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Cigarette smoke is a major effector of chronic obstructive pulmonary disease (COPD), and Th17 cells and dendritic cells (DCs)
involve in the pathogenesis of COPD. Previous studies have demonstrated the anti-inflammatory effects of macrolides.
However, the effects of macrolides on the cigarette smoke extract- (CSE-) induced immune response are unclear. Accordingly,
in this study, we evaluated the effects of erythromycin (EM) on CSE-exposed DCs polarizing naive CD4" T cells into Th17 cells.
DCs were generated from bone marrow-derived mononuclear cells isolated from male BALB/c mice and divided into five
groups: control DC group, CSE-exposed DC group, CD40-antibody-blocked CSE-exposed DC group, and EM-treated CSE-
exposed DC group. The function of polarizing CD4" T cells into Th17 cells induced by all four groups of DCs was assayed
based on the mixed lymphocyte reaction (MLR) of naive CD4" T cells. CD40 expression in DCs in the CSE-exposed group
increased significantly compared with that in the control group (P < 0.05). The Th17 cells in the CSE-exposed DC/MLR group
increased significantly compared with those in the control DC/MLR group (P <0.05). Moreover, Th17 cells in the CD40-
blocked CSE-exposed DC/MLR group and EM-treated CSE-exposed DC/MLR group were reduced compared with those in
the CSE-exposed DC/MLR group (P <0.05). Thus, these findings suggested that EM suppressed the CSE-exposed DC-
mediated polarization of CD4" T cells into Th17 cells and that this effect may be mediated through inhibition of the

CD40/CD40L pathway.

1. Introduction

Smoking is a major cause of chronic nonspecific inflam-
mation in chronic obstructive pulmonary disease (COPD)
[1, 2]. Freeman et al. [3] showed that in patients with
COPD, CD40 expression in dendritic cells (DCs) in the lung
tissue was high, regardless of the Global Initiative for Chronic
Obstructive Lung Disease stage. In vitro studies using bone
marrow-derived and monocyte-derived immature DCs
exposed to varying doses of nicotine and cigarette smoke
extract (CSE) [4-6] have yielded contrasting results with
respect to their effects on the function of DCs. Thus, DCs
may play key roles in bridging innate and adaptive immunity
via direct cell-cell interactions [7-9]. DCs induce CD4"*

T cells to differentiate into Thl cells via the CD40/CD40L
pathway, and this process can be stimulated by interleukin-
(IL-) 12 and interferon-y [10-12]. DCs crosstalk with CD4"
T cells through the CD80/CD86 and CD28 pathways and
secretion of IL-2, thereby promoting the differentiation of
CD4" T cells into regulatory T cells (Tregs) [13-16]. Several
studies have suggested that DCs crosstalk with CD4™ T cells
via the CD40/CD40L pathway and produce IL-6 and IL-23,
which then mediate the development of Th17 cells by upregu-
lating retinoic acid receptor-related orphan nuclear receptor y
(RORyt) mRNA in CD4" T cells [17, 18]. At the same time,
several studies have verified that DCs induced Thl, Th17,
and Tcl cell differentiation via the CD40/CD40L pathway in
mice with emphysema exposed to cigarette smoke [19-21].
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Recent studies have shown that macrolides suppress the
expression of costimulatory molecules on DCs and exhibit
anti-inflammatory effects by reducing the activity of phos-
phoinositide 3-kinase (PI3K), p38 mitogen-activated pro-
tein kinase (p38 MAPK), and nuclear factor-kB (NF-«B)
[22, 23]. Moreover, macrolides have been shown to sup-
press the expression of costimulatory molecules on DCs
[24]. Yasutomi et al. [25] showed that erythromycin could
suppress the expression of costimulatory molecules on
human monocyte-derived DCs which are induced by lipo-
polysaccharides, but erythromycin did not have the effect
on DCs induced by peptidoglycan. This study suggested
that the modulating-DC effects of EM depend on the
nature of pathogens. Macrolides also suppress the Th17
response and inflammation in noncystic fibrosis bronchiec-
tasis [26, 27]. Previous studies have shown that erythromy-
cin (EM) reduces inflammation by suppressing the p38
MAPK and NF-«B pathways, induced by CSE. Tan et al.
[28] found that EM suppresses IL-17 and IL-23 associated
with Th17 cells in the peripheral blood and induces sputum
in patients with stable COPD. Interestingly, Bai et al. [29]
showed that EM enhances CD4"Foxp3™ Treg numbers in
rats exposed to cigarette smoke. Thus, EM may affect
inflammation in Th17 cells induced by DCs in the context
of COPD associated with cigarette smoke exposure. How-
ever, the mechanisms through which CSE promotes CD4"
T cell differentiation into Th17 cells following induction
by DCs and whether EM has any effects on the cigarette
smoke extract-exposed DC-mediated CD4" T cell differen-
tiation remain to be elucidated, which involve in the effect
of nicotine and tar in CSE.

Accordingly, in this study, we evaluated the effects of CSE
on the expression of the costimulatory molecules CD40 and
CD86, expressed by immature bone marrow-derived den-
dritic cells (imDCs), following exposure to CSE. Addition-
ally, we examined changes in the ability of DCs to polarize
CD4" T cells into Th17 cells in a mixed lymphocyte reaction
(MLR) induced by CSE exposure and EM treatment [25, 30].

2. Materials and Methods

2.1. Reagents. Recombinant murine granulocyte-macro-
phage-colony-stimulating factor (GM-CSF) and recombi-
nant murine IL-4 were obtained from PeproTech (London,
UK). EM was obtained from Sigma-Aldrich (St. Louis, MO,
USA). TRIzol and SuperScript II were obtained from Invitro-
gen (CA, USA). SYBR Green Universal PCR Master Mix was
obtained from ABgene (Hamburg, Germany). Purified
NA/LE hamster anti-mouse CD40 (antagonist) antibodies
were obtained from BD Pharmingen (San Diego, CA,
USA). Monensin, ionomycin, phorbol myristate acetate,
and dimethyl sulfoxide were obtained from Sigma-Aldrich.
FBS (Qualified Australia Origin), RPMI-1640, serum-free
medium, immunomagnetic beads (Dynabeads (DB) Mouse
DC Enrichment Kit and DB Untouched Mouse CD4" T cell
kit) were obtained from Invitrogen. Fluorescent-labelled
monoclonal antibodies (fluorescein isothiocyanate (FITC)
hamster anti-mouse CD11c, phycoerythrin (PE) rat anti-
mouse CD40, allophycocyanin (APC) rat anti-mouse
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CD86, FITC rat anti-mouse CD4, and PE rat anti-mouse
IL-17A) and the BD Cytofix/Cytoperm Fixation/Permeabili-
zation kit were obtained from BD Pharmingen. A Quanti-
body array kit (cat. no. QAM-THI17-1) was obtained from
RayBiotech (Norcross, GA, USA). -Actin and RORyt
primers, specific to BALB/c mice, were obtained from Takara

(Tokyo, Japan).

2.2. Experimental Animals. BALB/c mice (4-6 weeks old)
were obtained from the Laboratory Animal Center of
Guangxi Medical University (Nanning, China). All experi-
ments were approved by the Guangxi Medical University
Committee on the Use and Care of Animals.

2.3. Preparation of CSE. CSE was produced according to the
method described by Li et al. [22]. Briefly, CSE was gener-
ated by the burning of commercially available Marlboro cig-
arettes (made under authority of Philip Morris Brands Sarl
Switzerland by China Tobacco Hunan Industrial Co. Ltd.;
tar content: 12 mg, amount of nicotine: 0.9 mg, and carbon
monoxide content:12 mg) without filter which were smoked
to 0.5cm above the filter in a fume hood. CSE (10%) was
prepared by bubbling the smoke from two cigarettes in
20 mL serum-free RPMI at a rate of 1 cigarette/min. The
pH of the RPMI was adjusted to 7.4, and the optical density
was determined at 350 nm (0.81 + 0.03). The medium was
filter-sterilized with a 0.45 ym filter cartridge (25 mm Acro-
disc; Pall, Ann Arbor, MI). The CSE was always prepared
fresh on the day of the experiment. The patterns of absor-
bance at 320nm showed little difference between different
preparations of CSE. The control medium was prepared by
bubbling air through 20 mL serum-free RPMI (pH 7.4) that
was filter-sterilized as described above.

2.4. Generation of Bone Marrow DC Cultures with GM-CSF
and IL-4. The method for generating bone marrow-derived
imDCs was described previously by Inaba et al. and Kim
and Diamond [31, 32], Briefly, after removing all muscle tis-
sues with gauze from the femurs and tibias, the bones were
placed in a 60-ram dish with 70% alcohol for 1 rain, washed
twice with PBS; bone marrow mononuclear cells were pre-
pared from bone marrow suspensions by depletion of red
cells, which were cultured at a density of 1 x 106 cells/mL
in a RPMI-1640 medium in the presence of GM-CSF
(40 ng/mL) and IL-4 (10ng/mL) [31, 32]. The medium was
replenished every 2 days, and the nonadherent clusters and
loosely adherent DC were collected after day 6 of culture
and used for further studies. The harvested cells were isolated
using a DB Mouse DC Enrichment Kit (Invitrogen). DCs
were purified by magnetic bead cell sorting. More than
90% of the cells had high expression of CD11c, but the cells
had lower expression of CD80, CD86, CD40, and MHC
class II (data not shown).

2.5. Cell Activation. imDCs were prepared as described previ-
ously [31, 32]. DCs were first starved in a serum-free medium
with or without exposure to CSE (1.5%) for 24 h [4, 33]. After
washing, the cells were used as CSE-exposed DCs treated
with purified NA/LE hamster anti-mouse CD40 and EM
[25, 30]. DCs, in the absence of CSE stimulation treated with
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purified NA/LE hamster anti-mouse CD40 and EM, were eval-
uated as controls. All DCs were harvested, and the expres-
sion of CD40 and CD86 was detected by flow cytometry.

2.6. Mixed Lymphocyte Reaction (MLR). DCs (from BALB/c
mice) at day 6 were pretreated with CSE (1.5%) [5, 33].
The CSE-exposed DCs were mixed with CD4" T cells
(from C57BL/6 mice) in the presence or absence of
CD40 antagonist antibodies (purified NA/LE hamster
anti-mouse CD40; 10 pug/mL) [30]. The blocking was carried
out for 24 h, and other CSE-exposed DCs were treated with
or without EM (100 pg/mL) for 24 h according to our prelim-
inary experiment (data not shown) and the study of Yasu-
tomi et al. [25], which showed that EM could suppress the
expression of CD40 and CD86 or cytokines. The MLR was
conducted in round-bottom 96-well microtest plates in
0.2mL serum-free medium. To monitor the MLR, CD4" T
cells were isolated from spleens using a DB Untouched
Mouse CD4" T cell Kit (Invitrogen) according to the manu-
facturer’s protocol. The DCs were precultured with or with-
out CSE in the presence or absence of CD40 antagonistic
antibody for blocking for 30 min, followed by coculture with
allogeneic naive T cells in round-bottom 96-well plates in
0.2mL medium/well (2x10* DCs/2x 10° CD4* T cells).
Simultaneously, CD4" T cells were exposed to CSE,
CD40 antagonistic antibody, and EM. Cells not exposed to
CSE served as controls. Twenty-four hours after coculture,
cell proliferation was assessed by analyzing RORyt mRNA
expression using real-time quantitative polymerase chain
reaction (PCR). Th17 cells (CD4" IL-17A") were then evalu-
ated by flow cytometry. The cocultured supernatants were
collected, and the cytokine contents were determined.

2.7. Flow Cytometry. Cells were incubated with the indi-
cated monoclonal antibodies. DCs were stained with
FITC-conjugated anti-CD11c, PE-conjugated anti-CD40,
and APC-conjugated anti-CD86 antibodies. T cells were
stained with APC-conjugated anti-CD4 and FITC-
conjugated anti-T-cell receptor Va2 or PE-conjugated anti-
CD40L antibodies. For intracellular cytokine detection, T
cells were incubated with phorbol-12-myristate-13-acetate
(1077 M), ionomycin (1 ug/mL), and monensin (3 uM) for
4h, fixed, permeabilized, and stained with FITC-labeled
APC-conjugated anti-CD4 and PE-labeled APC-conjugated
anti-IL-17A antibodies. The cells were pretreated with BD
Cytofix/Cytoperm. Staining was performed on ice for
30min, after which the cells were washed with ice-cold
phosphate-buffered saline containing 0.1% NaN; and 0.5%
bovine serum albumin (Sigma-Aldrich). Subsequently, the
cells were analyzed on a FACSCalibur (BD Pharmingen).
The specific mean fluorescence intensities were calculated
by subtracting the isotype-matched control antibody fluo-
rescence, and data were analyzed using CellQuest software
(BD Pharmingen).

2.8. Analysis of RORyt mRNA Expression. Total RNA for
MLR was isolated using an RNeasy Kit (Qiagen, Dusseldorf,
Germany). First-strand cDNA was synthesized from 1 ug
total RNA using SuperScript II Reverse Transcriptase

(Invitrogen). PCR amplification of RORyt and f-actin
was conducted using specific primer sequences as follows:
RORyt, TCTGCAAGACTCATCGACAAGG (sense) and
CACATGTTGGCTGCACAGG (antisense); -actin, ATCC
ACGAAACTACCTTCAA (sense) and ATCCACACGGA
GTACTTGC (antisense).

2.9. RNA Isolation and Real-Time PCR. Total RNA was
extracted from T cells in MLR assays using TRIzol (Carlsbad,
CA, USA) according to standard protocols. Reverse tran-
scription (RT) was performed using SuperScript II. For
real-time RT-PCR, cDNA was utilized for evaluating the
expression of RORyt and f-actin genes using SYBR GREEN
on an ABI Prism 7500 Sequence Detection System (Applied
Biosystems, Foster City, CA, USA). The PCR conditions
were as follows: 50°C for 2min, 95°C for 10 min, and 40
cycles of 95°C for 15s and 60°C for 1 min. The expression
of RORyt mRNA (%) was defined as the cycle threshold
(CT) value of RORyt mRNA divided by the CT of f-actin
mRNA times 1000.

2.10. Quantification of IL-17A and IL-17F Levels in Culture
Medium. The protein concentrations of IL-17A and IL-17F
in cell culture supernatants were quantified using Quanti-
body array kits (RayBiotech Inc.) according to the manufac-
turer’s instructions. The signal was scanned with a laser
scanner by Axon GenePix using the green channel
(excitation frequency = 532 nm). The data was analyzed by
QAM-THI17-1 (analysis software).

2.11. Statistical Analysis. Experimental results are expressed
as means + standard errors of the means. The results were
tested statistically by unpaired two-tailed Student’s t-tests
or one-way analysis of variance, followed by Newman-
Keuls test for comparing all pairs of groups of data. Anal-
yses were performed using the SPSS statistical software
(version 16), and results were considered statistically sig-
nificant when the P values were less than 0.05.

3. Results

3.1. Flow Cytometric Detection of CD40 and CD86 Expression
in DCs. The expression of CD40 increased in the CSE-
exposed group was compared with that in the control group
(P <0.05). No significant differences were observed in CD86
in the CSE-exposed group compared with the control group
(P>0.05). The expression of CD40 decreased in the CD40-
blocked CSE-exposed group and the EM-treated CSE-
exposed group compared with that in the CSE-exposed
group (P <0.05). However, no significant difference was
noted with respect to the expression of CD86 between the
CD40-blocked CSE-exposed, EM-treated CSE-exposed, and
CSE-exposed groups (P > 0.05; Figure 1).

3.2. Th17 (CD4"IL-17A") Detection by Flow Cytometry. The
number of Th17 (CD4*IL-17A") cells was not increased in
naive CD4" T cells after treatment with CSE, CD40 antago-
nist antibodies, or EM compared with the control group
(P> 0.05). The number of Th17 (CD4'IL-17A") cells in the
CSE-exposed MLR group increased compared with that in
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height of the error line indicates the standard errors of the means in the histograms.)

the control MLR group (P < 0.05). The frequency of Th17
cells in the CD40-blocked CSE-exposed MLR group and
EM-treated CSE-exposed MLR group was significantly
reduced compared with that in the CSE-exposed MLR group
(P < 0.05; Figure 2).

3.3. Expression of RORyt mRNA. The mRNA level of RORyt
increased in naive CD4" T cells after treatment with CSE
compared with that in the control group (P <0.05). How-
ever, treatment with CD40 antagonist antibodies and EM
did not have similar effects (P> 0.05). The level of RORyt
mRNA in the CSE-exposed MLR group was elevated com-
pared with that in the control MLR group (P < 0.01), whereas
those in the CD40-blocked CSE-exposed MLR group and
EM-treated CSE-exposed MLR group were reduced signifi-
cantly compared with that in the CSE-exposed MLR group
(P <0.05; Figure 3).

3.4. Determination of IL-17A and IL-17F Secretion by
Antibody Microarray. The levels of IL-17A and IL-17F were
not significantly increased in the supernatants of the culture
medium of naive CD4" T cells treated with CSE, CD40 antag-
onist antibodies, or EM when compared with that in the
blank group (P > 0.05). Furthermore, the levels of cytokines
in culture medium supernatants in the CSE-exposed MLR
group were higher than those in the control MLR group
(P <0.01). Pretreatment with CD40 antagonist antibodies
or EM decreased the secretion of IL-17A and IL-17F in the
CSE-exposed DC/MLR group (P < 0.05; Figure 4).

4. Discussion

In this study, the expression of the costimulatory molecule
CD40 increased on DCs following exposure to CSE. Hu
et al. [5] showed that the costimulatory molecule CD40 was
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upregulated in imDCs when the cells were stimulated with an
appropriate concentration of nicotine in vitro. CD4" T cells
differentiated into Th17 cells by directed transcription of
the orphan nuclear receptor RORyt in CD4" T cells. Th17
cells secrete IL-17A and IL-17F, which recruit neutrophils
as effector cells [34]. Our current results showed that CSE-
exposed DCs significantly induced CD4" T cells to polarize
into Th17 cells compared with unexposed DCs. Moreover,
the levels of RORyt mRNA, IL-17A, and IL-17F increased
in the MLR for CSE-exposed DCs. Additionally, pretreat-
ment with antagonistic anti-CD40 antibodies decreased the
ability of DCs to polarize CD4" T cells into Th17 cells. RORyt
expression and IL-17A and IL-17F levels increased following
antagonistic anti-CD40 pretreatment. These results implied
that DCs induced CD4" T cell differentiation into Th17 cells
via the crosstalk of the costimulatory molecule CD40 with
CD40L on CD4" T cells. Earlier studies have reported the
involvement of IL-6 in CD4" T cell polarization through a
mechanism dependent on upregulation of RORyt transcrip-
tion [4-6]. In the current study, we showed that the CSE
could not induce the differentiation of CD4" T cells into
Th17 cells, although CSE stimulated an increase in RORyt

mRNA levels in CD4" T cells. Furthermore, the differenti-
ation of Th17 cells has been shown to require robust anti-
genic stimulation provided by the augmented CD40L
expression on T cells, which results in increased activation
of DCs and production of IL-6 [3-6, 35]. Moreover, sev-
eral studies have demonstrated that CD40-deficient DCs
showed impaired development of Th17 cells in response
to immunization with high-dose antigens [4-6, 33]. Taken
together, these results suggest that CSE-exposed DCs may
drive the differentiation of IL-17-producing CD4" T cells
by fostering CD40/CD40L crosstalk.

In this study, we showed that EM suppressed the expres-
sion of CD40 and reduced the frequency of Th17 cells polar-
ized from CD4" T cells by CSE-treated DCs. In a previous
study, we found that EM inhibited the activation of p38
MAPK and NF-«B in macrophages exposed to CSE [22].
Additionally, the costimulatory molecule CD40 is upregu-
lated by activation of PI3K, p38 MAPK, and NF-xB in DCs
[36-39]. Recent studies have shown that macrolides suppress
the expression of costimulatory molecules on DCs [24] and
exhibit anti-inflammatory effects by reducing the activities
of PI3K, p38 MAPK, and NF-xB [23]. Furthermore,
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macrolides have been shown to suppress the Th17 response
and inflammation in noncystic fibrosis bronchiectasis
[26, 27]. Thus, EM may reduce DC-mediated polarization
of CD4" T cells to Th17 cells through suppression of the
CD40/CD40L pathway. Smoking is the primary cause of
COPD, and our studies showed that CSE-exposed DCs polar-
ized CD4" T cells to Th17 cells via the CD40/CD40L pathway.
This phenomenon suggested the occurrence of crosstalk of

DCs with CD4" T cells via CD40/CD40L, thereby playing a
crucial role in Th17 cell differentiation in COPD [2, 20].
Therefore, smoking and inflammation are closely linked in
the COPD environment, which initiates the expression of
CD40 on DCs to induce CD4" T cell differentiation into
Th17 cells. These Th17 cells are involved in the immune and
inflammatory damage observed in COPD. Lee et al. [40]
showed that nicotine of CSE could induce reactive oxygen
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species (ROS) cytotoxicity and heme oxygenase-1 (HO-1)
could block the cytotoxic effects via the p38 MAP kinase,
PI3 K, and NF-xB signaling pathways. On the other side,
HO-1 can influence DC function through effects on the p38
MAPK-CREB/ATF1 signaling pathway [41]. Whether the nic-
otine of CSE induces ROS and HO-1 involves in regulation of
DCs exposed to CSE and COPD need to be studied. At the
same time, erythromycin can reduce ROS of CSE-exposed
macrophages [42]. Whether the erythromycin has an effect
on HO-1 of CSE-exposed DCs, COPD may need to be further
studied. Our current findings suggested that the EM sup-
presses the CD40/CD40L pathway and reduces the ability of
the CSE-exposed DCs to polarize the CD4+ T cells to Th17
cells. Notably, EM suppresses inflammation of COPD by
downregulating the p38 MAPK and NF-xB signaling path-
ways stimulated by CSE [22, 43, 44]. Two other studies have
shown that EM enhances CD4*Foxp3™ regulatory T cells in
rats exposed to smoke, whereas the levels of IL-17 and IL-23
associated with Th17 were suppressed in the peripheral blood.
This phenomenon induces sputum in patients with stable
COPD [28]. Thus, macrolides may suppress Th-17-
associated inflammation. However, the roles of CD40/CD40L
in DC-mediated crosstalk and polarization of CD4" T cells to
Th17 cells involved in inflammatory damage in COPD in vivo
have not yet been elucidated. Furthermore, the anti-
inflammatory effects of macrolides induced by suppressing
the CD40/CD40L pathway in DC-mediated crosstalk in
COPD need to be studied in vivo.

5. Conclusions

In summary, our data demonstrated that CSE augmented
CD40 expression by stimulating DCs. CSE could promote
DCs to induce naive CD4" T cells to differentiate into Th17
cells. Blocking the CD40/CD40L pathway could reduce the
number of naive CD4" T cells polarizing to Th17 cells as a
result of exposure of DCs to CSE. In addition, our observa-
tions implied that EM may reduce the polarization of CD4"
T cells to Th17 cells by DCs, resulting in suppression of the
CD40/CD40L pathway after exposure to CSE.
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