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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-13, 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 Thl, i.e., [FN-y,
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
Thl 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
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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-Thl 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 Francais 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 (CD11lc" CDIla*
HLA-DR"Y CD83"" and CCR7°"). 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 % PO, BODE Inhaled corticosteroid
COPD 9 8/1 578+32 57+£59 578+79 709+23 24+08 4
Smokers 13 10/3 426+49 354146 936+15 ND ND 0
Non smokers 14 10/4 455+57 0 953+35 ND ND 0

FEV1%, percentage of the forced expiratory lung volume in the first second; PO,, 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



Le Rouzic et al. Respiratory Research (2016) 17:94

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 pm 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 pg/ml) (Invivogen, San Diego, CA). To
stop bacterial growth, 100 UI/ml Penicillin and 100 pg/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 (5x10* MDDC per 5x10° T-cells in
500 uL 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 pg/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 025 % 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
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1640 supplemented with 10 % FCS plus brefeldin A
(10 pg/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-y, 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 (AMFI).

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-y, IL-1p, IL-4, IL-6, CXCLS8, IL-10, IL-17, IL-
22, IL-23 (eBiosciences, San Diego, CA) and for TNF-«a
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 pl 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 B-actin (244<Y).

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 H2ZDCFDA 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 puM), butylated hydroxyanisole (20 pM) or
MitoTEMPO (10 uM) 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 uM) and antimycin A (1 pM) (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-1pB, 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-1p than smokers. As expected, S. pneumoniae ex-
posure triggered higher secretion by PBMC from healthy
controls of CXCLS, IL-1pB, 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-1p (Fig. 1). However, the concentrations of
IL-1B 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 CXCLS8 levels were similar
in the 3 groups (Additional file 2). These data suggest
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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. pmeumoniae 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-a, 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
TNEF-a and IL-12 (Fig. 3). CSE alone only modulated the
CXCLS8 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-q, 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 Thl 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-y, 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-y 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-y 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-y 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-y secretion and restored
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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-1B, b IL-6, ¢ IL-12 and d IL-23 were quantified by ELISA. Data are reported as mean + SEM. *P < 0.05, **P < 0.01, ***P < 0.001
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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.
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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) £ SEM. of 27 experiments. *P < 0.05, **P < 0.01, ***P < 0.001




Le Rouzic et al. Respiratory Research (2016) 17:94

Page 7 of 13

p
a * b
*
* %k *%
*% *%
800 — 4 —
£
S =
S 600 ?E;) 3 -
©
< £
S 7
0 400 _ 2
Z
|_
200 — 14
N
0 - | /l 0 - [ |
Medium CSE Sp Sp+CSE Medium CSE Sp Sp+CSE
c d *
p=0.06 p=0.06
*%
280 7 1600 — x
* % *
£ 210+ £ 1200
(@] ()]
Z Z
o 8
T 140 — | 800 —
= =
70 — —|— 400 —
T
I
0 - = | /
Medium CSE Sp Sp+CSE Medium CSE Sp Sp+CSE
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subjects activated by S. pneumoniae (Sp). Levels of a TNF-q, b IL-6, ¢ 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.EM. of 14 experiments. *P < 0.05, **P < 0.01

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-y and IL-17 by T-cells
in cocultures (data not showmn). 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
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represent mean + S.EM. of 4 and 2 experiments for a and b-c respectively. There was no statistical difference between groups

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-Thl 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 Thl and Th17 re-
sponses against S. pmeumoniae. 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-1p, 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-1p, 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
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induction of Thl 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-1p 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
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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
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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-Thl 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.

Additional files

Additional file 1: Primer sequences. (DOCX 35 kb)

Additional file 2: Spneumoniae-induced CXCL8 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
column). Data are reported as mean + SEM. *P < 0.05, **P <0.01. (PDF 29
kb)

Additional file 3: In vitro exposure to cigarette smoke extract (CSE)
modulate the secretion of cytokines by monocyte-derived dendritic cells
(MDDOQ) from healthy subjects activated by S.pneumoniae (Sp) (a) or by
LPS (b-f). Levels of CXCL8 (a-b), TNF alpha (c), IL-6 (d), IL-12 (e) and IL-

23 (f) were quantified by ELISA in MDDC culture supernatants collected
after 24 h incubation with CSE and Sp or LPS. Data are reported as mean
+ SEM. of 12 experiments. *P < 0.05, **P < 0.01, ***P < 0.001. (PDF 46 kb)

Additional file 4: In vitro exposure to cigarette smoke extract (CSE)
modulate the phenotype of monocyte-derived dendritic cells (MDDC)
from healthy subjects activated by LPS. Expression of CD83 (a), HLA-
DR (b), CD80 (c), CD86 (d), CD40 (e) and CD54 (f) was evaluated by
flow cytometry in MDDC exposed to CSE and then activated or not
by LPS for 24 h. Data are reported as mean fluorescence intensity
(MFIl) £ SEM. of 20 experiments. *P <0.05, **P < 0.01, ***P < 0.001.
(PDF 44 kb)

Additional file 5: T-cells intracellular staining strategy of gaiting. Cells

were first gated using foward scatter (FSC) and side scatter (SSC) and



dx.doi.org/10.1186/s12931-016-0408-6
dx.doi.org/10.1186/s12931-016-0408-6
dx.doi.org/10.1186/s12931-016-0408-6
dx.doi.org/10.1186/s12931-016-0408-6
dx.doi.org/10.1186/s12931-016-0408-6

Le Rouzic et al. Respiratory Research (2016) 17:94

next, T-cells were separated on CD8" and CD4" based on fluorescence of
these two markers on CD45" cells. IL-17 ans IFN-y positive cells were cal-
culated in comparison with baseline fluorescence of isotype controls.
(PDF 422 kb)

Additional file 6: Treatment with the anti-oxidant N-acetylcystein (NAC)
did not reverse the inhibitory effect of cigarette smoke extract (CSE) on
the phenotype of monocyte-derived dendritic cells (MDDC) activated by
S.pneumoniae (Sp). The expression of HLA-DR (a), CD80 (b), CD86 (c),
CD40 (d) and CD54 (e) by MDDC treated or not with NAC and then ex-
posed to CSE and Sp for 24 h were evaluated by flow cytometry.
Data are reported as mean + SEM. of 6 experiments. (PDF 39 kb)

Additional file 7: In vitro exposure to rotenone (Rot) or antimycin A
(AmA) inhibits the phenotype of monocyte-derived dendritic cells
(MDDCQ) activated by S.pneumoniae (Sp). Expression of HLA-DR (a),

CD80 (b), CD86 (c), CD40 (d) and CD54 (e) were evaluated by flow cy-
tometry in MDDC exposed to rotenone or antimycin A and then activated
or not by S.pneumoniae for 24 h. Data represent mean + SEM. of 6 experit-
ments. There were no statistical differences between groups. (PDF 50 kb)

Abbreviations

APC, antigen-presenting cell; BHA, butylated hydroxyanisole; COPD, chronic
obstructive pulmonary disease; CS, cigarette smoke; CSE, cigarette smoke
extract; DC, dendritic cells; DCFDA, dichlorofluorescin diacetate; FCS, fetal calf
serum; IL, interleukin; LPS, lipopolysaccharide; MDDC, monocyte-derived dendritic
cells; MOI, multiplicity of infection; PBMC, peripheral blood mononuclear cells;
TBHQ, tertiary butyl hydroquinone

Acknowledgements
This study was possible at the instigation of our dear colleague, Pr Isabelle
Tillie-Leblond (died), who participated in the study concept and design, and

with the support of the “Fonds de Dotation Recherche en Santé Respiratoire”

request for proposal 2010 and the French-language Society of Pneumology,
and the Conseil Régional Nord-Pas de Calais.
All the materials used in this study and the data are available.

Authors’ contributions

PG supervised the study in the CIIL with OLR, defined the design of the study
and coordinated its management, the analysis of the results and the writing of
the manuscript. MP participated in the design of the study, in the analysis of
the results and the writing of the manuscript. OLR, BK, FH, CO, GK, EV and CM
performed some experiments and the analysis of biological parameters.
JK'and PM contributed to study design regarding the analysis of mitochondrial
stress. OLR performed the statistical analysis and participated in the data
interpretation. NJ, TP and NB contributed to patients’ selection, inclusion
and data collection. OLR and PG generated the figures. All authors read and
approved the final manuscript.

Competing interest
The authors declare that they have no competing interests.

Author details

'Univ. Lille, U1019 — UMR 8204 - CIIL — Center for Infection and Immunity of
Lille, F-59000 Lille, France. “CNRS, UMR 8204, F-59000 Lille, France. *Inserm,
U1019, F-59000 Lille, France. “CHU Lille, Service de Pneumologie
Immunologie et Allergologie, F-59000 Lille, France. *Institut Pasteur de Lille,
F-59000 Lille, France. ®Univ. Lille, UMR-S 1172 - JPArc — Centre de Recherche
Jean-Pierre AUBERT Neurosciences et Cancer, F-59000 Lille, France. ’Inserm,
UMR-S 1172, F-59000 Lille, France. 8CHU Lille, Service de Pédiatrie, F-59000
Lille, France. °CH Roubaix, Service de Pneumologie, F-59100 Roubaix, France.
19113, CIIL - Institut Pasteur de Lille, F-59000 Lille, France.

Received: 3 May 2016 Accepted: 16 July 2016
Published online: 26 July 2016

References

1. Brusselle GG, Joos GF, Bracke KR. New insights into the immunology of chronic
obstructive pulmonary disease. Lancet. 2011,378:1015-26.

2. Pichavant M, Rémy G, Bekaert S, Le Rouzic O, Kervoaze G, Vilain E, et al. Oxidative
stress-mediated iINKT-cell activation is involved in COPD pathogenesis. Mucosal
Immunol. 2014;7:568-78.

20.

21.

22.

23.
24,

25.

26.

Page 12 of 13

Donnelly LE, Barnes PJ. Defective phagocytosis in airways disease. Chest.
2012;141:1055-62.

Sethi S. Molecular diagnosis of respiratory tract infection in acute
exacerbations of chronic obstructive pulmonary disease. Clin Infect

Dis. 2011;52:5290-5.

Pasquale MK, Sun SX, Song F, Hartnett HJ, Stemkowski SA. Impact of
exacerbations on health care cost and resource utilization in chronic obstructive
pulmonary disease patients with chronic bronchitis from a predominantly
Medicare population. Int J Chron Obstruct Pulmon Dis. 2012,7:757-64.

Suissa S, Dell'Aniello S, Ernst P. Long-term natural history of chronic
obstructive pulmonary disease: severe exacerbations and mortality.
Thorax. 2012,67:957-63.

Taylor AE, Finney-Hayward TK, Quint JK, Thomas CMR, Tudhope SJ, Wedzicha
JA, et al. Defective macrophage phagocytosis of bacteria in COPD. Eur Respir J.
2010;35:1039-47.

Van Pottelberge GR, Bracke KR, Joos GF, Brusselle GG. The role of dendritic
cells in the pathogenesis of COPD: liaison officers in the front line. COPD J
Chronic Obstr Pulm Dis. 2009:6:284-90.

Joffre O, Nolte MA, Sporri R, Sousa CR e. Inflammatory signals in dendritic
cell activation and the induction of adaptive immunity. Immunol Rev. 2009;
227:234-47.

Briserio CG, Murphy TL, Murphy KM. Complementary diversification of dendritic
cells and innate lymphoid cells. Curr Opin Immunol. 2014;29:69-78.

Marqués JM, Rial A, Mufioz N, Pellay F-X, Van Maele L, Léger H, et al. Protection
against Streptococcus pneumoniae serotype 1 acute infection shows a signature
of Th17- and IFN-y-mediated immunity. Immunobiology. 2012,217:420-9.

Van Maele L, Carnoy C, Cayet D, Ivanov D, Porte R, Deruy E, et al. Activation
of Type 3 innate lymphoid cells and interleukin 22 secretion in the lungs
during Streptococcus pneumoniae infection. J Infect Dis. 2014;210:493-503.
Vassallo R, Tamada K, Lau JS, Kroening PR, Chen L. Cigarette smoke extract
suppresses human dendritic cell function leading to preferential induction
of Th-2 priming. J Immunol Baltim Md 1950. 2005;175:2684-91.

Kroening PR, Barnes TW, Pease L, Limper A, Kita H, Vassallo R. Cigarette
smoke-induced oxidative stress suppresses generation of dendritic cell
IL-12 and IL-23 through ERK-dependent pathways. J Immunol Baltim
Md 1950. 2008;181:1536-47.

Chang Y, Nadigel J, Boulais N, Bourbeau J, Maltais F, Eidelman DH, et al.
CD8 positive T cells express IL-17 in patients with chronic obstructive
pulmonary disease. Respir Res. 2011;12:43.

Zhang X, Zheng H, Zhang H, Ma W, Wang F, Liu C, et al. Increased interleukin
(IL)-8 and decreased IL-17 production in chronic obstructive pulmonary
disease (COPD) provoked by cigarette smoke. Cytokine. 2011,56:717-25.
Andelid K, Tengvall S, Andersson A, Levdnen B, Christenson K, Jirholt P, et al.
Systemic cytokine signaling via IL-17 in smokers with obstructive pulmonary
disease: a link to bacterial colonization? Int J Chron Obstruct Pulmon Dis.
2015;10:689-702.

Pichavant M, Sharan R, Le Rouzic O, Olivier C, Hennegrave F, Rémy G, et al.
IL-22 defect during Streptococcus pneumnoniae infection triggers exacerbation
of chronic obstructive pulmonary disease. EBioMedicine. 2015;2:1686-96.

Blue ML, Janoff A. Possible mechanisms of emphysema in cigarette smokers.
Release of elastase from human polymorphonuclear leukocytes by cigarette
smoke condensate in vitro. Am Rev Respir Dis. 1978;117:317-25.

Zhou H, Kobzik L. Effect of concentrated ambient particles on macrophage
phagocytosis and killing of Streptococcus pneumoniae. Am J Respir Cell
Mol Biol. 2007;36:460-5.

Wei J, Xiong X-F, Lin Y-H, Zheng B-X, Cheng D-Y. Association between
serum interleukin-6 concentrations and chronic obstructive pulmonary
disease: a systematic review and meta-analysis. Peer]. 2015;3:e1199.
Pinto-Plata VM, Livnat G, Girish M, Cabral H, Masdin P, Linacre P, et al. Systemic
cytokines, clinical and physiological changes in patients hospitalized for
exacerbation of COPD. Chest. 2007;131:37-43.

Sethi S. Infection as a comorbidity of COPD. Eur Respir J. 2010;35:1209-15.
Vassallo R, Walters PR, Lamont J, Kottom TJ, Yi ES, Limper AH. Cigarette
smoke promotes dendritic cell accumulation in COPD; a Lung Tissue
Research Consortium study. Respir Res. 2010;11:45.

Tsoumakidou M, Koutsopoulos AV, Tzanakis N, Dambaki K, Tzortzaki E,
Zakynthinos S, et al. Decreased small airway and alveolar CD83+ dendritic
cells in COPD. Chest. 2009;136:726-33.

Liao S-X, Ding T, Rao X-M, Sun D-S, Sun P-P, Wang Y-J, et al. Cigarette smoke
affects dendritic cell maturation in the small airways of patients with chronic
obstructive pulmonary disease. Mol Med Rep. 2015;11:219-25.


dx.doi.org/10.1186/s12931-016-0408-6
dx.doi.org/10.1186/s12931-016-0408-6

Le Rouzic et al. Respiratory Research (2016) 17:94

27.

28.

29.

30.

31

32.

33.

34.

35.

Givi ME, Folkerts G, Wagenaar GTM, Redegeld FA, Mortaz E. Cigarette smoke
differentially modulates dendritic cell maturation and function in time. Respir
Res. 2015;16:131.

Castera L, Hatzfeld-Charbonnier AS, Ballot C, Charbonnel F, Dhuiege E, Velu T,
et al. Apoptosis-related mitochondrial dysfunction defines human monocyte-
derived dendritic cells with impaired immuno-stimulatory capacities. J Cell Mol
Med. 2009;13:1321-35.

Smet EGD, Mestdagh P, Vandesompele J, Brusselle GG, Bracke KR. Non-coding
RNAs in the pathogenesis of COPD. Thorax. 2015;70:782-91.

Lu W, You R, Yuan X, Yang T, Samuel ELG, Marcano DG, et al. The microRNA
miR-22 inhibits the histone deacetylase HDAC4 to promote TH17 cell-
dependent emphysema. Nat Immunol. 2015;16:1185-94.

Phipps JC, Aronoff DM, Curtis JL, Goel D, OBrien E, Mancuso P. Cigarette smoke
exposure impairs pulmonary bacterial clearance and alveolar macrophage
complement-mediated phagocytosis of Streptococcus pneumoniae. Infect
Immun. 2010;78:1214-20.

Mellman I, Steinman RM. Dendritic cells: specialized and regulated antigen
processing machines. Cell. 2001;106:255-8.

Hertzén E, Johansson L, Wallin R, Schmidt H, Kroll M, Rehn AP, et al. M1
protein-dependent intracellular trafficking promotes persistence and
replication of Streptococcus pyogenes in macrophages. J Innate Immun.
2010;2:534-45.

Gorvel L, Textoris J, Banchereau R, Ben Amara A, Tantibhedhyangkul W, von
Bargen K, et al. Intracellular bacteria interfere with dendritic cell functions:
role of the type | interferon pathway. PLoS One. 2014;9:299420.

Tardif V, Riquelme SA, Remy S, Carrefio LJ, Cortés CM, Simon T, et al. Carbon
monoxide decreases endosome-lysosome fusion and inhibits soluble antigen
presentation by dendritic cells to T cells. Eur J Immunol. 2013;43:2832-44.

Page 13 of 13

Submit your next manuscript to BioMed Central
and we will help you at every step:

* We accept pre-submission inquiries

e Our selector tool helps you to find the most relevant journal

* We provide round the clock customer support

e Convenient online submission

e Thorough peer review

e Inclusion in PubMed and all major indexing services

e Maximum visibility for your research

Submit your manuscript at

www.biomedcentral.com/submit () BioMed Central




	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	Cell preparation
	Preparation of cigarette smoke extract
	Streptococcus pneumoniae
	Activation of human MDDC and design of the coculture
	Flow cytometry
	Cytokines measurements
	Real time quantitative PCR
	Endocytosis and bactericidy of S. pneumoniae by MDDC
	Oxidative stress and mitochondrial dysfunction assessment
	Statistical analysis

	Results
	PBMC from COPD patients exhibit a defective pro-Th1 and pro-Th17 response to S. pneumoniae
	CSE inhibits S. pneumoniae-induced MDDC maturation
	CSE-exposed MDDC are responsible for a defective Th1 and Th17 response to S. pneumoniae
	Impact of CSE on S. pneumoniae endocytosis by MDDC
	CSE induced oxidative stress was not implicated in the altered response to S. Pneumoniae

	Discussion
	Conclusions
	Additional files
	Abbreviations
	Acknowledgements
	Authors’ contributions
	Competing interest
	Author details
	References

