), dendritic cells (DC), and resident DC (cDC1) and inflammatory DC (cDC2) were numbered by flow cytometry in the BAL (a) and the lung tissues (b) at 24 h p.i. Results were

expressed as mean ± SEM of absolute numbers calculated using the corresponding total cell counts. Results were expressed as mean ± SEM and statistical analyses were performed

by Mann-Whitney U analysis and non-parametric Kruskal-Wallis followed by Dunns posttest in comparison with PBS controls, or with Sp + IgG. *P b .05, **P b .01 and ***P b .001.

Three independent experiments have been performed with 4–5 mice in each group.
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Administration of anti-IL-20Rb neutralizing antibody enhanced the Lcn2
mRNA expression while there was a trend for S100A8 and S100a9,

mainly 48 h p.i. This suggests that IL-20Rb blockade amplifies the ex-
pression some antimicrobial peptides which in turn, can facilitate the
bacterial clearance.

3.5. Anti-IL-20Rb antibody did not affect the weight loss and the survival in

mice infected by Sp

In order to determine the impact of the treatment with anti-IL-20Rb
antibody on the evolution of the infection in mice, we analyzed the

weight loss and the survival during 6 days. Control mice lose N20% of
their weight at 4–5 days p.i. and the treatment with anti-IL-20Rb anti-
body did not affect this drop (supplementary Fig. 6 (See supplementary
information)). In parallel, some mice died at the same period and once
again, the treatment did not significantly modify their survival.

4. Discussion

It has been described previously that IL-20 related cytokines and
their receptors play a role in promoting S.aureus skin infections [14].
Moreover, it is known that IL-20 family cytokines are expressed in

Fig. 6. Anti-IL-20Rb neutralizing antibody modulates the production of pro- inflammatory cytokines and anti-microbial peptides. (a-b) IL-1β, IL-6, IFN-γ, and TNF-α levels evaluated by

ELISA (pg/mL) in BAL (a) and lung lysates (b) 24 h p.i. (c-d) mRNA level of the antimicrobial peptides β-defensins (Defb2 and Defb3) (c) and S100a8 and lipocalin-2 (lcn2) (d) were

evaluated by RT-qPCR in lung tissues (cranial lobe) at 24 h p.i. Results were expressed as fold increase compared to the mice exposed to PBS and using expression of GAPDH as a

housekeeping gene. Results were expressed as mean ± SEM. Results were expressed as mean ± SEM and statistical analyses were performed by Mann-Whitney U analysis and non-

parametric Kruskal-Wallis followed by Dunns posttest in comparison with PBS controls, or with Sp + IgG. *P b .05, **P b .01 and ***P b .001. Three independent experiments have been

performed with 4–5 mice in each group.
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lung epithelial cells [18], suggesting their implication in the lung. we
have demonstrated that infection by Sp promotes the production of
mostly IL-19 and IL-20, as well as the expression of IL-20Rb subunit of
the receptor.We also showed that the peak of IL-20 cytokine expression
was concomitantwith an effect of these cytokines on the bacterial clear-
ance and the inflammatory reaction, particularly by decreasing neutro-
phil and dendritic cell influx. Altogether, we have uncovered a critical
role for IL-20 receptors.

Sp colonizes the lower respiratory tract via its spreading through the
airways. Recognition of bacterial cell wall components of Sp

(lipoteichoic acids; LTA and peptidoglycan; PG) by Toll-like receptor 2
(TLR2) [19,20] induces the activation of the canonical nuclear factor
(NF)-ƙB pathway in antigen presenting cells [21]. The activation of
this pathway leads to the release of pro-inflammatory cytokines and
chemokines, such as IL-1β, IL-6 and TNF-α. Our data concerning the
evaluation of the inflammation and the cytokines in the BAL and lung
tissues of mice validated our experimental model with a production of
pro-inflammatory cytokines between 24 and 48 h p.i. We have shown
that IL-20 related cytokines (IL-19, IL-20, and IL-24 as well as IL-22)
are induced during this cytokine burst, at 24 h p.i both at the protein
and the mRNA levels. However, the mRNA expression of Il-19, Il-20, Il-
22, Il-24, Il-20ra, Il-20rb and Il-22ra mRNA nearly returns to baseline
levels at 48 h p.i. whereas these levels were not significantly different
to the PBS controls 12 h p.i As previously described for the majority of
NF-ƙb dependent cytokines in the lung, the protein expression for
these cytokines rapidly declines [8]. Recent data underlines that the
production of IL-20 cytokines is dependent on NF-ƙB [16] and could
be induced by TLR2 and TLR4 stimulation, both receptors being mobi-
lized by Sp [19,20]. At the mRNA level, the production of IL-19 and IL-
20 ismarkedly increased, despite no significant effect for IL-24. Interest-
ingly some recent data showed that this cytokine is induced by respira-
tory viruses suggesting that it could be more associated with viral
infection [22]. Interestingly, we detected a strong expression of IL-19
in the bronchial epithelium of control mice whereas we did not detect
a difference between the mRNA expression of Il-19, Il-20 and Il-24 in
the lung tissue as well as in bronchial epithelial cell cultures at baseline
(data not shown). This suggests that IL-19 is tightly post-

transcriptionally regulated and that the protein might be stored within
the cytoplasm of these cells. After Sp challenge, we detected an in-
creased expression in airway epithelial cells (within the bronchi and
the alveoli) as well as in the inflammatory infiltrate. DC and macro-
phages are able to produce these cytokines and we observed that
monocyte-derived DC secretes these cytokines after activation by Sp

(manuscript in preparation). Of note, using multiple Sp inocula in our
experiments instead of a lethal dose of Sp could have also been informa-
tive to better decipher the role of IL-20 cytokines.

It has been shown in a model of cutaneous infection, that IL-20 fam-
ily cytokines are initially secreted by infiltrating innate immune cells
and lymphocytes 24 h after challenge [14]. Most research has been fo-
cused on IL-22, but we know that during inflammation, IL-19, IL-20
and IL-24, binding to their receptors, induce cell recruitment (neutro-
phils, dendritic cells and T cells), antimicrobial peptides expression (β-
defensin or S100A peptides) as well as chemokines and cytokines pro-
duction [16]. Among the cytokines produced, the binding of IL-20 re-
lated cytokines to their receptors allow a positive autocrine loop
expression of IL-19, IL-20 and IL-24, which amplify their effect during
inflammation [16,23]. Our data showing that neutralization of IL-20Rb
subunit decreases the expression of IL-20 family cytokines (IL-19, IL-
20 and IL-24) and their receptors could potentially be explained by an
autocrine loop. Interestingly, the inflammatory cell recruitment (specif-
ically, neutrophils andDC aswell as AM in the BAL) due to Sp infection is
reduced after blocking the IL-20 pathway suggesting that this process
might also participate in the lower level IL-20 cytokine expression.
Moreover, this decreased recruitment was associated with a lower pro-
duction of pro-inflammatory cytokines like IL-1β, IL- 6 and IFN-γ. In-
deed, inflammatory cells are potential sources for these cytokines.
Myles et al. reported that IL-20 related cytokines promote cutaneous
Staphylococcus aureus infection in mice by downregulating the Th17
cytokines-dependent pathway [14]. Sincewe are unable to detect an in-
creased production of IL-17/IL-22 and pro-Th17 cytokines (such as IL-
1β and IL-6) in lung tissues of Spmice treatedwith anti-IL-20Rbneutral-
izing antibody, we speculate that IL-20 family cytokines boost the anti-
bacterial activity of these effector cells as shown in vitro in neutrophils
[15]. Indeed, blocking IL-20Rb pathway promotes bacterial clearance

Fig. 7. Anti IL-20Rb neutralizing antibody reduces the expression of IL-20 cytokines and their receptors in the lung of Streptococcus pneumoniae -infected mice. mRNA levels of the IL-20

related cytokines (IL-19, IL-20, IL-22, IL-24) and their receptors (IL-20Ra, IL-20Rb and IL-22Ra) in lung tissue ofmice infectedwith Sp evaluated by RT-qPCR. Results were expressed as fold

increase compared to themice exposed to PBS and using expression of GAPDHas a housekeeping gene. Results were expressed asmean± SEM and statistical analyseswere performed by

Mann-Whitney U analysis and non-parametric Kruskal-Wallis followed by Dunns posttest in comparison with PBS controls, or with Sp+ IgG. *P b .05, **P b .01 and ***P b .001. Three

independent experiments have been performed with 4–5 mice in each group.
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in BAL and lung of treatedmice, although it decreases the influx of neu-
trophils andmacrophages. Additional experiments are required to ana-
lyze the effector functionwithin these cells in infectedmice treatedwith
the anti-IL-20Rb blocking antibody. The treatment with the anti-IL-
20Rb antibody also amplifies the mRNA expression of selected antimi-
crobial peptides including Lcn2 while there was a trend for S100a8

mRNA. Administration of the anti-IL-20Rb antibody did not modulate
the β-defensin mRNA expression (Defb2, Defb3) which are usually pro-
duced by pulmonary epithelial cells and neutrophils during Sp infection
[24]. Interestingly, it has been shown that S100 anti-microbial peptides
(expressed by neutrophils, monocytes and activated endothelial and
epithelial cells) control bacterial clearance by inducing lung recruitment
of neutrophils and macrophages during Sp infection [25,26]. Lcn2-
deficient animals also exhibit higher susceptibility to infection com-
pared to control animals [27].

The understanding of the mechanisms underlying the beneficial ef-
fects of the treatment using anti-IL-20Rb antibody is ongoing and will
be helpful to limit pulmonary bacterial infections. Interestingly, this ef-
fect is associated with a lower histopathological score measuring both
the inflammation and the airway remodeling as illustrated in the
Figs. 2b and 3b, a result confirmed at the level of neutrophils, dendritic
cells and macrophages by flow cytometry analysis. However, this effect
was not associated with a significant impact on mice survival and loss
weight which is prominent after day 3 p.i. This is probably related to
the drop in the production of IL-20 cytokines observed at day 2 p.i. in
our acute model of infection. These data suggest that it is necessary to
associate this treatment with another therapeutic approach such as an-
tibiotic, in order to improve the efficiency of the anti-IL-20Rb blocking
antibody.

In conclusion, we show that IL-20 related cytokines and their recep-
tors are induced during Sp lung infection and that the treatment using
an anti-IL-20Rb neutralizing antibody limits inflammation due to Sp.
Moreover, combined treatment of lung infection associating a molecule
blocking the IL-20 pathwaywith antibioticsmight be helpful to acceler-
ate bacterial clearance and to prevent the tissue lesions associated with
uncontrolled inflammation.
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Abstract

Chronic obstructive pulmonary disease (COPD) is a major cause of morbidity and mortality

worldwide. The major bacterial cause of COPD exacerbations is non-typeable Haemophilus

influenzae (NTHi). 25 to over 80% of cases are associated with NTHi. This susceptibility to

infection involves a defective production of interleukin (IL)-22 which plays an important role

in mucosal defense. Prophylactic administration of flagellin, a Toll-like receptor 5 (TLR5)

agonist, protects healthy mice against respiratory pathogenic bacteria. We hypothesized

that TLR5-mediated stimulation of lung immunity might prevent COPD exacerbations. Mice

chronically exposed to cigarette smoke (CS), which presented COPD symptoms, were

infected with NTHi and intraperitoneally treated with recombinant flagellin following a pro-

phylactic or therapeutic protocol. Compared with control, cigarette smoke-exposed mice

treated with flagellin showed a lower bacterial load in the airways, the lungs and the blood.

This protection was associated with an early neutrophilia, a lower production of pro-inflam-

matory cytokines and an increased IL-22 production. Flagellin treatment decreased the

recruitment of inflammatory cells and the lung damages related to exacerbation. Morover,

the protective effect of flagellin against NTHi was altered by treatment with anti-IL-22 block-

ing antibodies in cigarette smoke-exposed mice and in Il22-/-mice. The effect of flagellin

treatment did not implicated the anti-bacterial peptides calgranulins and defensin- 2. This

study shows that stimulation of innate immunity by a TLR5 ligand is a potent antibacterial

treatment in CS-exposed mice, suggesting innovative therapeutic strategies against acute

exacerbation in COPD.

Introduction

Chronic obstructive pulmonary disease (COPD) is characterized by a progressive and irrevers-

ible decline in lung function [1]. Being the third leading cause of death worldwide, it is mainly
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Copyright: 2021 Pérez-Cruz et al. This is an open

access article distributed under the terms of the

Creative Commons Attribution License, which

permits unrestricted use, distribution, and

reproduction in any medium, provided the original

author and source are credited.

Data Availability Statement: All relevant data are

within the manuscript and its Supporting

Information files.



caused by chronic exposure to cigarette smoke (CS) or pollutants [2]. Inhalation of CS essen-

tially leads to activation of epithelial cells and macrophages responsible for the mobilization of

effector and immuno-modulatory cells including neutrophils and natural killer T (NKT) cells

[3,4]. The chronic inflammatory response progressively leads to airway remodeling, impaired

bacterial clearance and parenchymal destruction in the lungs, further culminating in irrevers-

ible airflow limitation [5] as experienced in our murine model of chronic exposure to CS.

These components are involved in the increased susceptibility of COPD patients to bacterial

and viral airway infections.

Airway colonization with bacteria such asHaemophilus influenzae, Streptococcus pneumo-

niae andMoraxella catarrhalis contributes to the pathogenesis and clinical course of the dis-

ease [6]. This colonization is responsible for lung infection leading to exacerbations of the

disease, which have a strong impact on health status, exercise capacity, lung function, and

mortality. Non-typeable Haemophilus influenzae (NTHi), a Gram-negative coccobacillus that

lacks a polysaccharide capsule, is an important cause of COPD exacerbations and comorbidity

[7,8]. Acute exacerbations in patients invariably scarred the chronic course of COPD [9]. Bac-

terial infections are first controlled by the innate immune system, which implicated pathogen-

associated molecular pattern (PAMP) recognition by Toll-like receptors (TLR) such as those

recognizing flagellin (TLR5) responsible for the mobilization of effector cells [10]. During

COPD, bacterial infection is characterized by an increased influx of immune cells, including

neutrophils, macrophages, dendritic cells (DC) and T lymphocytes [3,11,12]. However, this

response is not effective enough to clear the pathogens. In this context, we recently reported a

defective production of IL-22 in response to bacteria both in COPD patients and mice chroni-

cally exposed to CS, whereas IL-17 production is only altered after infection by S. pneumoniae

[13,14]. Interestingly, the Th17 cytokines IL-17 and IL-22 promote the recruitment of neutro-

phils, the synthesis of antimicrobial peptides and the expression of tight junction molecules

[15,16], a mechanism explaining the essential role of IL-22 in the clearance of NTHi [14].

Morover, supplementation of COPDmice with recombinant IL-22 increases the clearance of

the bacteria and prevents the development of COPD exacerbations in mice. However, IL-22

expression is also promoted by exposure to CS and is involved in COPD pathogenesis [17].

Several reports showed that activation of innate receptors, including TLR, is able to elicit pro-

tective immune responses against infections [18,19]. Among them, systemic administration of

flagellin, the main component of bacterial flagella and the TLR5 ligand, induces immediate

production of Th17 cytokines through the activation of DC and type 3 innate lymphoid cells

[20].

In this study, we hypothesized that systemic administration of recombinant form of flagel-

lin could inhibit the development of NTHi-induced COPD exacerbation episodes through an

appropriate protective IL-22 response. We reported here that systemic stimulation of the

innate immunity by flagellin from Salmonella enterica serovar Typhimurium (FliC) prevents

COPD exacerbation induced by NTHi. We also showed that the protective effect of flagellin

against NTHi is dependent of IL-22 but was not associated with the modulation of calgranulins

(S100A8/S100A9) and defensin- 2.

Material andmethods

Animals

Male C57BL/6 (WT) or IL-22-/- C57BL/6j mice of both sexes, 6–8 weeks old were obtained

from Janvier Labs (Le Genest-St-Isle, France) or Jean-Christophe Renauld (Brussel, Belgium),

respectively. WT mice were daily exposed to cigarette smoke (CS) during 12 weeks (5 ciga-

rettes/day, 5 days/week during 12 weeks) to induce COPD pathogenesis [4]. They were
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exposed in a whole-body chamber integrated to the Inexpose system (EMKA, Paris-France).

Research cigarettes 3R4F were obtained from the University of Kentucky Tobacco and Health

Research Institute (Lexington, KY, USA). The control group was exposed to ambient air. After

12 weeks of CS or air exposure, mice were either treated intranasally with phosphate buffered

saline (PBS) or NTHi (n = 4 per group), three days after the last exposure to CS. Il22-/-mice

were not exposed to CS before before infection with NTHi and controls received PBS. All pro-

cedures were performed according to the Pasteur Institute, Lille, Animal Care and Use Com-

mittee guidelines (agreement number N˚AF16/20090). The present project has been approved

by the national Institutional Animal Care and Use Committee (CEEA 75) and received the

authorization number APAFIS# 7281.

Mice infection and flagellin treatment

NTHi 3224A strain was grown to log-phase in brain-heart infusion (BHI) broth (AES Labora-

tory) supplemented with 10μg/ml haematin and 10μg/ml nicotinamide adenine dinucleotide

(NAD) (SIGMA, St Louis, MI, USA), and stored à -80˚C in BHI 10% glycerol for up to 3

months.

For mouse infection, working stocks were thawed, washed with sterile PBS, and diluted to

the appropriate concentration. The number of infectant bacteria was confirmed by plating

serial dilutions onto chocolate agar plates. Mice were anesthetized and intranasally (i.n.)

infected with 2.5x106 CFU of NTHi.

For preparation of heat-killed (HK) NTHi, bacteria were grown to a log-phase (O.D600nm =

0.7–0.8 units) and inactivated at 56˚C for 1 hour in a hot-water-bath. Broth cultures were then

plated onto chocolate agar plates and incubated overnight to check bacterial inactivation.

Native flagellin was purified and depleted in endotoxin as described previously [21]. To

evaluate the prophylactic effect, 5μg of flagellin was administrated intraperitoneally (i.p.) just

before bacterial challenge. In some experiments, we evaluated a therapeutic protocol in which

flagellin was intraperitoneally injected 6h after the infection. For IL-22 neutralizing experi-

ment, mice received 200μg of neutralizing anti-IL-22 (AM22) or control isotype (a mouse

IgG2a) antibodies intravenously 5 minutes before infection.

Sample collection and processing

Mice were sacrificed 24h and 48h post-infection by NTHi. Broncho-alveolar Lavage (BAL) flu-

ids, lungs, spleen and blood were collected and kept on ice till the processing or immediately

frozen in liquid nitrogen.

BAL was performed by instilling 5 x 0.5 ml of sterile PBS + 2% fetal bovine serum (FBS) via

a 1 ml sterile syringe with 23-gauge lavage needle into a tracheal incision. BAL samples were

used for cytokine analysis, flow cytometry analysis and numbering of CFUs. Lung tissues were

collected aseptically and analyzed for CFU counts, cytokines analysis, histology and pulmonary

cell analysis (flow cytometry analysis and lung cell restimulation). For this, lungs were perfused

with PBS and the left lobe was treated with collagenase (Sigma-Aldrich). The leucocyte-

enriched fraction was collected using a Percoll gradient (GE Healthcare) before flow cytometry

staining and culture. Blood was used for the determination of CFU counts and measurement

of cytokine concentrations.

Flow cytometry

Cells harvested from BAL and lungs were washed and incubated with antibodies (BD, Franklin

lakes, NJ, USA) for 30 min in PBS before being washed. Staining was performed as described

in online supplementary information. Data were acquired on a LSR Fortessa (BD Biosciences)
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and analyzed with FlowJo™ software v7.6.5 (Stanford, CA, USA). Gating strategies are previ-

ously reported by Sharan et al. [22]. Debris were excluded according to size (FSC) and granu-

larity (SSC). Immune cells expressing CD45 were gated to analyse frequency, activation and

number of cell subsets. Phenotypes are shown in the Table 1.

Cytokine measurement

Levels of IFN- , IL-1 , IL-6, IL-17, IL-22, IL-23 and tumor necrosis factor alpha (TNF- ) were

quantified in blood, lung tissue lysates and BAL using commercial ELISA kits (Invitrogen, San

Diego, USA; Biotechne, Minneapolis, USA) (Table 2). In addition, defensin- 2 concentrations

were also measured in lung extracts and BAL by ELISA (Abbexa, Cambridge, UK). Similarly,

levels of IFN- , IL-17, and IL-22 were measured in the supernatants of dissociated lung cells

(0.5x106 of cells) alone or re-stimulated with HK NTHi during 72h.

RT-PCR quantification of mRNA expression

Quantitative RT-PCR was performed to quantify mRNA of interest (Table 3). Results were

expressed as mean ± SEM of the relative gene expression calculated for each experiment in

folds (2- Ct) using Gapdh as a reference, and compared to non-infected PBS-treated control

mice.

Histological analysis

To study lung remodeling post-infection with NTHi, lungs were inflated and fixed in formalin.

The lungs were then paraffin-embedded; cross-sections were cut and stained with hematoxylin

and eosin. To define the lung lesions we have used a histopathologic score quantifying lung

injury and including both lung remodeling and inflammation (Table 4). More specifically, this

scoring includes the Extent of lung injury, the alveolar wall thickness, the presence of hyaline

membrane, the neutrophilic alveolitis, the bronchial epithelial degeneration, the neutrophilic

and lymphocytic peribronchitis, the vasculitis, the emphysema and the hemorrage for a cumu-

lative score from 0 to 30. The evaluation was blindly performed. In order to evaluate emphy-

sema, we measured mean linear intercept on photos from lung sections by using Image J

software (NIH). Results were expressed as pixels (mean ± SD)

Statistical analysis

The data are expressed as mean ± SEM. Results were statistically analyzed using one way

anova analysis (Kruskal Wallis test) followed by Dunn’s multiple comparison test (PRISM soft-

ware, v5 GraphPad)), and expressed in terms of probability (p). Differences were considered

significant when p<0.05 (�: p<0.05; ��: p<0.01; ���: p<0.001).

Table 1. Phenotype of the major cell populations identified in this report.

Cell population Phenotype

Alveolar Macrophages F4/80+ CD11c+ CD64+ SiglecF+

Neutrophils F4/80- CD11c- CD11b+ Ly6G+

Dendritic cells F4/80- CD11c+ I-Ab+ CD64-

Inflammatory monocytes F4/80+ CD11c- Ly6G- Ly6C+ CCR2+

Conventional T cells CD5+ TCR + NK1.1-

NKT like cells NK1.1+ TCR +

https://doi.org/10.1371/journal.pone.0236216.t001
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Results

Intraperitoneal administration of flagellin accelerates the clearance of
NTHi in CS-exposed mice

Mice chronically exposed to CS developed the major COPD features [4] and were intranasally

challenged with NTHi and previously treated or not with flagellin (FliC) before infection (Fig

1A). As we previously reported [22], the bacterial load was higher in CS-exposed mice infected

with NTHi (in the BAL and lung tissue at 24h and in the BAL at 48h) (Fig 1B) than in infected

control mice. Intraperitoneal injection of FliC significantly enhanced 24h post-infection (p.i.),

the clearance of NTHi in BAL, lungs (Fig 1B) and the blood (S1 Fig) from CS-exposed mice

compared to the PBS-treated mice. At 48h p.i., treatment with flagellin decreased the bacterial

load in the BAL but not in the lungs and blood at this time point.

Since COPD exacerbation is associated with an altered immune cell response relative to

control mice [13,23], we next characterized immune cells in the lungs and BAL. At 24h p.i., we

observed an increased total cell number in the BAL and lungs of infected CS-exposed mice,

Table 2. List of the antibodies and of the ELISA kits used in this study.

Flow cytometry mAb Target Manufacturer Catalog Nb

FITC- I-Ab Miltenyi Biotech 130-102-168

PE-F4/80 Miltenyi Biotech 130-102-422

PerCP-Cy5.5—CD103 BD Biosciences 563637

PE-Cy7—CD11c BD Biosciences 558079

APC—CCR2 Miltenyi Biotech 130-119-658

AF700—CD86 BD Biosciences 560581

APC-H7- Ly6G BD Biosciences 560600

V450—CD11b BD Biosciences 560455

VioGreen—CD45 Miltenyi Biotech 130-110-665

BV605—Ly6C Biolegend 128036

BV786—CD64 BD Biosciences 741024

PE-CF594—SiglecF BD Biosciences 562757

FITC—CD5 Miltenyi Biotech 130-102-574

Tetramer mCD1d 167ms NIH facility 30663

PerCP-Cy5.5—NK1.1 Miltenyi Biotech 130-103-963

PE-Cy7—CD4 Miltenyi Biotech 130-102-411

APC—CD25 Miltenyi Biotech 130-102-550

AF700—CD69 BD Biosciences 561238

APC-Vio770—TCR Miltenyi Biotech 130-104-016

VioBlue -TCR Miltenyi Biotech 130-104-815

V500—CD8 BD Biosciences 130-109-252

BV605—CD45 Biolegend 103140

ELISA kits Target Manufacturer Catalog Nb

IFN- ELISA kit Invitrogen 88-7314-88

IL-1 Duoset Biotechne DY401

IL-6 ELISA kit Invitrogen 88-7064-88

IL-17 ELISA kit Invitrogen 88-7371-88

IL-22 Duoset Biotechne DY582

IL-23 ELISA kit Invitrogen 88-7230-88

TNF- ELISA kit Invitrogen 88-7371-88

Defensin- 2 Abbexa Abx254734

https://doi.org/10.1371/journal.pone.0236216.t002
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compared to controls (Fig 2A). An increased number of neutrophils, alveolar macrophages

(AM) and dendritic cells (DC) (p<0.05) in the BAL were reported of infected CS-exposed

mice compared to uninfected mice, whereas neutrophils and DC were higher in the lungs

(Figs 1D and S2). This increase was consistent at 48h p.i. for the total cell number and the neu-

trophil count (S2C Fig, p<0.01). After treatment with FliC, the total cell number was reduced

in both control and CS-exposed mice infected with NTHi. This was related in CS-exposed

mice to a lower number of neutrophils in the BAL, and a trend for AM and DC. DC activation

evaluated in the airways by the expression of CD86 and the MHCmolecule I-Ab was not mod-

ulated in CS-exposed mice treated with FliC (S2B and S2D Fig). Regarding lymphocytes, we

showed a significantly higher recruitment of both NKT and T cells in the BAL (p<0.05) and

the lungs upon infection of controls and CS-exposed mice (Figs 1D and S2A). Treatment with

Table 3. Primer sequences for qRT-PCR in mice. Forward (F) and reverse (R) primers are cited.

Genes Sequences

Gapdh F

R

Def 2 F

R

Def 3 F

R

Camp F

R

S100a8 F

R

S100a9 F

R

Reg3b F

R

Reg3g F

R

https://doi.org/10.1371/journal.pone.0236216.t003

Table 4. Lung injury scoring criteria.

Lung injury Score

Scale 0 1 2 3 4

Extent of lung injury Absence <25% 26 to 50% 51 to 75% >75%

Alveolar wall thickness � 1 rbc > 1� 2 rbc 3 to 5 rbc 6 to 10 rbc > 10 rbc

Hyaline membranes Absence Presence NA NA NA

Neutrophilic alveolitis Absence <10 neutrophils/HPF 10 to 20/HPF 21 to 50/HPF > 50/HPF

Suppuration Absence Presence NA NA NA

Bronchial epithelial degeneration Absence Presence NA NA NA

Neutrophilic peribronchitis Absence <10 neutrophils/HPF 10 to 20/HPF 21 to 50/HPF > 50/HPF

Lympho-hiostiocytic peribronchitis Absence <10 mononuclear cells/HPF 10 to 20/HPF 21 to 50/HPF > 50/HPF

Vasculitis (inflammation) Absence Presence NA NA NA

Vasculitis (necrosis) Absence Presence NA NA NA

Emphysema Absence < 25% 25 to 50% to 75% > 75%

Hemorrhage Absence Presence NA NA NA

rbc: Red blood cells; NA: Not applicable; HPF: High Power Field (magnification x250).

https://doi.org/10.1371/journal.pone.0236216.t004
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Fig 1. Treatment with Flagellin prevents the NTHi-induced COPD exacerbation in CS-exposed mice. (a) To assess the impact of flagellin
treatment on COPD exacerbation by NTHi, mice were chronically exposed to cigarette smoke during 12 weeks followed by intranasal challenge
with NTHi 2.5x106 CFU and flagellin administration (5 μg; i.p.). Mice were euthanized at 24h or 48h after NTHi challenge for analysis of (b)
Colony Forming Unit (CFU) counts in Broncho-alveolar lavage fluid (BAL) and lungs. (c) The total number of recruited cells as well as the
absolute number of neutrophils, dendritic cells and NKT was reported in BAL and lungs of control versus COPDmice infected or not with
NTHi and treated or not with flagellin. The samples were collected 24h after NTHi challenge. (d) Lung histopathology was performed on
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FliC strongly reduced the number of T lymphocytes at both day 1 and 2 p.i. whereas the activa-

tion of these cells was not modulated in comparison with infected mice as evaluated by CD69

expression was not changed (S2B Fig).

control and CS-exposed mice injected with PBS or FliC and infected or not with NTHi at 24h and 48h after challenge. Three independent
experiments have been performed with 4 mice in each group. Data are expressed as mean ± SEM. �: p<0.05, ��: p<0.01, ���: p<0.001.

https://doi.org/10.1371/journal.pone.0236216.g001

Fig 2. Flagellin limits NTHi induced inflammation in CS-exposed mice. (a) The concentrations of IFN- , IL-17 and IL-22 were analyzed in the
BAL and the lungs of control and CS-exposed mice injected with PBS or FliC and infected or not with NTHi at 24h after NTHi challenge. (b)
These cytokines were also evaluated in supernatants of lung cells either unstimulated or in vitro restimulated with heat-killes NTHi. (c) The
concentrations of IFN- , IL-17 and IL-22 were measured in the sera at 24h after NTHi challenge. Three independent experiments have been
performed with at least 3 mice in each group. The data are expressed as mean ± SEM. �: p<0.05, ��: p<0.01, ���: p<0.001.

https://doi.org/10.1371/journal.pone.0236216.g002
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Histopathological analysis of lung tissues showed that infection with NTHi in CS-exposed

mice induced more inflammation and remodeling tissue than in control mice (Figs 1D and

S2). Histopathologic analysis confirmed that treatment with FliC markedly decreased inflam-

matory cell recruitment both in peribronchial and alveolar spaces of NTHi-infected CS-

exposed mice at 48h p.i. compared to control mice. Moreover, infected CS-exposed mice

exhibited some features of pneumonia with alveolitis and a strong vasculitis 48h p.i. whereas

these lesions were not observed in animals treated with FliC. This was confirmed by the histo-

pathological score evaluating both inflammation and lung tissue remodeling (7±0.41 vs 4.33

±0.31 in PBS- and FliC-treated infected CS-exposed mice, respectively, p<0.05). Whereas the

MLI was increased in not infected CS-exposed mice as compared with Air mice (S3 Fig), infec-

tion by NTHI decreased the MLI only at day 1p.i. in CS-exposed mice. Treatment with FliC

also reduces the emphysema at day 2 p.i.

Altogether, these data demonstrated that treatment with FliC amplified the clearance of

NTHi in CS-exposed mice, a result associated with a lower lung inflammation and less damage

mostly due to the infection.

Flagellin treatment modifies the cytokine response consecutive to NTHi
infection within the lung of CS-exposed mice

Since Th1 and Th17 cytokines are involved in the control of lung inflammation and bacterial

infection, we analyzed their concentrations as well as those of cytokines involved in their pro-

duction in the BAL and the lung lysates. Significantly higher levels of IL-17 (Fig 2A), IL-1 , IL-

6 and TNF- (S4A Fig) were detected in BAL and lung tissue lysates from infected CS-exposed

mice, compared to non-infected animals at 24h after infection. IL-22 production was only

increased in lung lysates and there was no difference between Air and CS-exposed mice (Fig

2A). Interestingly, treatment with FliC significantly reduced the concentrations of IFN- , IL-

1 , and TNF- in the BAL (S4A Fig; p�0.05). There was no effect in control mice. Treatment

with flagellin significantly increased the production of IL-22 in the BAL but not in the lung of

CS-exposed mice at day 1 p.i. (Fig 1C) as well as IL-23 levels (p = NS, S4B Fig). To further ana-

lyze the potential of lung immune cells to promote efficient antibacterial immune response,

these cells were restimulated ex vivo with heat-killed (HK) bacteria and their ability to produce

cytokine profiles were assessed. Infection with NTHi increased the production of IFN- , IL-17,

and IL-22 in Air-mice as compared with PBS mice at 24h p.i. (Fig 2B). In infected CS-exposed

mice, higher levels of IFN- , IL-17 were detected compared to the controls whereas the levels

of IL-22 were not induced by the infection in both unstimulated and HK NTHi stimulated

lung cells (p<0.05). In CS-exposed mice treated with FliC, lung cells produced more IL-22

than PBS-treated infected mice (p<0.05) whereas the levels of IL-17 and IFN- remained

unchanged. There was no difference in control mice.

In parallel, we also analyzed the production of these cytokines in the blood. Infection by

NTHi did not modulate the blood concentration of IFN- and IL-22 whereas it tended to

increase the levels of IL-17 in CS-exposed mice (Fig 2C). Interestingly, FliC significantly

increased the concentrations of IL-22 in CS-exposed mice.

The FliC-induced protection was associated with a lower pro-inflammatory cytokine burst

in the lung and an increased IL-22 production both in the lung and the blood of CS-exposed

mice.

Flagellin increases the ability of spleen T cells to produce IL-22

Since FliC was administered intraperitonally, we evaluated its impact on the immune cell

phenotype within the spleen. We did not detect a significant modification of the number of

PLOS ONE Flagellin protects against COPD exacerbations

PLOSONE | https://doi.org/10.1371/journal.pone.0236216 March 30, 2021 9 / 18



the major APC in flagellin-treated and infected mice compared to only infected mice as illus-

trated for inflammatory monocytes and cDC2 (S5 Fig). In addition, we observed no statisti-

cal modulation of the expression of I-Ab in both cell types. Regarding T lymphocytes, their

absolute number was not significantly modulated in both Air and CS-exposed mice after

infection but also after treatment with FliC as shown for iNKT cells and T CD8+ cells. Simi-

larly, treatment with FliC did not significantly amplify CD25 expression on both cell types in

both Air- and CS-exposed mice. Production of IFN- , IL-17 and IL-22 was measured in

supernatants of total spleen cells. Infection by NTHi and treatment with Flagellin had no

effect on the production of these cytokines in unstimulated cells (Fig 3A). Administration of

FliC significantly increased the ability of spleen cells from Air mice to produce IL-17 whereas

it significantly amplify the IL-22 production in mice exposed to CS after stimulation by

NTHi (Fig 3B).

Fig 3. Flagellin modulate the production of IL-22 cytokines in splenocytes from NTHi-infected cigarette smoke-exposed mice. (a) IFN- , IL-17 and IL-
22 concentrations were measured in the supernatants of unstimulated spleen cells of mice infected or not with NTHi and treated or not with FliC, at 48h after
infection. (b) IFN- , IL-17 and IL-22 concentrations were measured in the supernatants of activated spleen cells of mice infected or not with NTHi and
treated or not with FliC, at 48h after infection. Spleen cells were activated by addition of heat-killed-NTHi (MOI 10) during 48 hours. Two independent
experiments have been performed with at least 3–4 mice in each group. �: p<0.05 and ��: p<0.01.

https://doi.org/10.1371/journal.pone.0236216.g003
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IL-22 is important for Flagellin-mediated protection in COPD
exacerbation by NTHi

It has already been described that the prophylactic effect of flagellin against lung infection by

S. pneumoniae is mediated by early (between 2 and 24h) overexpression of IL-22, in a TLR5

dependent manner, through the increase of IL-22+ ILC3 in the lung [20]. In order to confirm

the implication of IL-22 in the effect of flagellin, we first treated Il22-/-mice with this TLR5

ligand before infection by NTHi (Fig 4A). Compared to wild type (WT) mice, Il22-/-mice

cleared NTHi within comparable timing although the bacterial load was higher in mice (Fig

4B). Treatment with FliC did not significantly decrease the bacterial load in the BAL and lung

compared to PBS treated Il22-/-mice whereas it did in WTmice (Fig 1B). Regarding the

inflammatory cell influx, the administration of FliC did not modulate the absolute number of

neutrophils, AM and DC in the BAL or in the lung of Il22-/-mice (Fig 4B and 4C). The levels

of IL-17 and IFN- were also measured and we did not detect a significant effect of FliC on the

concentration of these cytokines in Il22-/-mice except in the BALF at 48h p.i. (S6 Fig) as

shown in WTmice. Histological analysis showed that the lesions in infected Il22-/- mice have

the same intensity as in infected WTmice (Figs 1D and 4D). Moreover, FliC slightly limited

the lung remodeling in infected Il22-/-mice but with a lower degree than in WTmice. In con-

trast with the data obtained in WTmice (Fig 1D), although the inflammatory infiltrate persists

in both PBS and FliC-treated NTHi-infected Il22-/-mice (histologic score: 7.1 ± 0.48 versus

4.77 ± 0.75, respectively).

To further investigate the implication of IL-22 in the protective effect of flagellin, WT CS-

exposed mice were intravenously treated with anti-IL-22 blocking antibodies before FliC treat-

ment and NTHi infection (Fig 4E). 24h after infection, anti-IL-22 completely abrogated the

effect of FliC on the bacterial load reduction (Fig 4F). Treatment with the blocking antibody

and FliC did not affect the number of neutrophils and DC counts in BAL and lung compared

with infected CS-exposed mice (Fig 4G) whereas it slightly increased the absolute number of

macrophages within the lung.

These results demonstrate that the protective effect of flagellin during COPD exacerbation

is at least partly dependent of IL-22.

Impact of flagellin on the production of anti-microbial peptides in infected
CS-exposed mice

Flagellin as well as IL-22 cytokine are also able to promote the production of antibacterial pep-

tides [24,25]. To investigate this pathway, we analyzed the expression of anti-microbial peptide

mRNA in the lung and the protein level of S100A8 and S100A9 in the BAL. The delay in NTHi

clearance observed in CS-exposed mice compared to control was not associated with signifi-

cant changes in the expression of Defb2, S100A8, S100A9 (Fig 5A), Defb3, Reg3g (S7 Fig), as

compared to infected control mice. Administration of flagellin increased the levels of Defb2 in

CS-exposed mice whereas it decreased the mRNA expression of Defb3 and Reg3g in CS-

exposed mice. In order to confirm these data at the protein level, we measured the protein con-

centration of defensin- 2, S100A8 and S100A9 (Fig 5B). Infection with NTHi markedly

increased the concentrations of defensin- 2, S100A8 and S100A9 in the BAL of both control

and CS-exposed mice. Treatment with FliC did not modulate the levels of S100A8 and S100A9

in both groups of mice at both 24 and 48h after infection. Upregulation of Defb2mRNA was

not associated with an increased concentrations of defensin- 2 in both BALF and lung extracts

in both Air and CS-exposed infected mice.

These data showed that the effects of FliC are not associated with the upregulation of defen-

sin- 2 and calgranulins synthesis.
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Fig 4. IL-22 is important in flagellin-mediated protection during NTHi infection. (a-d) Infection in Il22-/-mice, (e-g) treatment of COPD
mice with anti-IL-22 antibody. (a) To identify the role of IL-22 in the effect of flagellin during NTHi infection, Il22-/-mice were challenged
with NTHi at 2.5x106 CFU for 24h. (b) Bacterial load was assessed in BAL and lungs. (c) Absolute number of neutrophils, alveolar
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Discussion

The increased susceptibility to infection during COPD is linked to a defect in IL-22 production

related with an altered innate immune response [13,22,23]. In this study, we demonstrated

that treatment with flagellin, a TLR5 ligand, is able to improve the ability of CS-exposed mice

to clear bacteria including NTHi. The mechanism involved in this bacterial clearance is at least

partially dependent of IL-22 but is not associated with an increased production of anti-micro-

bial peptide defensin- 2 and calgranulins. Interestingly, the clearance of the bacteria was asso-

ciated with a reduced inflammatory infiltrate and a decreased production of inflammatory

cytokines in the lung of CS-exposed mice resulting in a less intense remodeling of lung tissues.

Moreover, this treatment is also able to promote the NTHi-induced IL-22 production by

PBMNC from healthy subjects [26].

The efficiency of FliC was demonstrated in an acute model of COPD exacerbation, using

NTHi, reproducing most of the biological characteristics of this episode [3,27]. However, the

increased inflammatory reaction associated with neutrophil and macrophage influx and the

pro-inflammatory cytokine storm in CS-exposed mice did not allow to clear the bacteria. An

altered production of IL-22 seems to be an essential mechanism responsible for this defect

[13,22].

macrophages (AM) and dendritic cells (DC) in BAL and lungs of mice infected with NTHi. (d) Lung histopathology was performed in Il22-/-

mice injected with PBS or FliC and infected or not with NTHi. The data are expressed as mean ± SEM of 3 independent experiments (n�3).
(e) Wild type CS-exposed mice were intravenously injected with anti-IL-22 neutralizing antibodies 5min before FliC treatment and infected
with NTHi for 24h. (f) CFU count, (g) Neutrophil numbers, AM and DC count were reported in the BAL and the lungs. The data are
expressed as mean ± SEM of 2 independent experiments (n�3). ��: p<0.01, ���: p<0.001.

https://doi.org/10.1371/journal.pone.0236216.g004

Fig 5. Effect of flagellin on the production of anti-microbial peptides in CS-exposed mice infected with NTHi. (a)
mRNA expression ofDefb2, S100A8 and S100A9 in the lungs of control versus CS-exposed mice infected or not with
NTHi and treated or not with flagellin. (b) Concentrations of Defb2, S100A8 and S100A9 in the BAL of control versus
CS-exposed mice infected or not and treated or not with flagellin. BAL were collected 24h and 48h after infection.
Three independent experiments have been performed with at least 3 mice in each group. The data are expressed as
mean ± SEM�: p<0.05, ��: p<0.01, ���: p<0.001.

https://doi.org/10.1371/journal.pone.0236216.g005
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We are the first to demonstrate that treatment with FliC is also efficient against NTHi

whereas its interest has been shown in infection with other bacteria including S. pneumoniae in

non-CS-exposed mice [28–30]. Since the pathophysiology of COPD exacerbation episodes

implicated a defect in IL-22 production and a deleterious effect of neutrophils on lung function,

we choose to treat our mice by intraperitoneal route rather than a local administration which

promotes a strong neutrophil recruitment in the airways. As previously reported with Sp in con-

trol (non COPD) mice [20,31,32] and in CS-exposed mice [26], the systemic treatment with

FliC in NTHi-infected mice increases the IL-22 production in the BAL and in the supernatant

of restimulated pulmonary cells without increase of the number and the activation of DC and

AM in the airways. Nevertheless, we cannot exclude that the increased ability to produce IL-22

was linked to the recruitment of some populations of lymphocytes including T cells and NKT

cells in CS-exposd mice. Both AM and DC expressed TLR5 and it has been reported that they

are stimulated after administration of FliC [31,33]. We can suspect that FliC promotes the

response to both Sp and NTHi not only in the lung but also in spleen and draining lymph

nodes. Indeed, we detect a significant increase of IL-22 concentrations both in the blood and

the supernatants of spleen cells from infected CS-exposed mice suggesting the circulation of

immune cells and/or mediators between the spleen and the lung. The implication of IL-22 in

the FliC-induced protection against NTHi was confirmed by the lack of bacterial decrease and

the lower modulation of the inflammatory cell recruitment in Il22-/-mice. The role of IL-22 in

the control of the bacterial load was confirmed by the pre-administration of neutralizing anti-

IL-22 antibody in FliC-treated CS-exposed mice. These data are in line with our previous report

showing that the supplementation with recombinant IL-22 is able to accelerate the clearance of

the bacteria and to limit the consequences of bacterial infection in CS-exposed mice [13]. Inter-

estingly, this is not associated with a modulation of IL-17 and IFN- in CS-exposed mice con-

firming that these cytokines are not essential for the clearance of NTHi [14,23].

Interestingly, we also described that the protection induced by prophylactic treatment with

FliC was associated with a decrease in lung inflammatory cell recruitment and in airway

remodeling in infected CS-exposed mice. This effect is probably the consequence of the accel-

erated clearance of the bacteria and/or to the activation of effector cells. IL-22 synthesis upre-

gulation did not seem to be essential for the control of the inflammation since the

inflammatory cell recruitment was not affected in FliC-treated Il22-/-mice compared to WT

mice. Moreover, the production of IL-17 and/or IFN- is not essential in the anti-bacterial

activity since flagellin treatment does not increase their production and IL-22 neutralization

did not modulate their concentrations [15,16].

In order to determine how FliC increase the bacterial clearance, we analyzed the expression

of AMP. FliC is known to promote the anti-microbial response as well as the production of

chemokines and pro-inflammatory cytokines (including TNF- and IL-1 ) in airway epithelial

cells, macrophages and neutrophils [32]. Through this mechanism, FliC might prime the anti-

bacterial activity of effector cells including macrophages and neutrophils. We can also suspect

that this treatment restores the barrier function of the airway mucosa since bacteria transloca-

tion within the blood is also decreased in CS-exposed mice (S1 Fig). Whereas our data show

that the treatment with FliC promotes the production of calgranulins in Sp-infected mice [26],

this is not the case after NTHi infection. It has been reported that S100A8 and 9 are induced

by both SP- and NTHi-infection, and they are major players in the host response against pneu-

mococcal infection by increasing lung recruitment of neutrophils and macrophages [34,35].

Their implication in the clearance of NTHi is unknown whereas the lack of effect after FliC

treatment is probably related to the high level of induction by NTHi alone. In contrast, defen-

sin- 2 is active against the major pathogens involved in COPD exacerbations including Sp and

NTHi, while defensin- 1 appeared to only affectM. catarrhalis [36]. Recent findings show that
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NOD2-mediated defensin- 2 production participates in the protection against NTHi-induced

otitis [37]. Moreover, virus-induced altered expression of defensin- results in an increased

load of NTHi within the upper airways, which likely promotes development of lung infection

[38]. However, the measurement of protein concentrations for these AMP did not reveal an

increased production after FliC administration although we cannot exclude that this treatment

induces the production of other AMP.

Interestingly, we also described that the protection induced by prophylactic administration

with FliC was associated with a decrease in lung inflammatory cell recruitment and in airway

remodeling in infected CS-exposed mice. Although these data must be confirmed in clinical

practice, they suggest that this treatment can limit the consequences of bacterial infection dur-

ing COPD, particularly the alteration of lung functions and the development of comorbidities.

By restoring an efficient barrier, we can also hypothesize that this treatment will reduce the sys-

temic inflammatory effects of the exacerbation. According to previous reports [20,29] and to

our data with SP, we can also hypothesize that this treatment was also efficient through curative

administration alone or in combination with antibiotics against NTHi. Since the safety of this

adjuvant has been shown for clinical application (https://clinicaltrials.gov/ct2/show/results/

NCT00966238), the interest of this treatment for COPD exacerbation might be predicted.

In conclusion, we demonstrated that treatment by flagellin is able to control bacterial infec-

tion in CS-exposed mice and to limit their consequences in terms of lung inflammation and

remodeling. Although this effect seems to be partially dependent of the production of IL-22,

we also suggest that the protection induced by FliC leads to the modulation of anti-microbial

peptide production. FliC-induced restoration of an efficient bacterial clearance and limitation

of the inflammatory reaction could be a step forward the treatment of COPD exacerbation.
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Sirard, Muriel Pichavant, Philippe Gosset.
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Tabareau, Pierre Gosset, François Trottein, Philippe Gosset.
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Progression of chronic obstructive pulmonary disease (COPD) is linked to episodes of exacerbations caused by

bacterial infections due to Streptococcus pneumoniae. Our objective was to identify during COPD, factors of sus-

ceptibility to bacterial infections among cytokine network and their role in COPD exacerbations. S. pneumoniae

was used to sub-lethally challenge mice chronically exposed to air or cigarette smoke (CS) and to stimulate

peripheral blood mononuclear cells (PBMC) from non-smokers, smokers and COPD patients. The immune

response and the cytokine production were evaluated. Delayed clearance of the bacteria and stronger lung

inflammation observed in infected CS-exposed mice were associated with an altered production of IL-17 and

IL-22 by innate immune cells. This defect was related to a reduced production of IL-1β and IL-23 by antigen pre-

senting cells. Importantly, supplementation with recombinant IL-22 restored bacterial clearance in CS-exposed

mice and limited lung alteration. In contrastwith non-smokers, bloodNK andNKT cells fromCOPDpatients failed

to increase IL-17 and IL-22 levels in response to S. pneumoniae, in association with a defect in IL-1β and IL-23

secretion. This study identified IL-17 and IL-22 as susceptibility factors in COPD exacerbation. Therefore targeting

such cytokines could represent a potent strategy to control COPD exacerbation.

© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Chronic obstructive pulmonary disease (COPD) remains a major
cause of morbidity and mortality worldwide. This will be the third
cause of deaths worldwide in 2020 according to the WHO. COPD is a
lung disorder characterized by progressive and irreversible airflow
limitation. Cigarette smoking is a primary risk factor for the develop-
ment of COPD, although other factors, including pollution and genetic
determinants, have been described. Cigarette smoke (CS) chronically
triggers inflammatory processes which ultimately alter pulmonary

barrier functions and reduce immune defense mechanisms, thus lead-
ing to increased susceptibility to respiratory infections (Agusti et al.,
2003; Barnes and Stockley, 2005; Fletcher and Peto, 1977; Soler et al.,
1999; Soler-Cataluna et al., 2005).

Such infections further alter the clinical status of COPD patients
thereby indirectly causing extensive morbidity and mortality (Soler
et al., 1999). Acute exacerbation of COPD patients is associated with a
greater decline in lung function, enhanced oedema as well as airway
and systemic inflammation (Agusti et al., 2003). Amongmajor bacterial
species causing COPD exacerbation are Streptococcus pneumoniae, non-
typeable Haemophilus influenzae and Moraxella catarrhalis (Sethi and
Murphy, 2008). Cigarette smoking is associated with diminished anti-
bacterial immune responses and delayed clearance of microbial agents
(Drannik et al., 2004). However, it is not well understood how these
alterations are controlled during COPD and why COPD patients are
more susceptible to infections (Soler-Cataluna et al., 2005). Considering
the increasing prevalence of COPD, there is an urgent need to better
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understand mechanisms leading to exacerbation in COPD patients in
order to propose novel therapeutics (Barnes and Stockley, 2005).

Among the factors orchestrating the anti-bacterial response, Th17
cytokines, including interleukin (IL)-17 and IL-22, play a major role
(Eidenschenk et al., 2014; Ivanov et al., 2013). These cytokines are pro-
duced by various cells of the adaptive and innate immune system. These
include conventional T lymphocytes, natural killer (NK) cells, non-
conventional T cells (such as γδ T cells, NKT cells and invariant
mucosal-associated T (MAIT) cells) and type 3 innate lymphoid cells
(ILC3). Production of Th17 cytokines is strongly dependent on IL-1β,
IL-23 and IL-6 secretion by antigen presenting cells (APC) (Doisne
et al., 2011; Ivanov et al., 2014). Anti-bacterial effects of Th17 cytokines
comprise the induction of antimicrobial peptides and neutrophil
chemoattractants by airway epithelial cells (Aujla et al., 2008; Wolk
et al., 2004). Both IL-17 and IL-22 amplify the granulopoiesis by increas-
ing the expression of G-CSF. In addition, IL-22 plays a central role in the
maintenance of the epithelium integrity by limiting cellular apoptosis
and by favoring repair/regeneration processes (Sonnenberg et al.,
2011).

Since Th17 cytokines playmajor functions in the control of bacterial,
including pneumococcal, outgrowth, we hypothesized that their
production upon respiratory bacterial challenge could be altered in
the context of COPD. Indeed, our data indicate a default in Th17 cytokine
production, especially IL-22, in response to S. pneumoniae in a mouse
model of COPD induced by chronic CS exposure (Pichavant et al.,
2014) and ex vivo in COPD patients. This reduced response was associ-
ated with diminished production of Th17 cytokine inducing factors by
pulmonary APC. Remarkably, administration of recombinant IL-22 in
CS-exposed mice just before the bacterial challenge resulted in acceler-
ated pneumococcal clearance and lowered pulmonary inflammation.
Thus, targeting Th17 cytokines might be valuable to limit COPD exacer-
bation due to bacterial infections.

2. Material and Methods

2.1. Mice

Six- to eight-week-old male wild-type (WT) C57BL/6 (H-2Db) mice
were purchased from Janvier (Le Genest-St.-Isle, France). All animal
work conformed to the guidelines of Animal Care and Use Committee
from Nord Pas-de-Calais (agreement no. AF 16/20,090). Mice were
exposed to CS (5 cig/day, 5 days/week) during 12 weeks as previously
described in order to generate a COPD-like disease (Wolk et al., 2004),
or ambient air as control. Six to ten mice were used per group and per
experiment. Experiments were repeated at least 3 times.

2.2. Patients with COPD

Peripheral blood was collected in stable COPD patients (n = 12), in
smokers (without COPD, n = 13)) and in non-smoker healthy controls
(n = 14) (CPP 2008-A00690-55) (see Table 1). Written informed
consent was received from participants prior to inclusion in the study,
according ethics committee on human experimentations. COPD
patients at steady state included subjects with a GOLD score between
2 and 4 and did not received oral corticosteroids.

COPD patients included subjects with a gold score between 2 and 4 and

are matched for age and sex with controls. FEV1%, predicted amount as

a percentage of the forced expiratory lung volume in one second; PO2,
partial pressure of oxygen; BODE: Bode index combining Body mass

index, airflow obstruction (VEMS), dyspnea (MRC score) and exercise

(6 minutes walk test [6 MWT]). Results were expressed as

mean± SEM. ND: not determined.

Peripheral blood mononuclear cells (PBMC) were purified on Ficoll
Paque gradient (GE healthcare). Cells (3 × 106 in 1 ml) were cultured

in RPMI1640 (GIBCO, Invitrogen Corporation) supplemented with
10% FCS, 200 U/ml penicillin/streptomycin (PS) and then exposed to
S. pneumoniae (Sp, MOI = 2) or to phytohemagglutinin (1 μg/ml)
(PHA, Difco) as a positive control. After 90 min, antibiotics were added
to stop bacteria growth and supernatants were collected 24 h later.
Cell viability was not affected. Some cells were incubatedwith brefeldin
A (10 μg/ml, Sigma) for 4 h and used for intracellular staining of
cytokines.

2.3. Reagents and Antibodies

Monoclonal antibodies (mAbs) against mouse CD3 (APC-conjugat-
ed), CD5 (FITC-conjugated), NK1.1 (PerCp-Cy5.5–conjugated), TCR-β
(V450-conjugated), CD25 (APC-conjugated), CD69 (Alexa700-conju-
gated), CD11b (V450–conjugated), Ly-6G (APC-Cy7-conjugated), CD8
(V500-conjugated), CD4 (APC-conjugated), CD103 (PE-conjugated),
CD11c (APC-conjugated), CD45 (Q-dot605-conjugated), F4/80 (PerCP-
Cy5.5-conjugated), Siglec F (PE-conjugated), CD64 (APC-conjugated),
CD86 (PE-conjugated), CD40 (PE-conjugated), I-Ab (FITC-conjugated),
IFN-γ (PE-conjugated), IL-17 (APC-conjugated), CD11c (PE-Cy7-conju-
gated), F4/80 (PerCP-Cy5.5-conjugated), CD11b (V450-conjugated)
and CD103 (PE-conjugated) and isotype controls were purchased
from Biolegend (Le Pont de Claix, France). mAbs against human CD
were also used including anti-CD11c, CD14, CD19, CD20 (PE-CF594-
conjugated), CD117, TCRγδ (V450-conjugated), CD4, CD3 (Alexa-700
conjugated), CD8, CD127 (V500 conjugated), CD196, CD3 (BV605 con-
jugated), CD25, CD86 (APC-conjugated), CD56, Vα7.2 (PerCP-Cy5.5
conjugated), TCR Vα24Jα18, CD161 (PE-Cy7 conjugated) and CD45
(APC-H7 conjugated) (BD Biosciences, Biolegend andMyltenyi Biotech)
as well as the Alexa488 anti-IFN-γ, Alexa647 anti-IL-17 (BD Biosci-
ences) and PE anti-IL-22 antibodies (e-Biosciences) and the isotype
controls. 3R4F research cigarettes were purchased from University of
Kentucky (USA) and used to induce COPD like symptoms (Pichavant
et al., 2014). Gating strategy forflow cytometry analysis of Th17produc-
ing cells is depicted in Supplemental Fig. 5.

2.4. Primers

Quantitative RT-PCR was performed to quantify mRNA of interest
(Table 2). Results were expressed as mean ± SEM of the relative gene
expression calculated for each experiment in folds (2−ΔΔCt) using
GAPH as a reference, and compared to controls.

2.5. Infection by S. pneumoniae and bacterial counts

Micewere inoculated by the intranasal routewith a clinical isolate of
Sp serotype 1 described elsewhere (Marques et al., 2012). Mice were
anesthetized and administered intranasally with 5 × 104 or 5 × 105

Table 1

Characteristics of COPD patients, smokers and non-smoker subjects.

Group COPD Smokers Non smokers

Nb 12 14 14

Sexes (M/F) 11/1 11/3 10/4

Age 59.2 ± 17.1 43.9 ± 4.7 45.5 ± 5.7

Smoking (pack/year) 57 ± 5.9 37.6 ± 5.2 0

FEV1% 51.3 ± 4.1 94.7 ± 1.3 95.3 ± 3.5

PO2 77.1 ± 6.6 ND ND

BODE 3. 1 ± 0.5 ND ND

Body mass index 25.6 ± 1.2 ND ND

VEMS% 56.9 ± 4.6 ND ND

MRC score 1.5 ± 0.31 ND ND

6 MWT 410 ± 34.8 ND ND

Inhaled corticosteroid 4 0 0
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colony-forming units (CFU) in 50 μl. Mice were daily monitored for
illness and mortality up to 7 days. Bacterial burden in the broncho-
alveolar lavages (BAL), lungs and blood was measured by plating
samples onto chocolate plates. CFU were enumerated 24 h later. In
some experiments, CS-exposed and air mice received recombinant
murine IL-22 (1 μg/mouse; Myltenyi Biotech) by intranasal route 24 h
before Sp challenge.

2.6. Assessment of airway inflammation

Micewere sacrificed for sampling BAL, lungs, spleen and blood. Total
cell numbers per BAL was determined. For histopathology, lungs were
fixed by inflation and immersion in paraformaldehyde (PFA; 4%) and
embedded in paraffin. To evaluate airway inflammation, lung sections
(4-μm thick) were stained by hematoxylin & eosin.

Pulmonary cells from air or CS-exposed mice were prepared as
previously described (van der Poll and Opal, 2009) and were analyzed
by flow cytometry. To analyze cytokine profiles, pulmonary cell sus-
pensions were incubated with phorbol 12-myristate 13-acetate (PMA;
20 ng/ml) and ionomycin (500 ng/ml) for 3 h. Cells were then stained
with appropriate extracellular markers, fixed, permeabilized (BD
Cytofix/cytoperm, BD Bioscience), and incubated with PE-conjugated
mAb against IL-22 (eBiosciences) and Alexa Fluor 647-conjugated
mAb against IL-17 (Biolegend), or control rat IgG1 mAb. Cells were
acquired on a Fortessa cytometer (Becton Dickinson), and analyzed
using the FlowJo software.

Cytokineproductionwas analyzed in total lung cells. For this, 5 × 105

lung cells were seeded on 96-well plates coated or notwith anti-CD3 Ab
(eBiosciences). Forty-eight hours later, supernatants were collected and
analyzed for IFN-γ, IL-17, and IL-22 concentration by ELISA (R&D
Systems).

2.7. Cell sorting and cocultures

Pulmonary cells from Air or CS-exposed mice were prepared as
previously described (van der Poll and Opal, 2009) and were analyzed
by flow cytometry on FACS Aria (Becton Dickinson). CD45+ Siglec F+

alveolar macrophages (AM) and CD45+ Siglec F− Ia+ CD64+ DC were

sorted (purity N98%). Splenic CD4+ T cells were purified from Air
mice using magnetic microbeads (Myltenyi Biotech).

Sorted AM and DCwere culturedwith CD4+ T cells in RPMI 10% FCS,
with the ratio 1/10. Supernatants were collected 48 h later to evaluate
IL-17 and IL-22 levels by ELISA.

2.8. Statistical Analysis

All the experiments were repeated at least 3 times with 6–10 mice
per group. Results are expressed as the mean ± SEM. Samples were
simply randomized and blindly assigned to the different groups. No
data have been excluded. The statistical significance of differences
between experimental groups was calculated by a one-way ANOVA
with a Bonferroni post-test or an unpaired Student t test (GraphPad,
San Diego, CA). The possibility to use these parametric tests was
assessed by checking if the population is Gaussian and the variance is
equal (Bartlett's test). Results with a p value b0.05 were considered
significant.

This work was supported by the Institut National de la Santé et de la
Recherche Médicale (Inserm), the Centre National de la Recherche
Scientifique (CNRS) and the Conseil Régional du Nord-Pas de Calais
[StreptoCOPD project; grant number # 13005300]. Funders had no
role in study design, data collection, data analysis, interpretation,
writing of the report.

3. Results

3.1. CS-exposed mice display delayed bacterial clearance and exacerbated

inflammation upon S. pneumoniae challenge

An experimental model of COPD exacerbation was established in
mice chronically exposed to CS using Sp as the trigger (see Fig. 1a).
Whereas all air mice survived when infected with 5 × 105 CFU, all CS-
exposed mice died within a week. Thus, CS-exposed mice are more
susceptible to pneumococcal infection. In contrast, after administration
of 5 × 104 CFU per mouse, both air and CS-exposed mice survived
(Fig. 1b) and allowed the analysis of airway inflammation, remodeling
and immune response.

Relative to air mice, infection was associated with enhanced cellular
recruitment (particularly neutrophils) in the BAL and the lungs of CS-
exposed mice (Fig. 1c–d). Histological examination of lung tissues
showed that inflammatory infiltrates mainly located in peribronchial
areas and alveolar spaces (Fig. 1e). Moreover, a large thickening of the
alveolar walls was observed in CS-exposed animal mice. In air mice
challenged with bacteria, lung inflammation was nearly resolved
3 days post-infection (dpi). Enhanced pulmonary inflammatory
response in CS-exposed mice was associated with a higher bacterial
load that peaked at 3 dpi whilst no bacteria were detected in air mice
(Fig. 1e). No bacteria were found in the lungs at 7 dpi. Finally, systemic
pneumococcal dissemination peaked at 3 dpi to decline at 7 dpi. This en-
hanced susceptibility of CS-exposed to Sp was associated to a restricted
defect in anti-microbial peptides, namely for cathelicidin, whereas
levels of DefB-2 and -3 and s100a9 transcripts were similarly increased
in air and CS-exposed (Supplemental Fig. 1).

These data demonstrated that chronic exposure to CS leads to
delayed clearance of Sp, an effect associated with enhanced pulmonary
inflammation.

Table 2

Primer sequences for qRT-PCR in mice.

GAPDH F TGCCCAGAACATCATCCCTG

R TCAGATCCACGACGGACACA

DefB2 F AAAGTATTGGATACGAAGCAGAACTTG

R GGAGGACAAATGGCTCTGACA

DefB3 F TGAGGAAAGGAGGCAGATGCT

R GGAACTCCACAACTGCCAATC

Cathelicidin F CAGAGCGGCAGCTACCTGAG

R TCACCACCCCCTGTTCCTT

s100a9 F CACCCTGAGCAAGAAGGAAT

R TGTCATTTATGAGGGCTTCATTT

Il-1b F TCCCCAACTGGTACATCAGCA

R ACACGGATTCCATGGTGAAGTC

Il-6 F AGCCTCCGACTTGTGAAGTG

R CTGATGCTGGTGACAACCAC

Il-12p40 F GACCCTGCCCATTGAACTGGC

R CAACGTTGCATCCTAGGATCG

Il-23p19 F CACCAGCGGGACATATGAA

R CCTTGTGGGTCACAACCAT

Fig. 1. CS-exposed mice are more susceptible to S. pneumoniae. (2 columns). Mice were chronically exposed to air or CS (5 cigarettes/day, 5 days/week) over a period of 12 weeks to de-

velop symptoms associated to COPD.Micewere then intranasally challengedwith S. pneumoniae (Sp) to induce COPD exacerbation or with PBS (Mock) as a control (a). Survival of air and

CS-exposedmicewasmonitored for aweek after challengewith 5× 104 or 5× 105 CFU of Sp orMock (b). Absolute numbers of total cells, macrophages, lymphocytes andneutrophilswere

determined in BAL fluids (c). Neutrophils identified as CD45+ F4/80− CD11b+ Ly6G+ were analyzed in lung tissues 24 h after infection (d). Histological changes were evaluated on lung

sections either at 1 or 3 dpi (5× 104 CFU) (e). CFU countswere evaluated in theBAL, lung tissues andblood at 1, 3 and 7 dpi (f). Data represent asmean±SEM(n=48–80miceper group).

*: p b 0.05 or **: p b 0.01 (one-way ANOVA test).
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3.2. CS-exposed mice display a reduced production of Th17 cytokines in

response to S. pneumoniae

To investigate mechanisms involved in enhanced susceptibility to
pneumococcal infection in CS-exposedmice, IL-17 and IL-22 production
was quantified. Challenge with Sp significantly enhanced IL-17 and IL-
22 levels in BAL (Fig. 2a) and lung lysates (data not shown) of air
mice. In marked contrast, Sp infection failed to do so in mice previously
exposed to CS (Fig. 2a). Whilst IL-17 remained undetectable in the
serum after Sp challenge, IL-22 increase was detected in air, but not
CS-exposed, animals (Fig. 2b). IFN-γ levels failed also to increase in
the BAL of CS-exposed mice after Sp challenge (Supplemental Fig. 2a).
Anti-CD3 restimulation of pulmonary cells induced large amounts
of IL-17whatever the animal group and a tendency to higher concentra-
tion was observed in CS-exposed mice (Fig. 2c), as well as IFN-γ (Sup-
plemental Fig. 2b). In contrast, upon CD3 restimulation, pulmonary
cells from CS-exposed animals had a much lower ability to release IL-
22. Collectively, CS-exposed mice have a lower capacity to produce
Th17-type cytokines upon pneumococcal challenge.

We next focused on Th17 cytokine producing cells. Infectionwith Sp
enhanced the number, as well as the activation status (CD69 expres-
sion), of conventional T lymphocytes and NKT cells within lung tissues
of air, but not CS-exposed mice (Supplementary Fig. 2c). A tendency
towards an enhanced number of NK cells was noticed in both animals
groups upon pneumococcal challenge whilst the number of γδ T cells
and Lin-negative cells remained constant (Supplemental Fig. 2c and
data not shown). Pneumococcal challenge of air mice resulted in higher
frequencies of IL-17- and IL-22-producing conventional T cells, NK cells,
NKT-like cells, γδ T cells and Lin-negative cells (Fig. 2d–e and not
shown). In contrast, chronic exposure to CS dramatically reduced the
percentages of pulmonary IL-17-producing NK and NKT-like cells, but
not conventional T cells, γδ T cells and Lin-negative cells observed
after Sp challenge (Fig. 2d–e and data not shown). Percentages of
IL-22-producing conventional T cells, NK cells, NKT-like cells and
Lin-negative cells were also significantly diminished in infected CS-
exposed mice, relative to air mice.

Hence, upon pneumococcal challenge, chronic exposure to CS leads
to defective production of Th17-type cytokines by conventional T cells
and innate immune cells.

3.3. CS exposure alters the function of pulmonary APC

We next hypothesized that pulmonary APC could be impacted by
CS exposure to lower the activation of innate and conventional T cells
to bacteria. Indeed, we and others previously reported that chronic
exposure to CS alters pulmonary APC phenotype and functions
(Pichavant et al., 2014; Tsoumakidou et al., 2008). Exposure to a sub-
lethal dose of Sp triggered phenotypic maturation of pulmonary APC,
including alveolar macrophages (AM) and dendritic cells (DC) (CD86
and II+ MHC; data not shown). To analyze their ability to promote
Th17 cytokine production, levels of polarizing cytokines including IL-
1β and IL-23were evaluated first in lung lysates (Fig. 3a) and secondary
in isolated pulmonary APC (Fig. 3b and Supplemental Fig. 3). Pneumo-
coccal challenge strongly induced mRNA levels of Il-1b and Il-23p19 in
air but not in CS-exposed mice (Fig. 3a). Sp infection also induced
mRNA levels of Il-1b, Il-6, Il-23p19, but not Il-12p40, in sorted lung DC
and slightly increased the expression of Il-1b and Il-12p40 transcripts
in sorted AM from air mice (Supplemental Fig. 3). In CS-exposed mice,
a defect in Il-1b and Il-12p40 expression was observed in AM, whereas
the expression of Il-23p19 mRNA was undetectable in lung DC. At the
protein level, IL-1β and IL-23 secretion was increased in supernatants
of AM and DC from infected air mice, but not in cells from CS-exposed
mice (Fig. 3b).

To evaluate the capacity of these sorted APC to activate T cells, lung
DC and AM were cultured with isolated splenic CD4+ T cells from air
mice. In these conditions, IL-22 was always undetectable (data not

shown). AM (Fig. 3c) and DC (Fig. 3d) sorted from infected air mice
induced significant increase in IL-17 production by CD4+ T cells,
whereas antigen-presenting cells from CS-exposed mice were unable
to do so.

These data suggested that the defect in the Th17 response to Sp is
associated with an altered function of pulmonary APC.

3.4. Exogenous IL-22 protects CS-exposed mice from

S. pneumoniae infection

Since IL-17 and IL-22 production is ablated in CS-exposed mice, we
questioned whether IL-17 and IL-22 supplementation by means of
intranasal treatment could improve the outcome of pneumococcal
infection in CS-exposed mice. We have previously demonstrated that
IL-17 was critical in the development of COPD in a mouse model and
higher in COPD patients than in controls (Pichavant et al., 2014). There-
fore, exogenous IL-17 could have some deleterious effects during COPD
exacerbations. We therefore tested the effect of exogenous IL-22 in the
early control of Sp outgrowth and lung inflammation. Administration of
recombinant IL-22 prior to bacterial challenge strongly reduced bacteri-
al outgrowth in the lungs and dissemination outside the lungs (Fig. 4a).
While treatment with IL-22 had no effect on neutrophil recruitment
within the lungs, it enhanced the number of activated AM and DC in
CS-exposed mice (Fig. 4b and Supplemental Fig. 4a), other well-
known effector cells against pneumococcus. This process was also asso-
ciatedwith an increasedmobilization of NK andNKT cells in the lungs of
infected COPD mice (Supplemental Fig. 4b). Of interest, administration
of IL-22 resulted in enhanced levels of transcripts encoding defensin
β2 (Defb2) and defensin β3 (Defb3) (Fig. 4c), both anti-microbial
peptides playing a role in Sp clearance. Finally, IL-22 treatment also
strongly reduced the lung lesions associated with Sp infection, namely
the thickening of the alveolar walls and the inflammatory infiltrate
in CS-exposed animals (Fig. 4d). This improved clearance of Sp in CS-
exposed mice was also associated with higher IL-17 and IFN-γ produc-
tion by lung cells (Supplemental Fig. 4c).

Together, recombinant IL-22 administration can compensate for the
lack of Th17-associated cytokines in CS-exposed mice to restore anti-
pneumococcal defenses.

3.5. COPD patients showed impaired Th17 cytokine production in response

to S. pneumoniae

To evaluate whether COPD status modulates the response to Sp,
PBMCs were isolated from 3 different groups: non-smoker healthy con-
trols, smokers and COPD patients, and were stimulated with Sp. Levels
of IL-17 and IL-22 were evaluated in PBMC supernatants. Resting
PBMC exhibited similar levels of cytokines in the three groups (Fig.
5a). Exposure to Sp expectedly increased IL-22 and, to a lesser extent,
IL-17 production in the non-smoker and smoker groups, but had no
effect on cytokine production in COPD patients. The response to PHA
was also partially altered in COPD patients, in contrast to the other
two groups (data not shown).

We next looked at the cellular sources of IL-17 and IL-22, focusing on
conventional T cells, NK cells, NKT cells, γδ T cells, mucosal-associated
invariant T (MAIT) cells and Lineage-negative cells (Fig. 5b and Supple-
mentary Fig. 5). In the non-smoker group, bacteria increased the
proportion of IL-17-producing cells (in particular Lin−, NK and NKT
cells), IL-22-producing cells (mainly NK and NKT cells) and MAIT cells
(not shown). In contrast, the stimulation with Sp did not significantly
amplify the proportion of cells producing these cytokines in NK, NKT
and Lin− cells (Fig. 5b) as well as in MAIT cells (data not shown) from
COPD patients. In smokers, IL-17 production induced by Sp was also
impaired in these three cell types, whereas IL-22 expression was only
reduced in NK cells. No modification of the percentage of cytokine+

cells was detected among the three groups of patients for γδT and
CD4/CD8+ T cells (data not shown). This defective production of IL17
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and IL-22 was probably linked to the lower production of IL-1β and IL-
23 by PBMC from COPD patients (Fig. 5C).These data showed that the
blood innate immune cells from COPD patients displayed an altered
Th17 cytokine response to Sp.

4. Discussion

Infection with Sp is one of the main factors responsible for COPD
exacerbation (Gaschler et al., 2007; van der Poll and Opal, 2009).

Fig. 2. CS-exposed mice exhibit a defective immune response to S. pneumoniae. (2 columns). Mice were chronically exposed to air or CS over a period of 12 weeks and then intranasally

challengedwith 5× 104 CFU of S. pneumoniae (Sp) orwith PBS (Mock). IL-17 and IL-22 levelswere evaluated inBALfluids (a), blood (b) and in the supernatants of restimulatedpulmonary

cells without (NS) or with anti-CD3 Ab (c). IL-17 and IL-22 producing cells were identified by intracellular staining among pulmonary NK cells (CD45+ TCRβ− NK1.1+), NKT-like cells

(CD45+ TCRβ+ NK1.1+), T cells (CD45+ TCRβ+ NK1.1−) and Lin-negative cells (CD45+ CD3− CD11c− CD11b− CD45Rb− NK1.1− CD90.2+ CCR6+) cells (d and e). We have reported

representative dot blot of the selected sub-populations and percentages of cytokine+ cells among the respective cell population are represented (c). The mean percentage of IL-17+

and IL-22+ cellswas calculated forNK,NKT and Lin− cells (d). Results are expressed asmean±SEM (n=48–80mice per group). One representative experiment out of three independent

ones is shown concerning intracellular staining. *: p b 0.05 vs controls (one-way ANOVA test).
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In our mouse model mimicking COPD, Sp challenge resulted in greater
lung inflammation and tissue remodeling, and therefore an exacerba-
tion of the disease. Combined exposure to CS and SEB resulted in a
raised number of lymphocytes and neutrophils, epithelial remodeling
and over-production of IL-17 (Huvenne et al., 2011). Gaschler et al.
used H. influenza to exacerbate COPD and demonstrated that the
bacterial burden observed in COPD mice was mainly due to a skewed
inflammatory mediator expression, probably in AM (Gaschler et al.,
2009). Innate immunity associated with the recruitment of
competent AM and neutrophils is crucial in the early phase of

natural anti-pneumococcal host defense and particularly in bacterial
clearance (Clement et al., 2008). Such a pattern was observed in our
model despite a defective clearance of the pathogen in CS-exposed
mice.

Indeed, we observed some important modifications in the activa-
tion of APC from CS-exposed mice, but also in not conventional lym-
phocytes. Major cellular sources of IL-17 and IL-22, described as NK,
NKT, ILC in mice and humans (Colonna, 2009; Liang et al., 2006;
Sonnenberg et al., 2012; Van Maele et al., 2010), failed to produce
higher levels of Th17 cytokines in response to Sp in CS-exposed

Fig. 3. CS-exposedmice exhibited a defective response of pulmonary APC to S. pneumoniae. (1.5 columns). Mice were chronically exposed to air or CS over a period of 12weeks and then

intranasally challengedwith 5 × 104 CFU of S. pneumoniae (Sp) orwith PBS (Mock). Il-1b and Il-23mRNA levelsweremeasured in lung tissues 24 h post-infection (a). CD45+ Siglec F+ AM

and CD11c+ Ia+ CD64+ DCwere sorted by flow cytometry 24 h post-infection. IL-1β and IL-23 levels were evaluated by ELISA in supernatants 24 h later (b). Cocultures were performed

between sorted AM (c) or DC (d) and splenic CD4+ T cells purified from air mice. Supernatants were collected 48 h later and levels of IL-17 were evaluated by ELISA. Data represent

mean ± SEM (n = 6–10 mice per group per experiment). One representative experiment out of three ones is shown concerning cell sorting and cocultures with T cells.
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mice whereas only the production of IL-22 was altered in conven-
tional T cells. According to the implication of such cells in
the protection against Sp (Marques et al., 2012; Clement et al.,
2008; Van Maele et al., 2010), this suggest that this defect might be
an important determinant of bacterial susceptibility during COPD.
In contrast, the activation of conventional T cells, MAIT and γδT
cells was not clearly modified during COPD.

Thedefective activation of conventional T cells and some innate pop-
ulations could be explained by the alteration of pulmonary APC, as pre-
viously reported in CS-exposed mice (Pichavant et al., 2014; Kroening
et al., 2008). Indeed expression of pro-Th17 cytokines, such as IL-1β
and IL-23 (Mucida and Salek-Ardakani, 2009), was decreased both in
lung AM and DC from infected CS-exposed mice. IL-23 plays a key role
in the clearance of the bacteria and the production of Th17 cytokines

Fig. 4. Exogenous IL-22 improves the clearance of S. pneumoniae in CS-exposedmice. (1.5 columns). Mice were chronically exposed to air or CS over a period of 12 weeks and then intra-

nasally challenged with 5 × 104 CFU of S. pneumoniae (Sp) or with PBS (Mock). Recombinant murine IL-22 was intranasally administered the day before Sp infection. CFU counts were

evaluated in BAL, lung tissues and blood (a). Percentages of neutrophils (identified as CD45+ F4/80− CD11c− Ly6G+ CD11b+), AM and DC among CD45+ cells were analyzed in lung

tissues from infected CS-exposed mice treated or not with rmIL-22 (b). Anti-microbial peptide mRNA levels were analyzed in lung tissues 3 dpi (c). Histological changes were evaluated

at 3 dpi (d). Data represent mean ± SEM (n= 24–40 mice per group). *: p b 0.05 vs controls (one-way ANOVA test).
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by ILC (Van Maele et al., 2014). IL-23 is also needed for IL-17 expression
by others immune cells like NKT and γδ T-cells (Clement et al., 2008).
Therefore, APC from CS-exposed mice cannot correctly educate the
T cells and other innate cells to respond to Sp. Such a defective production
of IL-1β and IL-23 was also observed in COPD patients in response to Sp.
(Kroening et al., 2008).Altogether, during COPD, the reduced production
of IL-17 and IL-22 by conventional T cells and other innate cells might
result from a deficient IL-1β and IL-23 synthesis by DC in response to Sp.

Functionally, IL-17 and IL-22have been reported as essential factors in
anti-bacterial defenses. During infection, the early production of IL-22 by
innate immune cells is crucial for host protective immunity (Aujla et al.,
2008; Graham et al., 2011; Zheng et al., 2008) including a role in chemo-
taxis and tissue repair (Wolk et al., 2004; Zheng et al., 2008; Eyerich et al.,
2010; Kolls et al., 2008; Sonnenberg et al., 2010;Witte et al., 2010). It has
been recently shown that IL-17A is required for NTHi-exacerbated pul-
monary neutrophilia induced by cigarette smoke although the role of
IL-22was not evaluated (Roos et al., 2015). Moreover, IL-17 and IL-22 in-
duced the production of anti-microbial peptides (including β-defensins,
S100A7-9, Reg3β and Reg3γ) important in the containment of pathogens
(Zheng et al., 2008; Kolls et al., 2008; Sonnenberg et al., 2010; Cash et al.,
2006). In our report, the defective production of IL-22 in CS-exposedmice
to Spwas not associated to an impaired production of these antimicrobial
peptides as previously reported in COPD patients (Pace et al., 2012). Nev-
ertheless, opposite results have been reported suggesting that the levels
of antimicrobial peptide expression were insufficient to control the
higher bacterial load both inCOPDpatients andmice.We can also suspect
that bacterial susceptibility in infected CS-exposed mice was not solely
related with the defective production of cathelicidin, an IL-22 indepen-
dent peptide involved in defense against Sp (Felgentreff et al., 2006). In-
terestingly, local administration of rmIL-22 amplified β-defensin levels in
the lungs and a competent immune response, allowing Sp clearance in
CS-exposedmice. No impact on neutrophil influxwas observed in infect-
ed CS-exposed mice, suggesting that the effect of this cytokine is mostly
related with cell priming to efficiently kill the bacteria and/or the release
of anti-microbial peptides. In these settings, the preventive role of IL-22
on lung injury is potentially linked to its complementary action on the in-
duction of antimicrobial peptides, the activation of immune cells (includ-
ing neutrophils) and in the maintenance of the epithelial barrier (Kumar
et al., 2013). In infected CS-exposed animals, treatment with rmIL-22 re-
sults in an efficient resolution and to the preservation of lung tissue after
infection, as previously reported in inflammatory models (Liu et al.,
2009). The balance between IL-17 and/or IL-22 expression has been
found to contribute to either the pro-inflammatory or tissue-protective
phases of lung defense, depending on the context (Liang et al., 2006;
Eyerich et al., 2010; Sonnenberg et al., 2010). In our model, a protective
role for IL-17 cannot be excluded (Lu et al., 2008), since the production
of IL-17 was also defective in CS-exposed mice and patients in response
to Sp. However, IL-17 is implicated in COPD pathogenesis. During COPD
exacerbation, this cytokine has no effect on lung bacterial load and pro-
motes the neutrophil recruitment which is potentially deleterious (Roos
et al., 2015).

Alteration of the innate immune response to bacterial infection is a
key determinant in the COPD course. It is now well recognized that
respiratory infections are important in the induction, progression and
exacerbation of the disease. Here we identified the IL-22 defect as a
key factor in COPD exacerbations, both in patients and in the murine
model. This alteration related to deficient activation of lymphocytes by
APC offers hints for the development of novel therapeutic strategies in
COPD exacerbations. Thereby, we propose IL-22 as a promising target
in the treatment and/or the prevention of COPD exacerbations. Restor-
ing this defective cytokine response could represent an ideal therapy

to build a competent immune response against pathogens in COPD
patients, and to limit the consequences of exacerbation of the disease.
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Oxidative stress-mediated iNKT-cell activation is
involved in COPD pathogenesis
MPichavant1,2,3,4,5,9, G Rémy1,2,3,4,5,9, S Bekaert6, O Le Rouzic1,2,3,4,5,7, G Kervoaze1,2,3,4,5, E Vilain1,2,3,4,5,
N Just1,2,3,4,5,8, I Tillie-Leblond1,2,3,4,5,7, F Trottein1,2,3,4,5, D Cataldo6 and P Gosset1,2,3,4,5

Chronic obstructive pulmonary disease (COPD) is a major clinical challenge mostly due to cigarette smoke (CS)

exposure. Invariant natural killer T (iNKT) cells are potent immunoregulatory cells that have a crucial role in inflammation.

In thecurrent study,we investigate the roleof iNKTcells inCOPDpathogenesis. The frequencyof activatedNKTcellswas

found to be increased in peripheral blood of COPD patients relative to controls. In mice chronically exposed to CS,

activated iNKTcells accumulated in the lungs and strongly contributed to thepathogenesis. Thedetrimental role of iNKT

cells was confirmed in an acute model of oxidative stress, an effect that depended on interleukin (IL)-17. CS extracts

directly activated mouse and human dendritic cells (DC) and airway epithelial cells (AECs) to trigger interferonc and/or

IL-17 production by iNKTcells, an effect ablated by the anti-oxidant N-acetylcystein. In mice, this treatment abrogates

iNKT-cell accumulation in the lung and abolished the development of COPD. Together, activation of iNKT cells by

oxidative stress inDCandAECsparticipates in thedevelopmentof experimentalCOPD, a finding thatmightbeexploited

at a therapeutic level.

INTRODUCTION

Chronic obstructive pulmonary disease (COPD) is characterized
by not reversible airflow limitation.1 This disease affects more
than 200 million people and is a leading cause of morbidity and
mortalityworldwide.2Cigarette smoke (CS) exposure is themost
important risk factor for COPD.3

Exposure to CS induces a strong burden of reactive oxygen
species in the lung leading to imbalance between oxidants and
antioxidants.4 An important part of this oxidative stress is
related to lipid peroxidation, a phenomenon that can be
mimicked by administration of cumen hydroperoxide (CHP).5

CS-induced oxidative stress is involved in COPD development
through its role in airway inflammation. Long-term exposure to
CS leads to the recruitment of macrophages, neutrophils and
CD8þ T cells,6which amplify the oxidative stress in the lungs.7

Previous findings have provided evidences that cells of the
innate immune system, including NK cells, are sufficient to
induce inflammation and emphysema after chronic CS
exposure.8 Invariant natural killer T (iNKT) cells comprise

a subset of lymphocytes that express features of classical NK
and T cells, including restricted TCR consisting of an invariant
VaJa-chain (Va24-Ja18 in humans and Va14-Ja18 in mice)
combined with a more polyclonal Vb-chain (Vb11 in humans,
Vb8.2, 7, and 2 in mice). iNKT cells recognize (glyco)lipid Ag
presented by the non polymorphic MHC class I-like protein,
CD1d, widely expressed by macrophages, dendritic cells (DC),
airway epithelial cells (AECs) and B cells.9 Recognition of
CD1d-presented lipids by iNKT cells is highly conserved
among different mammalian species, suggesting that iNKT
cells have a pivotal role in immunity.9,10 Activation of iNKT
cells results in an innate-like immune response characterized by
an important production of cytokines (interferon (IFN)-g,
interleukin (IL)-4, and IL-17),9,11 and cytotoxic proteins
(granzyme B and perforin).12,13 This rapid response endows
iNKT cells with the capacity to critically amplify innate and
adaptive immunity. Several studies have defined the impact of
iNKT-cell activation on the development of diseases, including
infectious diseases and asthma.14–16
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France and 8Service de Pneumologie, Hôpital Victor Provo, Roubaix, France. Correspondence: M Pichavant (muriel.pichavant@pasteur-lille.fr)
9These authors contributed equally to this work.

Received 25 March 2013; revised 23 August 2013; accepted 29 August 2013; published online 30 October 2013. doi:10.1038/mi.2013.75

ARTICLES nature publishing group

568 VOLUME 7 NUMBER 3 |MAY 2014 |www.nature.com/mi



Others and we have shown that iNKT are involved in the
control of airway inflammation and hyperreactivity in mice, in
models of allergic reaction,17,18 and after exposure to oxidant
pollutants such as ozone.19 Kim et al.20 also showed that iNKT
cells are implicated in an experimental model of chronic lung
disease induced by Sendai virus infection, with pathology that
resembles asthma and COPD. Of interest is the recent
observation that patients developing COPD have an increased
number of iNKT cells in the blood and the lungs.20–23 In the
current study, we investigated the potential role of iNKT cells in
a model of chronic exposure to CS mimicking COPD
symptoms, and in an acute model of lipid peroxidation using
CHP as the trigger. We demonstrated that exposure of mice to
CS and toCHP-induced changes in lung functions that requires
the presence of iNKT cells. These effects were dependant on
oxidative stress as addition of the anti-oxidant N-acetylcystein
(NAC) prevents the activation of iNKT cells and the deleterious
effects of CS. We showed that CS-induced oxidative stress
in AEC and DC was responsible for iNKT-cell activation
both in humans and mice. Targeting iNKT cells may represent
an effective therapeutic approach to control COPD in
humans.

RESULTS

Activated NKT cells in peripheral blood of COPD patients

We first aimed to determine the frequency of (i)NKT cells in
COPD patients (Supplementary Table 2 online). Compared
with healthy controls, proportions of CD56þ CD3þ NKT cells,
and to a lesser extent CD56þ CD3ÿ NK cells, were enhanced in
COPD patients. This was associated with an enhanced
expression of the activating marker CD69. Compared with
healthy donors, COPDpatients also exhibited a higher frequency
of iNKT cells, identified as CD3þ PBS57-loaded CD1d
tetramerþ cells (Figure 1a). Increased percentages of
circulating DC, and higher expression of CD86 on DC were
observed in COPD patients (Figure 1b). Pulmonary
inflammation was confirmed by higher levels of CXCL-8 and
TNF-a in their sputum, and increased production of IL-22
and IFN-g by PBMC (Supplementary Figure 2 online). These
data suggest that (i)NKT cells could be involved in COPD
pathology.

CS exposure triggers the accumulation and the activation

of iNKT cells in the lungs

Repeated exposure of C57BL/6 mice to CS induced an
inflammatory lung reaction, mimicking COPD, as previously
described.8 This was characterized by neutrophil, NK cell and
macrophage recruitment (þ 30–50%) and/or activation after
chronic exposure to CS, compared with mice exposed to
ambient air (Figure 3c, Figure 5a). The frequency and number
of pulmonary iNKT cells was enhanced after CS exposure
(Figure 2a); these parameters then returned to basal levels at
week 2 post-exposure to again increase at weeks 4, 8, and 12. An
increased expression of the activation marker CD69 on iNKT
cells persisted all along the experiment (Figure 2b and not
shown). Analysis of CD5þ NK1.1þ cells confirmed these data

(Supplementary Figure 3A andB, and not shown). In contrast,
the proportion, the number, and the activation status of iNKT
cells remained unchanged in the spleen of CS-exposed mice
(Supplementary Figure 3C-E). PMA/ionomycin stimulation
of lung cells resulted in a higher frequency of IL-17þ and IFN-
gþ iNKT cells at 1 week post CS exposure (Figure 2c) and later
(not shown). Stimulation of pulmonary cells from CS-exposed
mice with the prototypical iNKT-cell activator aGalCer
resulted in a higher production of IL-17 at 1 and 12 weeks
post-CS exposure. In contrast, a significant enhancement of
IFN-g production was observed only at 12weeks post-exposure
(Figure 2d). No difference in IL-4 levels was observed (not
shown). Collectively, CS exposure leads to an increased
recruitment or a local expansion of activated iNKT cells in
the lungs.

iNKT cells are required in CS-induced airway inflammation

and lung alterations

Exposure ofWTmice to CS resulted in a severe increase in lung
resistance (Figure 3a). Remarkably, both CS-exposed Cd1dÿ /ÿ

mice,which lack iNKTandvariantNKTcells, aswell as Ja18ÿ /ÿ

mice, which are only devoid of iNKT cells, showed no changes in
their lung resistance (Figure 3a), dynamic compliance and
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Figure 1 Characterization of immune cells in human fluids of control
donors and chronic obstructive pulmonary disease (COPD) patients.
(a) Percentages of CD3ÿ CD56þ natural killer (NK), CD3þ CD56þ NKT-
like and CD3þ PBS57-loaded CD1d tetramerþ iNKT cells, and CD11cþ

HLA-DRþ myeloid dendritic cell (DC) were evaluated in the peripheral
blood of seven healthy controls (white bars) and 28 COPD patients (black
bars). TheDMFI of the activationmarkersCD69 relative to isotype controls
was analyzed on NK, and NKT-like cells. (b) Percentages of CD11cþ

HLA-DRþ myeloid DC were evaluated in blood of healthy controls (white
bars) and COPD patients (black bars). TheDMFI of the activationmarkers
CD86 relative to isotype controls was analyzed on DC. Gates were
respectively drawn according to isotype controls, or unloaded CD1d
tetramer. Data represent the mean±s.e.m. *Po0.05.
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airway elastance (Supplementary Figure 4A). CS exposure
induced a significant weight loss (B15%) in WT mice, but
not in (i)NKT cell-deficient mice (Supplementary Figure 4B).

Histological analysis revealed a decreased pathology in (i)NKT
cell-deficient animals (Figure 3b). WT mice exposed to CS, but
not Cd1dÿ /ÿ and Ja18ÿ /ÿ mice, had enlarged alveolar spaces
(emphysema) and airway remodeling associated to a mild
inflammatory infiltrate. Measurements of airspace cord length
were also performed to evaluate lung injuries. This was signifi-
cantly increased in CS-exposed WT mice (49.7mm±2.1
compared with 32.1mm±1.1 in air-exposed mice, Po0.001),
but not in CS-exposed Ja18ÿ /ÿ mice (40.6mm±1.7). There is
no statistical difference in airspace cord length between air- and
CS-exposed Cd1dÿ /ÿ as well as Ja18ÿ /ÿ mice (P¼NS). CS
exposure resulted in the infiltration of neutrophils and NK cells
in theBAL (not shown) and in the lungs ofWTmice (Figure 3c),
as previously described.24 No significant recruitment of
neutrophils and NK cells was observed after CS exposure in
Cd1dÿ /ÿ and Ja18ÿ /ÿ mice (Figure 3c and not shown). CS
exposure induced higher levels of Il-17 and Il-1bmRNA, but this
increased expression was not observed in Ja18ÿ /ÿ mice
(Figure 3d and Supplementary Figure 4C). Pulmonary Ifn-g
expressionwas notmodulated inNKT-deficientmice exposed to
CS (not shown). mRNA levels of Mmp12, a key mediator in
smoke induced emphysema,25 were markedly induced by CS
exposure inWT animals, but not in Ja18ÿ /ÿ mice (Figure 3e).
Altogether, this indicated that CS-induced alterations of lung
function, inflammation, and emphysema strongly relied on
iNKT cells.

iNKTcellsmediate lungdamage inducedbyacuteexposure

to CHP

To confirm the role of iNKT cells in lung damage induced by
oxidant stress, we developed amore acutemodel based on CHP
treatment, a compound that specifically triggers lipid perox-
idation.5 Exposure to CHP led to an enhanced frequency and
number of pulmonary iNKT cells (Figure 4a and b). CD69
expression was increased on iNKT cells (Figure 4c). Exposure
to CHP increased airway resistance (Figure 4d), and neutrophil
recruitment into the lungs (Figure 4e). No changes in NK cells
were observed (Figure 4e). In sharp contrast, CHP-treated
Ja18ÿ /ÿ mice displayed no change in their lung functions, and
airway inflammation (Figure 4d and e). Adoptive transfer of
WT iNKT cells into Ja18ÿ /ÿ mice before CHP exposure
resulted in a significant enhancement of airway resistance
reaching levels observed inCHP-exposedWTanimals, whereas
negative fraction depleted in iNKT cells (data not shown) and
Il-17ÿ /ÿ iNKT cells failed to do so (Figure 4d). Thus, IL-17
expressing iNKT cells have a pivotal role in CHP-associated
alterations of lung function.

CSE-stressed APC stimulate iNKT cells

DC and macrophages have a key role in iNKT-cell activa-
tion.10,14 CS exposure induced a pulmonary inflammation,
depicted by an increased number of total lung cells
(Supplementary Figure 5A), which peaked at 2 weeks
post-treatment and slowly decreased. Although the number
of alveolar macrophages (AM) shows the same pattern,
the number of respiratory DC was enhanced from 2 to
12 weeks post exposure (Figure 5a). CS induced an
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Figure 2 Cigarette smoke (CS) exposure enhances the number of
pulmonary invariant natural killer T (iNKT) cells and triggers their
activation. (a) Mice were exposed to CS 5 days a week for a period of 1, 2,
4, 8, and 12weeks. The frequency (upper panel) and number (lower panel)
of iNKT cells (CD45þ TCRbþ PBS57-loaded CD1d tetramerþ cells) in
lung tissues were determined. Data are representative of one experiment
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upregulation of CD40 andMHC class II (I-A) onAMandDC, a
phenomenon also observed in Ja18ÿ /ÿ mice (Figure 5b and
Supplementary Figure 5C). CD1d expression was enhanced

on AM and DC, although not significantly for the latter
(Figure 5c).

To investigate the potential ability of AM and DC to trigger
iNKT-cell activation, we sorted AM and the two predominant
lung DC subsets, namely CD11bþ CD103ÿ DC (referred to as
CD11bþ ) and CD11bÿ CD103þ DC (here referred to as
CD103þ ) (Supplementary Figure 1) at 2 and 10weeks post CS
exposure. Of interest, cell-sorted CD11bþ DC, but not
CD103þ DC, nor AM, expressed higher levels of Il-12p40
andCd1d transcripts (Figure 5d), two crucial factors for iNKT-
cell activation.14 The expression of Il-23p19 was unchanged in
these cells (not shown), whereas it was increased in the total
lungs (Supplementary Figure 6A). The transcript level ofUgcg
and to a lesser extend St3gal5, both enzymes initiating
biosynthesis of glycolipids activators of iNKT cells,26 was
enhanced in CD11bþ DC, but not in CD103þ DC or AM
(Figure 5d). St3gal5 expression was increased in the lungs of
CS-exposed animals (Supplementary Figure 6B).

To assess the possibility that CS directly drives DC to
stimulate iNKT cells, BM-DC were exposed to CS extracts
(CSE) in vitro and next cocultured with sorted primary
iNKT cells. Compared with unstimulated BM-DC, CSE-treated
BM-DC triggered IL-17 and IFN-g production by iNKT
cells (Figure 5e) although at a lower level compared with
a-GalCer (data not shown). Among structural pulmonary
cells, AEC are numerous and are directly in contact with aero-
pollutants. We therefore investigated the possibility that AEC
might be important in iNKT-cell activation. Primary mouse
AEC exposed to a-GalCer induced in a CD1d-dependant
manner the production of IL-2 by DN32 iNKT hybridoma and
mainly IL-4 by sorted splenic iNKT cells (Supplementary

Figure 7). In addition, mouse AEC exposed to CSE had
the potential to induce IFN-g, but not IL-17, production by
iNKT cells (Figure 5f and not shown). These data showed
that CS exposure in mice primed DC and AEC, to activate
iNKT cells.

Human CSE-stressed DC and AEC stimulate iNKT cells

We next aimed to validate these results using human cells. Both
DC and AEC were exposed to CS and cocultured with iNKT-
cell lines. CSE-treated DC induced IFN-g and IL-17 release by
iNKT cells (Figure 6a right). In contrast, CSE-treatedAEConly
induced IFN-g production (Figure 6a left).

Exposure to CSE enhanced mRNA expression ofUGCG and
ST3GAL5, and of the oxidation markers, NADPH deshydro-
genase Quinone-1 (NQO-1) and heme-Oxygenase-1 (HO-1)
(Figure 6b and Supplementary Figure 8) with a different time
course in both DC and AEC. To test the implication of oxida-
tive stress in iNKT-cell activation, APC were pretreated
with the anti-oxidant NAC. NAC-pretreatment of CSE-
exposed DC and AEC strongly diminished iNKT-cell
activation (Figure 6c). This was associated with a strong
decrease in levels of HO-1 and UGCG in APC (Figure 6d and
Supplementary Figure 8). These data show that human
DC and AEC exposed to CS-induced oxidative stress trigger
iNKT-cell activation.
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NAC prevents CS-induced decline in lung functions and

iNKT-cell activation

To establish a link between oxidative stress, iNKT-cell
activation and decreased lung functions, mice were treated
with NAC during the course of chronic CS exposure. NAC
treatment limited the alteration of lung function (Figure 7a and
Supplementary Figure 8). CS-exposed animals treated with
NAC displayed less airway remodeling, as depicted by a

reduced alveolar enlargement (Figure 7b). NAC treatment
significantly reduced the airspace cord length (from
49.7mm±2.1 in CS-exposed mice to 37.2 mm±1.2 in
CS-exposed NAC-treated mice, Po0.001). This was
associated with a reduced expression of Mmp12 in the lung
(data not shown). Administration of NAC reduced the weight
loss due to CS exposure (Figure 7c). NAC treatment also
prevented the accumulation and the increased expression of
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CD69 on pulmonary iNKT cells (Figure 7d). In response to
aGalCer, the level of IL-17 in supernatants from lung cells was
reduced by 75% in the CS-exposed group receiving NAC,
whereas no changes were observed for IFNÿ g and IL-4
(Figure 7e). Of note, upon CD3 Ab restimulation, NAC
decreased both IFN-g and IL-17 release in lung cells
(Figure 7e). These data showed that the anti-oxidant NAC
prevents the mobilization and the activation of iNKT cells in
CS-exposed mice, an effect that is associated with improved
lung function and decreased pathogenesis.

DISCUSSION

Oxidative stress induced by CS is part of themainstay of COPD
physiopathology. This study for the first time demonstrates that
iNKT cells are detrimental in experimental COPD, a phenom-
enon that can be reversed by abrogating oxidative stress in vivo.
We also report that lung damage induced by acute exposure to
CHP, another oxidative stress inducer, is dependent on iNKT
cells. Finally, we report that DC andAEC are important sensors

of oxidative stress mediated by CS and that downstream
pathways triggered in these cells lead to iNKT-cell activation.

CS contains a myriad of oxidant compounds inducing the
production of deleterious reactive oxygen species causing
airway inflammation and loss of lung functions.7,27,28 Our
COPD model showed an accumulation of iNKT cells in the
lungs as early as 1 week post CS exposure. These data are in line
with recent studies showing the presence of iNKT cells in the
BAL and induced sputum of COPD patients and in blood as
shown in the present study.20–23 In contrast, Chi et al.29 and
Vijayanand et al.30 showed that the frequencies of peripheral
blood and alveolar CD3þ 6B11þ iNKT cells are significantly
lower in patients with stable COPD, a finding that might be
explained by the less stringent method used to identify NKT
cells.29,30 The present study highlight the need for a more
complete assessment of the innate immune response. To
establish a role for NKT cells in COPD, we analyzed NKT cells
in the mouse model in combination with human patients. As
reported here, iNKT cells displayed an activated phenotype
(CD69), both in the blood of COPD patients and during the
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course of chronic exposure to CS in mice. Furthermore,
whenever the time point, iNKT cells from CS-exposed mice
produced enhanced levels of cytokines (mainly IL-17) upon
stimulation. These results collectively indicate that iNKT cells
are recruited, or locally expand, in the lungs and express an
activated phenotype (Th17 bias) early during COPD.

The potential role of iNKT cells in COPD was next
investigated. The absence of iNKT cells (Cd1dÿ /ÿ and
Ja18ÿ /ÿ mice) abolished most of the features of COPD
pathogenesis. The absence of iNKT cells reduced IL-17
production and neutrophil recruitment, the latter being
important in the physiopathology of COPD.31,32 In parallel,
iNKT-cell-deficient animals were protected against lung
damage caused by acute CHP exposure, a phenotype restored
by adoptive transfer of IL-17 competent iNKT cells. As the lack
of iNKT cells only reduced IL-17 in the lungs of COPD mice
and neutralizing anti-IL-17 antibodies inhibit the development
of COPD,32 iNKT-cell-derived IL-17, rather than IFN-g, might
be instrumental in experimental COPD. We hypothesize that
iNKT-cell-derived IL-17 may participate in the recruitment of
neutrophils and in the generation of deleterious proteases,
including MMP12. Moreover, iNKT cells act as upstream
activators of NK cells, other innate cells recently described to
have part in COPD.33 Pulmonary NKT cells have also an
essential role in mediating hypoxic acute lung injury.34 Our
previous findings have revealed the deleterious role of iNKT
cells in lung functions after ozone exposure, another oxidant,19

a phenomenon due to Th2-type cytokine production, whereas
during COPD (and after CHP treatment, not shown) iNKT
cells produced IFN-g and IL-17.Wepostulate that, according to
the type of oxidative stress, different subpopulations and/or
pathways can be selected and/or induced in iNKT cells to
impair lung functions. A better understanding of the mechan-
isms by which iNKT cells exert their detrimental effects during
COPD is required in the future.

We next sought to decipher the mechanisms of CS-
dependent activation of iNKT cells. iNKT cells can be
stimulated by the mobilization of their TCR and/or by
cytokines produced by stressed APC, particularly IL-1b, IL-
12, and IL-23.9,26 Analysis of lung APC subsets from COPD
mice indicated that CD11bþ DC strongly matured and
expressed markers associated with iNKT-cell activation,
including CD1d, IL-1b, and IL-12. Modulation of expression
of some glycosyltransferases involved in lipid metabolism in
APC is associated with iNKT-cell activation through the
presentation of self glycolipids by CD1d.26,35,36 Of interest, the
mRNA level ofUgcg, a key enzyme implicated in the generation
of endogenous iNKT-cell ligands, was strongly induced in
CD11bþ DC during COPD. Importantly, the capacity of CSE-
exposedDCs to activate iNKT cells was confirmed in vitro, both
in the mouse and human systems. While DC are critical
activators of iNKT cells, other lung cells such as AEC can
express CD1d,37 although their potential capacity to activate
iNKT cells has not yet been examined. We herein showed that
both mouse and human AEC sense CSE to trigger iNKT-cell
activation. AlthoughDC induced both IFN-g and IL-17 release,

CSE-treated AEC only induced IFN-g production. The
mechanisms responsible for iNKT-cell activation in response
to CSE-exposed sentinel cells are still unknown and worth of
future investigations. Our preliminary data using transwells
and neutralizing anti-CD1d Abs suggest a major role for both
membrane-bound molecules and a complementary participa-
tion of soluble factors in iNKT-cell activation. The differential
expression of activating factors by CSE-stressed DC vs. AEC
might explain the different profile of cytokines released by
iNKT cells. Whatever the mechanisms, our data clearly show a
direct link between oxidative stress and iNKT-cell stimulation,
as NAC treatment ablated the capacity of CSE-treated DC and
AEC to activate iNKT cells. As NF-kB activation is a hallmark
of CS-induced oxidative stress in APC,38 it is possible that NF-
kB-mediated expression of cytokines, CD1d, and/or glycosyl-
transferases is involved in iNKT-cell activation.

In vivo preventive NAC treatment reversed COPD
symptoms. This protective effect was associated with a reduced
accumulation and activation of iNKT cells, demonstrating the
intricate between oxidative stress, iNKT cells, and COPD.
These data might explain some of the beneficial effects of anti-
oxidant treatment in COPD patients.28 Indeed, NAC affects
different signaling pathways, such as NF-kB and MAPK in
APC,39 that could in turn alter iNKT-cell cytokine production,
and lead to decrease COPD symptoms,

Altogether, our data identified of a new pathogenic
mechanism leading to COPD. Elucidating the mechanisms
by which oxidative stress activates iNKT cells will be important
for the understanding of COPD physiopathology. Direct
targeting of APC may provide a potent therapeutic strategy
for specifically dampening iNKT-cell activation and controlling
lung damage due to COPD.

METHODS

Patients with COPD. Peripheral blood and induced or spontaneous
sputum were collected in stable COPD patients (n¼ 28) and in non
smoker healthy controls (n¼ 7) (CPP 2008-A00690-55) in order to
evaluate the phenotype of iNKT-cell and DC as well as cytokine
concentrations.

CSexposure. Micewere exposed to CS generated from5 cigarettes per
day, 5 days a week, and up to 12 weeks (Emka, Scireq, Montreal, QC,
Canada). The negative-control group was exposed to ambient air.
NAC (Sigma-Aldrich, Saint Quentin Fallavier, France) was admi-
nistrated in the drinking water (300 ng per mouse day), from the
beginning of the CS exposure till the day of killing.

Cumen hydroperoxide exposure. Mice were intranasally adminis-
tered either with 50 ml PBS or 75 mg per 50 ml cumen hydroperoxyde
(CHP; Sigma-Aldrich) on days 0, 2, and 4. Mice were killed on day 5 to
assess their lung function and inflammation. In adoptive transfer
experiments, sorted WT iNKT cells were injected intravenously into
Ja18ÿ /ÿ mice 1 day before the first exposure to CHP.

Measurement of lung function. Lung function was assessed by
invasive measurement, as previously described.40 Aerosolized
methacholine (Sigma, Saint Quentin Fallavier, France) was admi-
nistered in increasing concentrations (from 2.5 to 160mgmlÿ 1 of
methacholine). We computed airway resistance, dynamic compliance,
and lung elastance by fitting flow, volume, and pressure to an equation
of motion (Flexivent System, Scireq).
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NKT purification, expansion and adoptive transfer in mice. iNKT
cells were sorted using a FACSAria (BD Biosciences, Le Pont de Claix,
France), from the livers of naive animals, on the basis of PBS57-loaded
CD1d tetramer and TCRb staining. Freshly sorted iNKT cells were
expanded ex vivo andmaintained in culture for 1month in RPMI 1640
with 10% FCS (Invitrogen, Paisley, UK) containing 30 ngmlÿ 1 IL-15
(Peprotech, Neuilly Sur Seine, France). For adoptive transfer
experiments, Ja18ÿ /ÿ recipient mice were inoculated intravenously
either with 1� 106 purified WT or Il-17ÿ /ÿ iNKT cells or with the
same volume ofmediumalone 24 h before exposure toCHP. iNKT-cell
purity after sorting was 498%.

Pulmonary APC cell sorting. Pulmonary APC were sorted using a
FACSAria on the basis of F4/80, CD11c and CD11b expression. AM
CD11bÿ and CD11bþ DC were sorted. Cell purity after sorting was
498%. Post-sort analysis was performed to evaluate the expression of
CD103 onDC subsets. As expected, CD11bÿ DC subset was CD103þ

(97% purity) and CD11bþ DC subset was CD103ÿ (98% purity)
(Supplementary Figure 1).

Cytokinequantification. The concentration of human IL-4, IL-17, IFN-g
and TNF-a (R&D systems, Lille, France) in coculture supernatants were
determined by ELISA.Mouse IL-2, IL-4, IL-17, and IFN-g concentrations
were measured in supernatants of coculture by ELISA (R&D systems).

Reverse Transcriptase-PCR (RT–PCR) analysis. Quantitative RT–
PCR was performed to quantify mRNA of interest (Supplementary
Table 1). Results were expressed as mean±s.e.m. of the relative gene
expression calculated for each experiment in folds (2ÿDDCt) using
b-actin as a reference, and compared with controls (air).

Statistical analysis. Results are expressed as the mean±s.e.m. The
statistical significance of differences between experimental groups was
calculated by a one-way analysis of variance with a Bonferroni post test
or an unpaired Student t-test (GraphPad, San Diego, CA). The
possibility to use these parametric tests was assessed by checking if the
population is Gaussian and the variance is equal (Bartlett’s test).
Results with a P-value o0.05 were considered significant.

SUPPLEMENTARYMATERIAL is linked to the online version of the paper

at http://www.nature.com/mi
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Abstract: Unhealthy lifestyle choices, such as bad eating behaviors and cigarette smoking, have

major detrimental impacts on health. However, the inter-relations between obesity and smoking

are still not fully understood. We thus developed an experimental model of high-fat diet-fed obese

C57BL/6 male mice chronically exposed to cigarette smoke. Our study evaluated for the first time the

resulting effects of the combined exposure to unhealthy diet and cigarette smoke on several metabolic,

pulmonary, intestinal, and cardiac parameters. We showed that the chronic exposure to cigarette

smoke modified the pattern of body fat distribution in favor of the visceral depots in obese mice,

impaired the respiratory function, triggered pulmonary inflammation and emphysema, and was

associated with gut microbiota dysbiosis, cardiac hypertrophy and myocardial fibrosis.

Keywords: unhealthy lifestyle; cigarette; obesity; lung; heart; metabolism; gut; microbiota

1. Introduction

Obesity and cigarette smoking are important risk factors for many age-related diseases and, as

such, remain major public health challenges [1]. Worldwide obesity has more than doubled since

the 1980s, and over a third of the world’s population is currently overweight or obese, including

children and adolescents [2]. This is a serious concern since obesity is associated with poorer mental

health outcomes and reduced quality of life, and represents the fifth leading cause of premature

deaths due to, e.g., type 2 diabetes or heart diseases [3]. Besides, obesity is associated with lung

dysfunction, lung inflammation and lung remodeling [4,5]. On the other hand, while being primarily

associated with respiratory diseases, smoking also increases the risk of metabolic and cardiovascular

diseases, and is the top one preventable cause of death in developed countries [6]. Importantly,
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obesity and cigarette smoking both predispose to chronic obstructive pulmonary disease (COPD) and

modulate the progression of inflammatory bowel diseases (IBD) [7–10], partly through modulation

of gut microbiota [11,12]. Moreover, cardiovascular diseases such as ischemic heart disease or heart

failure are major complications in COPD patients [13,14] as well as in obese individuals [15]. Indeed,

the Framingham study, which demonstrated the role play by cigarette smoking in the development of

heart diseases, reported that the life expectancy of obese smokers is about 13 years shorter than the one

of non-obese never smokers [16].

The inter-relation between obesity and cigarette smoking is complex and not fully understood,

yet it likely involves inflammatory processes in metabolic, respiratory, intestinal, and cardiovascular

tissues [5,17–19]. Several studies reported a higher incidence of metabolic syndrome in smokers [17],

with a greater risk of developing type 2 diabetes [18] and cardiovascular diseases [19]. Smoking is

generally associated with lower body weight, possibly by enhancing total energy expenditure [20].

However, active smokers who smoke more intensively tend to weigh more than light smokers. While

this may be due to other lifestyle factors, such as physical inactivity and unhealthy diet consumption,

it has been recently suggested that obesity influence smoking uptake and intensity [21].

Herein, we aimed at deciphering the joint associations of obesity and cigarette smoking at multiple

organ level. We thus chronically exposed high-fat diet-fed obese mice to cigarette smoke and assessed

metabolic, respiratory, intestinal, and cardiovascular functions. Altogether, the present work may

bring clues on the health consequences of cigarette smoking in non-obese vs. obese individuals.

2. Materials and Methods

2.1. Objective and Design of the Study

The objective of the study was to compare the metabolic, immunological and inflammatory

consequences of the chronic exposure to cigarette smoke (CS) in lean and obese mice. Each experiment

was performed at least in duplicate, including a number of mice per experimental group that allowed

statistical analyses and adequate evaluation of the possible size effect, as depicted in Figure 1a.

2.2. Experimental Animal Model

Six to eight-week-old male C57BL/6JRj mice were purchased from Janvier (Le Genest-St-Isle,

France) and housed in specific pathogen-free environment in Lille Pasteur Institute’s animal facilities

(accredited no. C59-350009) and maintained in a temperature-controlled (20 ± 2 ◦C) environment

with a strict 12-hours dark/light cycle. Housing and experimentations were carried out according

to the French government guidelines of laboratory animal care and approved by the Departmental

Direction of Veterinary Services (Prefecture of Lille, France), European guidelines of laboratory animal

care (number 86/609/CEE) and French legislation (Government Act 87-848). The present project has

been approved by the national Institutional Animal Care and Use Committee (CEEA 75) and received

the authorization number APAFIS# 7281. Four weeks after the beginning of diets irradiated HFD

(60% kcal fat; D12492) and LFD (10% kcal fat; D12450B) from Research Diets (Brogaarden, Lynge,

Denmark), mice started to be exposed to cigarette smoke (CS) generated from 5 cigarettes per day

(3R4F research cigarettes from the University of Kentucky, Lexington, KY, USA), 5 days a week and

up to 21 weeks (Emka technologies, SCIREQ Inc., Montreal, Qc, Canada) [22]. Control groups were

exposed to ambient air (Figure 1a). All measurements were taken from distinct samples. Individual

body weights were weekly recorded.
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Figure 1. Effects of chronic cigarette smoke (CS) exposure on the body weight and fat mass of lean

(LFD) and obese (HFD) mice. (a) Experimental design of the study: the day of the start of the study was

defined as day 0 allowing the association of this time point with the schedule of CS in lean and obese

mice. Mice were fed with low-fat diet (LFD, lean) or high-fat diet (HFD, obese) for four weeks and

exposed to ambient air (Air) or to cigarette smoke (CS) (5 cigarettes/day, 5 days/week) for additional

21 weeks. Intraperitoneal glucose tolerance (IP-GTT) was performed at week 24. (b) Body weight

evolution (expressed in g) of lean and obese mice exposed to Air (n = 6) or CS (n = 12) from week 0

to week 25. Data are expressed as mean ± SEM. (c) Body weight change from CS start to 21 weeks

post-CS exposure (expressed as % body weight loss from body weight at CS start) (left panel), and

corresponding area under the curve (AUC) values (expressed in arbitrary units (AU) (right panel). Data

are expressed as mean ± SEM. (d) Masses (expressed in g) of subcutaneous (inguinal) white adipose

tissue (SCAT) (left panel) and epididymal white adipose tissue (EWAT) (right panel) were recorded at

sacrifice, n = 11–12 in Air groups and n = 17–18 in CS groups. Data are expressed as individual and

mean ± SEM values. * p < 0.05, ** p < 0.01, **** p < 0.0001, * correspond to diet effect (HFD vs. LFD),

and # p < 0.05, ## p < 0.01, #correspond to CS effect (CS vs. Air).

2.3. In Vivo Magnetic Resonance Imaging (MRI)

All MRI examinations were performed on a 7T Bruker Biospec (Ettlingen, Germany) imaging

system equipped with a 20 cm horizontal bore magnet as previously described [23]. Anesthesia was

induced by 2% of isoflurane and maintained at 1%–1.5% along acquisition depending of respiration

frequency. A pneumatic pillow (SA Inc. Stony Brook NY, USA) was used to monitor and perform

respiratory triggering and gating. The mouse was placed in a cylindrical coil with a 39 mm inner

diameter. Multi-slice echo gradient sequence was synchronized with respiration and performed to
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assess mouse position inside the magnet following sequence parameters: RT/ET (Repetition Time/Echo

Time) = 200/3 ms, FA (Flip Angle) = 30 ◦.

Adipose tissue images were acquired by a respiratory-gated T1-weighted imaging using coronal

RARE (Rapid Acquisition with Relaxation Enhancement) sequence which covered thorax and abdominal

regions. Multislice coronal images (FOV= 7× 7 cm, slice thickness= 1.5 mm) were collected with a RT of

400 ms, and a ET of 9 ms, a 256 × 256 data matrix, and a number of repetitions (NEX) of 2. Image-based

3D reconstructions were built for the evaluation of adipose tissue volumes. Reconstructions were

manually drawn on ITKSnap software for each T1-weighted image sets.

2.4. Intra-Peritoneal Glucose Tolerance Test (IP-GTT)

IP-GTT was performed after 24 weeks of diet, as previously described [24]. Blood glucose levels

were measured with an automatic glucometer (ACCU-CHEK Performa, Roche, Mannheim, Germany),

before and 15, 30, 60, 120, and 180 min after glucose administration (1 g/kg, Sigma Aldrich, Lyon,

France) on overnight fasted mice, by tail-tip bleeding.

2.5. Evaluation of Lung Function

Mice were anaesthetized, tracheotomized, and cannulated before being connected to a flexiVent FX

system (SCIREQ Inc., Montreal, Qc, Canada) and operated by the flexiWare software v7.7. Immediately

after connection to the ventilator, set at 150 breaths /min, two deep lung inflations were performed at

least 6–12 seconds apart to recruit lung beyond any closed airway and to standardize lung volume

history. This was done by inflating the lungs to 30 cm H2O over 3 seconds and holding that pressure for

another 3 seconds to allow for the lungs to equilibrate after the inflation. Mice were then submitted to a

300 breaths/min hyperventilation in order to eliminate spontaneous breathing before a 150 breaths /min

return. Next, the mechanical properties of the mouse respiratory system were assessed at baseline, i.e.,

before the construction of a full-range pressure–volume (PV) curve. This was done using a sequence of

measurements integrated by default in the flexiVent operating software and referred to as the mouse

mechanics scan [25]. The area between the PV loop inflation and deflation limbs (Hysteresis) was

then calculated.

2.6. Assessment of Airway Inflammation

Bronchoalveolar lavages (BAL) and pulmonary cells were prepared and analyzed by flow

cytometry as previously described [22]. BAL samples were obtained by washing the lungs twice with

1 ml of phosphate-buffered saline solution (PBS) plus 2% fetal bovine serum (FBS) (Gibco). After

centrifugation at 400 g for 6 min at 4 ◦C, the supernatant (cell-free BAL fluid) was stored at −20 ◦C

for cytokine analysis. The pellet was resuspended in PBS 2% FBS, total cell numbers per BAL were

determined and used for flow cytometry analysis. Briefly, the left lobe of the lung was mashed with a

sterile blade then digested with collagenase (1 mg/mL, Collagenase Type VI 17104–019 Gibco by Life

technologies) at 37 ◦C. After 15 min of digestion, lungs were homogenized with an 18G needle and

digested for 15 min. After centrifugation at 400 g for 6 min at 4 ◦C, the pellets were resuspended in

a 30% Percoll solution (Percoll TM GE Healthcare 17–0891-01) and centrifuged at 500 g for 15 min.

The pellets were resuspended in red blood cells (RBC) lysis buffer during 5 min at 20 ◦C, to remove

erythrocytes. The reaction of RBC lysis was stopped with PBS 2% FBS (Gibco). After centrifugation

at 400 g for 6 min at 4 ◦C, pulmonary cells were resuspended in PBS 2% FBS, then enumerated and

used for flow cytometry. Cells were acquired and analyzed on a Fortessa (Becton Dickinson, Rungis,

France) cytometer, using the FlowJo software. Antibodies specific for mouse F4/80 (PE conjugated),

CD45 (Vio-Green conjugated), were purchased from Miltenyi Biotech (Bergisch Gladbach, Germany).

Antibodies specific for mouse CD11c (PE-Cy7 conjugated), CD86 (Alexa Fluor 700 conjugated), were

purchased from BD Biosciences (Le Pont de Claix, France).
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2.7. Cytokines and Insulin Quantification

CXCL1 and IL-6 concentrations were determined in lung protein extracts, blood leptin, and insulin

levels (post a 7-hours-fasting period) were quantified by ELISA. The homeostatic model for assessment

of the Insulin Resistance index (HOMA-IR) was calculated as ((fasted serum insulin × fasted serum

glucose)/22, 5) [26].

2.8. Histological Analyses

To study lung remodeling, the inferior lobe of the lungs was inflated and fixed in formalin. Lungs

were paraffin-embedded; cross-sections were cut and stained with hematoxylin and eosin as previously

described [22,27]. Random areas were selected for disease scoring which include both lung remodeling

and inflammation (Table S1). Mean linear intercept was measured as the mean length of straight line

segments (“chords”) on random test lines spanning the air space between two sequential intersections

of the alveolar surface with the test line.

Cardiac remodeling was quantified as previously described [28]. Transversal cardiac myocyte

cryo-sections were defrosted slowly in acetone before being washed (PBS; 3 × 5 min). After a 2 h

incubation in the dark with Rhodamine-conjugated wheat germ agglutinin (WGA) purchased from

EUROBIO/ABCYS (Les Ulis, France) (dilution 1/150), sections were washed (PBS; 3 × 5 min), mounted

with Vectashield and observed with LSM710 confocal microscope. The data analysis was performed

with Axiovison software (Zeiss).

2.9. RNA Extraction and Quantitative RT-PCR

Ileal segments were stored in RNA later (Sigma, Saint-Louis, MI, USA) and the left ventricles of

the heart were frozen at −80 ◦C.

Ileal samples were homogenized using Lysing Matrix D (MP Biomedicals, Eschwege, Germany)

and total RNA was extracted using NucleoSpin RNAII isolation kit (Macherey-Nagel Duren, Germany)

according to manufacturer’s recommendations. RNA (1 µg) was reverse transcribed using the High

capacity cDNA reverse transcription kit (Applied Biosystems™, Foster City, CA, USA). RT-qPCR was

performed using the Power SYBR Green PCR Master Mix on the QuantStudio™ 12K Flex Real-Time

PCR System (Applied Biosystems, New Jersey, NJ, USA).

Total RNA from left ventricles was prepared using TRI Reagent (Sigma-Aldrich) according to

manufacturer’s instructions. RNA (500 ng) was reverse transcribed with miScript II RT Kit (Qiagen).

RT-qPCR was performed using the miScript SYBR Green PCR Kit (Qiagen). All samples were processed

in duplicate reactions on a Stratagene Mx3005O (Agilent Technologies).

Primer sequences are available upon request. Relative mRNA levels (2-∆(∆Ct)) were determined

by comparing 1) the PCR cycle thresholds (Ct) for the gene of interest and the housekeeping gene Actb

(∆Ct) for ileum and Hprt for heart and 2) ∆Ct values for exposed and control groups (∆∆Ct).

2.10. Microbiota Analysis

Caecal samples were collected at sacrifice, immediately snap-frozen in liquid nitrogen and stored

at −80 ◦C until use. DNA extractions were performed using the commercial bead beating method

ZR Fecal DNA MiniPrep™ (ZR) (Zymo Research, Irvine, CA, USA). The quantity and the purity of

DNA (expressed as the ratio of absorbance at 260 nm and 280 nm (A260/A280)) were assessed using a

Nanodrop® spectrophotometer.

For microbiota analysis, the sequencing library was generated by amplifying the V3-V4 region of

the bacterial 16S-rRNA gene using 16S rRNA amplicon generation for MiSeq with the primers Bact-0341

(CCTACGGGNGGCWGCAG) and Bact-0785 (GACTACHVGGGTATCTAATCC). Individual samples

were barcoded, pooled to construct the sequencing library and sequenced using an Illumina Miseq

(Illumina, San Diego, CA) to generate paired-end 2x300 bp reads. Data was then normalized using the

QIIME 1.9 script normalize_table.py (using CSS). Alpha diversity and beta diversity (weighted and
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unweighted UniFrac) analyses were performed with QIIME 1.9 scripts. Differential OTU abundance

analyses between exposed and control groups were performed with STAMP v2.1.3 using the Welch’s

test two-side and the Benjamini-Hochberg FDR correction.

2.11. Statistical Analysis

Data are expressed as means ± SEM and were analyzed with GraphPad software (GraphPad,

San Diego, CA, USA). Data were compared using nonparametric Mann–Whitney test for 2 groups’

comparison. Statistical significance of CS effect compared to Air and/or HFD effect compared to LFD

was accepted at a p value < 0.05.

3. Results

3.1. Experimental Design for Evaluating the Consequences of Chronic Cigarette Smoke Exposure in Lean and
Obese Mice

The scheme of animal treatments is reported in Figure 1a. At the start of the study, mice were

fed with low-fat diet (LFD) or high-fat diet (HFD) for four weeks, before being exposed to cigarette

smoke (CS) (5 cigarettes per day, 5 days a week) or ambient air for 21 additional weeks. Body weights

were weekly recorded, blood was taken from 7-hours-fasted mice at 15 weeks (11 weeks post-CS or Air

exposure), in vivo tolerance to glucose (IP-GTT) was assessed at 24 weeks, and mice were sacrificed at

25 weeks.

3.2. Chronic Cigarette Smoke Exposure Induces White Adipose Tissue Redistribution in Obese Mice

Relative to LFD-fed animals, HFD-fed mice expectedly gained weight, both in the Air and CS

conditions (Figure 1b). Importantly, chronic CS exposure significantly limited body weight gain in

lean (LFD) and obese (HFD) animals (Figure 1c).

At the end of the protocol, the subcutaneous (inguinal) white adipose tissue (SCAT) and the

visceral (epididymal) white adipose tissue (EWAT) were weighed (Figure 1d). It showed that both the

SCAT and EWAT masses were lower in CS-exposed lean mice than in Air-exposed animals. When

compared to controls, obese mice exposed to CS presented a lower SCAT mass and, strikingly, a higher

EWAT mass. Thus, we further assessed the quantity and distribution of body fat tissue depots (SCAT,

EWAT, and peri-renal) in lean and obese mice exposed to Air or CS, using magnetic resonance imaging

(MRI) (Figure S1). It confirmed the decreased SCAT mass in CS exposed LFD mice, when compared to

Air controls (p < 0.057). Despite not significant, there was a tendency for increased intra-abdominal fat

(epididymal and peri-renal fat depots) in HFD mice upon CS exposure. Taken together, the results

show that chronic CS exposure limits body weight gain in both lean and obese mice and specifically

altered fat tissue redistribution (in favor of the visceral depot) in obese animals.

3.3. Chronic Cigarette Smoke Exposure Has No Impact on Glucose Homeostasis in Lean and Obese Mice

Obesity is often associated with glucose intolerance, elevated leptin, glucose and insulin blood

levels, and insulin resistance [29]. Besides, CS was proposed to alter glucose homeostasis and to

cause insulin resistance [30], yet this allegation still remains debated [31]. As expected, compared

to the respective lean controls, Air- or CS-exposed obese mice were significantly glucose intolerant

(Figure 2a), had higher blood leptin levels (Figure 2b), and were insulin resistant (as estimated by

HOMA-IR index calculation) (Figure 2c).
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Figure 2. Chronic cigarette smoke (CS) exposure has no impact on glucose homeostasis in lean (LFD)

and obese (HFD) mice. (a) IP-GTT was performed at week-24. Blood glucose levels (expressed in mg/dL)

were measured in overnight-fasted mice (0) and at the indicated times following glucose administration

(left panel). The corresponding AUC values are shown (expressed in AU) (right panel), n = 12–16

per group. (b) Fasted (7 hours fasting) blood leptin levels (expressed in ng/mL) were quantified at

week-15 (n = 6–8 mice per group). (c) Fasted (7 hours fasting) blood glucose (expressed in mg/dL)

(left panel) and insulin (expressed in µg/L) (middle panel) levels were evaluated at week-15, and the

homeostatic model for assessment of insulin resistance (HOMA-IR) was calculated (right panel), n = 6

mice per group. Data are expressed as individual and mean ± SEM. values. ** p < 0.01, *** p < 0.001,

**** p < 0.0001, * correspond to diet effect (HFD vs. LFD), and # p < 0.05, ### p < 0.001, #correspond to

CS effect (CS vs. Air).

In accordance with CS-exposure-induced body weight loss (see Figure 1c), blood leptin levels

were lower in CS-exposed animals (Figure 2b). However, CS exposure had no significant impact on

tolerance to glucose, neither in lean nor in obese mice (Figure 2a), despite a significant CS-induced

decrease in fasted blood glucose levels in both animal groups (Figure 2c). Altogether, we show that

chronic CS exposure has no major impact on glucose homeostasis in lean or obese mice.

3.4. Lung Dysfunction and Inflammation Induced by Chronic Cigarette Smoke Exposure are Worsened in
Obese Mice

We then compared the impact of CS exposure on the respiratory function of lean and obese mice,

using an invasive approach (Figure 3a). As we previously reported, both chronic CS exposure [22] and

obesity [5] separately altered lung function in mice. CS exposure modulated the pressure–volume

(PV) loop in lean mice, but not significantly in obese mice (Figure 3a). No cumulative effect of CS and

HFD was observed on the alteration of the lung function. Taken independently, both regimen and CS

exposure have significant effects on tissue morphometry (Figure 3b). Obesity itself triggered some

tissue lesions, as well as CS exposure alone. In addition, histopathological lung scoring revealed that

obesity and CS exposure exerted cumulative deleterious effects, in terms of tissue lesions. Indeed, CS

exposure increased emphysema both in lean and obese mice, as shown by the quantification of the

mean linear intercept using a morphometric method. This lung structural alteration was even majored

when obese mice were exposed to CS compared to controls (Figure 3b and Table S1).
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Figure 3. Lung dysfunction and inflammation induced by chronic cigarette smoke (CS) exposure are

worsened in obese mice. (a) The pressure-volume (PV) loops were determined by the flexiVent FX

system in lean (LFD, left panel) and obese (HFD, middle panel) mice, and the areas between inflating

and deflating curves (right panel) were calculated (mL.cm H2O) (n = 10–12 mice per group). (b)

Hematoxylin-eosin-stained lung sections (left panel) were used for calculation of the histological score

(middle panel) (n = 7 per group) (see Table S1 for studied parameters), and mean linear intercept (right

panel) (n = 53–88). (c) Concentrations of CXCL-1 and IL-6 in lung protein extracts by ELISA (pg/mL)

(n = 9–12 mice per group). (d) Total cell counts in broncho-alveolar lavage (BAL) (left panel) and lung

tissue (middle panel), and mean fluorescence intensity (MFI) of CD86-expressing CD45+ F4-80+ CD11c+

alveolar macrophages (AM) (right panel) determined by flow cytometry (n= 9–12 mice per group). Data

are expressed as individual and mean ± SEM values. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001,

* correspond to diet effect (HFD vs. LFD), # p < 0.05, ## p < 0.01, ### p < 0.001, #### p < 0.0001,

#correspond to CS effect (CS vs. Air).

To further characterize CS exposure-induced changes in lean vs. obese mice, we next quantified

inflammatory cytokines levels in lung protein extracts. When compared to respective controls, CS

exposure led to increase CXCL-1 levels in lean mice and IL-6 levels in obese mice (Figure 3c), while IL-1β

concentration was not impacted in lung tissues (data not shown). We then evaluated inflammation

through enumerating cells in the bronchoalveolar lavage (BAL) and in the lung parenchyma (Figure 3d).

It showed that obesity increased BAL and lung cell numbers, and that chronic CS exposure enhanced
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the obesity-induced increase in BAL cells. In addition, while obesity had no impact on CD45+ F4/80+

CD11c+ alveolar macrophage number, chronic CS exposure increased their frequenciesas previously

described [22], and their activation status as depicted by the increased expression of CD86, in both lean

and obese animals.

3.5. Chronic Cigarette Smoke Exposure Limits Obesity-Associated Gut Inflammation, Exacerbates Fatty Acid
Metabolism and Modulates Caecal Microbiota

Cigarette smoking and obesity have both been reported to alter the composition and diversity

of the gut microbiota, and to be associated with gut inflammation [32–34]. We thus compared the

consequences of chronic exposure to CS on gut inflammation and microbiota composition in lean and

obese mice (Figure 4). As expected, obesity was associated to increased inflammation of the ileum, as

revealed by the significantly higher mRNA expression level of Il1b, Ccl2 and, to a lesser extent, of Il6.

Chronic exposure to CS had no impact on Il1b, Il6, and Ccl2 expression levels in lean mice whereas it

significantly reduced the expression of all these pro-inflammatory genes in obese mice (Figure 4a).

The proteins involved in fatty acid (FA) binding (such as FABP-1) and metabolism (such as

Apolipoprotein C2) are also tightly regulated at the gut level, facilitating the sensing of dietary fat.

Compared to lean mice, expression levels of the genes encoding these proteins were significantly

increased in the small intestine of obese mice, and interestingly they were even overexpressed after CS

exposure (Figure 4b).

Compared to lean animals, no change in bacterial diversity (Shannon index) was observed in obese

mice, while chronic CS exposure significantly enhanced bacterial diversity in lean mice only (Figure 4c).

Although the observed differences were not statistically significant, we confirmed, as previously

reported in the literature [35], that obesity altered the composition of gut microbiota (Figure 4d) notably

by increasing the proportion of Firmicutes while decreasing the levels of Bacteroidetes. However,

the Firmicutes/Bacteroidetes ratio was not significantly impacted by chronic CS exposure neither in

lean nor in obese mice (Figure 4e and Table S2). Nevertheless, a significant drop (50% decrease) of

Actinobacteria (and more particularly Bifidobacteria) was observed in lean mice exposed to CS, while

these bacteria totally disappeared in obese-CS exposed mice (Figure 4f and Table S2). We also observed

a significant increased level in the Deferribacteres phylum in all CS-exposed mice and an increase in

Clostridiaceae in obese mice (Figure 4f and Table S2).
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Figure 4. Chronic cigarette smoke (CS) exposure limits obesity-associated gut inflammation, exacerbates

fatty acid metabolism and modulates caecal microbiota. (a) The expression levels of Il1b, Il6, and ccl2

genes evaluated in ileum by RT-qPCR (n = 8–12 mice per group). (b) The expression levels of Fabp1

and Apoc2 genes evaluated in ileum by RT-qPCR (n = 5–6 mice per group). (c) Shannon diversity index

was determined (n = 4–6 mice per group). (d) Relative abundance of bacterial 16S rRNA genes found

in caecal content classified at phyla level. Individual profiles are shown for each group of mice (n = 4–6

mice per group). (e) Relative frequencies of Firmicutes, Bacteroidetes and Firmicutes/bacteroidetes

ratio found in caecal contents. (f) Abundance of Actinobacteria (left panel), Deferribacteres (middle

panel) and Clostridiaceae (right panel) found in caecal contents. Data are expressed as individual

and mean ± SEM values. * p < 0.05, ** p < 0.01, *correspond to diet effect (HFD vs. LFD), # p < 0.05,

## p < 0.01, ### p < 0.001, #correspond to CS effect (CS vs. Air). See Table S2 for detailed informations.
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3.6. Chronic Cigarette Smoke Exposure Restricts Obesity-Induced Cardiac Hypertrophy

Cardiac hypertrophy corresponds to the abnormal enlargement of the heart, resulting from

increased cardiomyocyte size and changes in other heart muscle components, such as the extracellular

matrix [36]. To compare the effect of chronic CS exposure on cardiac hypertrophy in lean and obese

mice, we evaluated the morphology of the left ventricle by measuring cardiomyocyte areas using

fluorescence microscopy after wheat germ agglutinin (WGA) staining (Figure 5a). As expected from

literature, obesity was associated with a significant increase in cardiomyocyte areas. Interestingly,

chronic CS exposure led to cardiomyocyte enlargement in lean mice only (Figure 5a).

Figure 5. Chronic cigarette smoke (CS) exposure restricts obesity-induced cardiac hypertrophy. (a)

Cardiomyocytes transverse section areas were stained by rhodamin labeled-wheat germ agglutinin

(WGA) (left panel) and cells’ area were quantified (right panel) (n = 5–8 mice per group; 224-346 cells

per group). Scale bar corresponds to 50 µm. (b) Fetal gene program expression of Atrial Natriuretic

Peptide (Anp) and β/α Myosin Heavy Chain (Mhc) ratio were quantified by RT-qPCR (n = 4–9 mice

per group). (c) Fibrosis was measured by quantification of transforming growth factor beta (Tgfβ)

expression by RT-qPCR (n = 6–9 mice per group. Data are expressed as individual and mean ± SEM.

values. * p < 0.05, ** p < 0.01, **** p < 0.0001, *correspond to diet effect (HFD vs. LFD), # p < 0.05,

#### p < 0.0001, #correspond to CS effect (CS vs. Air).

In response to mechanical or neurohormonal stimuli, the heart adapts to increased workload

by changes in gene expression, particularly by reactivating some fetal genetic programs [37]. The

most common studied genes are the cardiac myosin isoform [38] and the atrial natriuretic peptide

(Anp) [39,40]. CS exposure tended to increase the expression of fetal genes encoding for Anp and β/α

Myosin Heavy Chain ratio (β/αMhc) in lean mice (Figure 5b). Obesity per se significantly increased

the β/αMhc ratio (Figure 5b). CS exposure in obese mice significantly decreased the expression of Anp

and decreased the β/αMhc ratio. These results may partially result from the decreased body weight of

CS-exposed obese mice (see Figure 1a). Indeed, the heart weight and cardiac hypertrophy have been

reported to positively correlated to body weight [28].

Another hallmark of cardiac remodeling is cardiac fibrosis, which is characterized by an increase

in collagens and other extracellular matrix components in the interstitium and perivascular regions of

the myocardium and highly controlled by transforming growth factor beta (TGFβ) [41]. Interestingly,
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CS exposure significantly increased Tgfβ expression in lean mice. Obesity was also associated to

enhanced Tgfβ expression, which remained unchanged upon CS exposure (Figure 5c).

4. Discussion

Strong evidence shows that tobacco use and unhealthy diets increase the risk of many adverse

conditions, including the world’s major non-communicable chronic diseases (NCD) such as chronic

respiratory diseases, IBD, type 2 diabetes and cardiovascular diseases [42]. Although smoking and

obesity are public health priorities in industrialized countries, the overlap between the two conditions

has scarcely been investigated [13,15]. In the present study, we established a model of chronic

co-exposure to cigarette smoke in obese and lean mice and evaluated the consequence at different

organ level (lung, adipose tissues, gut, and heart), aiming at better deciphering the comorbidities [43]

associated to unhealthy lifestyle in order to propose innovative strategies to prevent and/or treat NCD.

As observed in humans, we and others previously reported in experimental models that

HFD-induced obesity leads to metabolic abnormalities such as insulin-resistance and glucose

intolerance; increasing the risk for progressing to type 2 diabetes [24,44]. Whether CS may favor the

development of metabolic disorders is still a matter of debate [45]. However, CS is often associated with

insulin resistance, dyslipidemia and systemic inflammation, and epidemiological studies suggest an

increased risk for diabetes associated with smoking [17,46,47]. As described in humans [45], we showed

that CS exposure limited obesity-induced body weight gain. Intriguingly, despite lower body weights,

CS mice presented increased visceral fat mass, mimicking the situation observed in humans [48]. It is

known that excessive amounts of visceral fat have deleterious metabolic consequences [49]. Therefore,

the body fat redistribution in favor of visceral depots evidenced in CS-mice may participate to the

impaired glucose and lipid metabolism associated with smoking. However, we did not observe an

impact on the development of glucose intolerance. The mechanisms that regulate body fat distribution

are still incompletely known [50]. In that sense, the deeper analysis of fat redistribution in response to

CS in our experimental model, might lead to the identification of novel cellular and molecular factors

involved in this process.

Obesity or CS are independently associated with pulmonary inflammation and impaired lung

function, both in humans [51] and in mice [4,5,22]. In our model, we confirmed that CS alters lung

function and induces lung inflammation. Additive and perhaps synergistic effects of smoking and

obesity could be observed on pulmonary outcomes, including lung remodeling and most of the

inflammatory parameters that have been evaluated. However, we also demonstrated that obesity

could take over CS-induced lung dysfunctions. This is in discordance with the additive effects of

smoking and obesity on bronchial hyper-responsiveness observed by Sposato et al. [52]. In addition,

we showed that CD86 expression is significantly lower on macrophages from CS-obese mice than

from CS-lean mice. There are several evidences in literature showing that CD86 expression can be

decreased (even suppressed) upon chronic stimulation due to increased IL-10 production, and is not

further inducible following additional stimulus. This could be the case in our study since IL-10 levels

are known to be increased in obesity conditions [53–58]. Therefore, the autocrine HFD-induced IL-10

production could limit CD86 expression on macrophages in response to CS.

Cigarette smoke has also been reported to induce gut inflammation [5,59], however its impact

on IBD-related gut inflammation can either be protective (e.g., ulcerative colitis) or detrimental (e.g.,

Crohn’s disease). Smoking also alters the composition and diversity of the gut microbiota (known as

dysbiosis), but the impact of cigarette smoking on gut inflammation have not yet been clarified [11].

On the other hand, obesity is also associated to gut inflammation, gut permeability, and gut microbiota

dysbiosis [32,33], and predisposes to the development of Crohn’s disease [9].

In our model, we confirmed that obesity is associated with intestinal inflammation. Surprisingly,

chronic CS exposure neither induced gut inflammation in lean mice nor had additive (or synergistic)

effect on obesity-induced intestinal inflammation. Rather, we found that CS decreased obesity-induced

gut inflammation, likely resulting from CS-induced decrease in body weight.
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As reported in humans, we showed higher expression of genes involved in fatty acid binding

(Fabp1) and metabolism (Apoc2) in the intestine of obese mice than in lean controls. Interestingly, chronic

CS exposure also enhanced Fapb1 and Apoc2 expression in the gut of lean mice and had additive effect

on obesity-induced Fabp1 and Apoc2 expression. The exact mechanism for Apoc2 gene regulation in the

gut remains unknown [60], but the intestinal fatty acid binding protein (I-FABP), which is abundantly

present in enterocytes, has proven to be a useful marker for small intestine mucosal damage [61].

Regarding the impact of obesity and CS on gut microbiota, we showed that obesity was

associated with gut dysbiosis, notably a change in the Bacteroidetes-to-Firmicutes ratio and a drop in

Bifidobacteria, as already reported [44,62]. Interestingly, chronic CS exposure differentially impacted

the level of Bacteroidetes in lean vs. obese mice and exacerbated the obesity-induced decrease in

Bifidobacteria levels. These observations are of importance since Bifidobacteria are well known

to exhibit health-promoting abilities, notably in metabolic diseases [44]. It has to be noted that a

recent review reported that the intestinal microbiome is altered by smoking notably with decreased

levels of Actinobacteria as well as the genera Bifidobacteria [11]. Therefore, we propose that the

health detrimental effects resulting from the co-exposure to CS and obesity may partly rely upon the

decreased abundance of these beneficial bacteria. However, since gut inflammation was decreased in

co-exposed mice, we could suggest the emergence of a yet-to-be-identified anti-inflammatory microbial

component. Interestingly, we observed a significant increase of Defferibacteres in all CS-exposed mice.

It has been recently reported an increase of these bacteria, especially Mucispirillum schaedleri, the sole

known representative of Deferribacteres present in the mammalian microbiota, in mice protected from

Salmonella typhimurium. This bacteria could compete for nutrients, especially for nitrate and beneficially

impacted on S. thyphimurium-induced colitis [63]. This mucus-associated bacterium is adapted to the

high-redox environment of the mucus layer and is well equipped to handle oxidative bursts that occur

during inflammation. However, since it is often associated to inflammation, it remains important to

define if this commensal plays a role in disease progression or protection [64].

CS and obesity are well-established independent risk factors for cardiovascular diseases such as

myocardial infarction, stroke and heart failure [46,65]. Moreover, it was already described that HFD

(meaning a diet containing 5.24 kcal/g, 60 kcal% fat, 20 kcal% carbohydrate, and 20 kcal% protein) [66]

as well as CS exposure [65] induced cardiac hypertrophy and fibrosis. Here, we confirmed that obesity

or CS independently induce marked heart hypertrophic remodeling. These results are in accordance

with a transcriptomic study described by Tilton et al., revealing an extensive cardiac response to CS

in lean mice, in striking contrast with obese mice [67]. Interestingly, we also observed that obesity,

as already shown by Wang et al. [68], as well CS exposure significantly increased cardiac fibrosis

characterized by Tgfb mRNA expression but only in lean mice.

5. Conclusions

In conclusion, we herein reported for the first time the comparative analysis of the impact of

chronic cigarette smoke exposure in obese vs. lean mice, at the lung, adipose tissue, gut, and intestine

level. Our model allowed to mimic most of the features that have been reported in humans co-exposed

to high-fat diet and cigarette smoke. However, the absence of additive or synergistic effects of cigarette

smoke exposure on obesity-induced alterations might be due to the highly lipid-enriched (60%) diet that

we used, which is above the 30%–40% dietary fat brought by obesogenic western diets [69]. In addition,

mice were exposed to 5 cigarettes per day, 5 days per week, a dose which might have been insufficient

to modulate the effects induced by obesity. Thus, our model could be improved by using a lower-lipid

enriched diet and/or by increasing the frequency of cigarette smoke exposure. Despite its limitations,

the present model may bring important clues on the health consequences of cigarette smoking in

non-obese vs. obese individuals at pulmonary, cardiovascular, intestinal, and metabolic levels. Its

translational value could be further enhanced when addressing different types of diets (obesogenic

and/or diabetogenic). Ultimately, it could lead to the identification of novel therapeutic strategies that

shall help the practitioners to clinically treat the adverse health effects associated with smoking in
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overweight and obese individuals. Such multidisciplinary approaches to medicine should lead to

personalized clinical applications for treating NCD in the future and, thereby, improve global health.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6643/12/3/827/s1,
Figure S1: Fat depot distribution in lean and obese mice chronically exposed to cigarette smoke, Table S1: Disease
scoring of lung remodelling. Table S2: Relative abundance of caecal bacteria in lean (LFD) and obese (HFD) mice
exposed or not (Air) to cigarette smoke (CS).
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