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Abstract
Macrophages (MΦ), well-known to play an important role in immune response, also re-

spond to environmental toxic chemicals such as diesel exhaust particles (DEP). Potential

effects of DEPs towards MΦ polarization, a key hall-mark of MΦ physiology, remain howev-

er poorly documented. This study was therefore designed to evaluate the effects of a refer-

ence DEP extract (DEPe) on human MΦ polarization. Human blood monocytes-derived

MΦ were incubated with IFNγ+LPS or IL-4 to obtain M1 and M2 subtypes, respectively; a

24 h exposure of polarizing MΦ to 10 μg/ml DEPe was found to impair expression of some

macrophagic M1 and M2 markers, without however overall inhibition of M1 and M2 polariza-

tion processes. Notably, DEPe treatment increased the secretion of the M1 marker IL-8 and

the M2 marker IL-10 in both MΦ subtypes, whereas it reduced lipopolysaccharide-induced

IL-6 and IL-12p40 secretion in M1 MΦ. In M2 MΦ, DEPe exposure led to a reduction of

CD200R expression and of CCL17, CCL18 and CCL22 secretion, associated with a lower

chemotaxis of CCR4-positive cells. DEPe activated the Nrf2 and AhR pathways and in-

duced expression of their reference target genes such as Hmox-1 and cytochrome P-

4501B1 in M1 and M2 MΦ. Nrf2 or AhR silencing through RNA interference prevented

DEPe-related down-regulation of IL-6. AhR silencing also inhibited the down-secretion of

IL-12p40 and CCL18 in M1- and M2-DEPe-exposed MΦ, respectively. DEPs are therefore

likely to alter expression of some M1 and M2 markers in an AhR- and Nrf2-dependent man-

ner; such regulations may contribute to deleterious immune effects of atmospheric DEP.

Introduction
Previous epidemiological studies have indicated that exposure to ambient particulate matter
(PM) is linked to increase in mortality and morbidity related to cardio-pulmonary diseases [1].
Moreover, urban air pollution may contribute to exacerbations of asthma and to allergic airway
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diseases [2], but also to progression of atherosclerosis in both animal experimental models and
humans [3]. Such adverse effects are more closely associated to PM with a diameter less than
2.5 μm (PM2.5) such as diesel exhaust particulates (DEP) containing adsorbed organic com-
pounds, and to their ability to increase the release of pro-inflammatory mediators by epithelial,
endothelial cells and immune cells, leading to inflammation.

Monocytes and macrophages (MF) play a key role in innate and adaptive immunity and in-
flammation. After release from bone marrow to blood, monocytes are recruited to tissues
where, according to the nature of environmental signals, they can develop into myeloid den-
dritic cells or various forms of MF. The “classically activated MF” or M1 type generated by
IFNγ followed by LPS stimulation produce high pro-inflammatory cytokines such as TNFα
and IL-12/IL-23 and play a role in tissue destruction [4]. In contrast, IL-4- or IL-13-stimulated
MF’s, so-called M2 MF or “alternative activated MF”, express membrane receptors such as
scavenger receptors and mannose receptor CD206, fail to produce IL-12 cytokine but they re-
lease anti-inflammatory cytokines like IL-10 and IL-1RA and some Th2 chemokines such as
CCL17 (TARC), CCL18 (PARC) and CCL22 (MDC); such M2MF are involved in tissue re-
modelling and wound repair [4–5]. Overall, type M1 MF support the Th1 response whereas
type M2 MF’s support of Th2 response.

Interestingly, DEP have been shown to up-regulate both pro-inflammatory mediators and
antioxidant enzymes in various cells, including MF, which appear as a key cell type targeted by
DEP [6–7]. DEP have also immunosuppressive effects through reducing cytokine release, nota-
bly by alveolar MF [8–10]. Mechanisms involved in DEP effects towards MF are however
poorly understood. Two main families of compounds adsorbed on DEP, polycyclic aromatic
hydrocarbons (PAH) and quinones, are likely to contribute to them, at least in part. Mechanis-
tically, PAHs bind to the cytosolic aryl hydrocarbon receptor (AhR), which then migrates to
the nucleus where the ligand/AhR complex heterodimerizes with the aryl hydrocarbon recep-
tor nuclear translocator (ARNT) protein. This activated receptor-ligand complex next interacts
with the xenobiotic-response element (XRE) in the promoter regions of target genes such as
the phase I metabolizing enzymes cytochrome (CYP) 1A1 and 1B1. DEP extracts (DEPe) have
been shown to activate AhR and to increase pro-inflammatory cytokine expression in the
human monocytic U937 cell line [6]; they also induce intracellular ROS generation through
CYP system in MF and human airway epithelial cells [11–12]. Moreover, AhR is involved in
cytokine expression [13] and immune regulation [14]. The detoxification of quinones found in
DEP requires the phase II enzyme NADPH-quinone oxidoreductase (NQO-1), a typical NF-
E2-related factor 2 (Nrf2) target gene. In normal situations, Nrf2 protein action is repressed
due to its interaction with the Keap1 protein, which results in proteosomal Nrf2 degradation.
Upon oxidative and/or electrophilic stress, Nrf2 dissociates from Keap1, translocates into the
nucleus, dimerizes with a small Maf protein and then binds to an antioxidant response element
(ARE) found in the promoter regions of Nrf2 target genes such as antioxidant and phase II de-
toxification enzymes. DEPe has thus been shown to up-regulate expression of heme oxyge-
nase-1 (HO-1) and some detoxification enzymes via ARE, in order to protect against pro-
inflammatory effects of particulate pollutants in the murine macrophagic RAW 264.7 cell line
[15–16]. Moreover, emerging evidence suggests that Nrf2-regulated genes may control inflam-
mation and immune tolerance [17]. Thus, Nrf2-deficient mice exhibit more susceptibility to
airway inflammation and emphysema after DEP inhalation and cigarette smoke, respectively
[18–20]; moreover, Nrf2-deficient dendritic cells exposed to PM secrete more pro-inflammato-
ry mediators than the wild-type cells [21], strongly suggesting a protective health effect of Nrf2
against air pollutants.

As DEP have been shown to impair some differentiation programs of the monocyte/ MF
cell lineage, including dendritic cell maturation [22–24] and human monocyte differentiation
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and function [25], and owing to the fact that polarization is a key feature of MF physiology, we
examined the hypothesis that DEP extract (DEPe) may alter agonist-induced human MF po-
larization process in the present study. Our results indicate that exposure to DEPe impaired ex-
pression of some macrophagic M1 and M2 markers, in an AhR- and Nrf2-dependent manner.

Materials and Methods

Chemicals and reagents
Human recombinant IL-4 and IFNγ were purchased from Peprotech (Neuilly sur Seine,
France) whereas human recombinant M-CSF was obtained from Miltenyi Biotec SAS (Paris,
France). Lipopolysaccharide (LPS) from E. Coli (serotype:055:B5), phorbol-12-myristate-13-
acetate (PMA), fluorescein isothiocyanate (FITC)-dextran, tert-butylhydroquinone (tBHQ),
dimethylsulfoxyde (DMSO), 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium (MTT) and
benzo(a)pyrene (B(a)P) were purchased from Sigma–Aldrich (St Louis, MO) whereas 2,3,7,8-
tetrachlorodibenzo-p-dioxin (TCDD) was obtained from Cambridge Isotope Laboratories
(Cambridge, MA). Standard Reference Material 1975 (SRM1975), corresponding to DEPe re-
sulting from dichloromethane-based extraction of DEP, was purchased from the National In-
stitute of Standards and Technology (Gaithersburg, USA); dichloromethane was evaporated
under nitrogen gas and the residue was dissolved in dimethyl sulfoxide (DMSO) for cell expo-
sure to obtain a stock solution at 10 mg/ml. Final concentration of solvent DMSO in culture
medium did not exceed 0.2% (v/v); control cultures received the same dose of solvent as
treated counterparts.

Polarization and exposure of human primary MΦ

Monocytes were purified from peripheral blood mononuclear cells obtained, as previously de-
scribed [26]. Blood buffy coats of healthy subjects were provided by “Etablissement Français
du sang” (EFS) after their written consent to use their blood sample for research. EFS is the
Blood national french agency which has the autorization to supply blood sample from healthy
subjects (French law No 93–5 of January 4th, 1993) whithout requirement of an ethic commit-
tee. Monocytes were then differentiated into MF by treatement by M-CSF (50 ng/ml) for 6
days in RPMI 1640 medium (Gibco) supplemented with 2 mM glutamine, 10% decomplemen-
ted fetal calf serum (FCS), 100 IU/ml penicillin and 100 μg/ml streptomycin. To study DEPe ef-
fect during MF polarization, MF (1x105 cells/cm2) were next exposed for 24 h to a fresh
medium supplemented with 5% FCS and containing IFNγ (20 ng/ml) (for getting type M1
MF) or M-CSF (10 ng/ml) + IL-4 (20 ng/ml) (for getting type M2 MF) [27], in absence or
presence of DEPe. To study DEPe effect on already polarized MF, M1 or M2 MF, previously
generated as described above, were exposed to DEPe for additional 24 h. The experiments were
done in accordance with the World Medical Association declaration of Helsinki (1997) [28].

Cell viability
Cytotoxic effect of DEP treatment toward primary human MF was assessed using the 3-(4–5-
dimethylthiazol-2-yl)- 2,5-diphenyltetrazolium bromide (MTT) colorimetric assay. Briefly,
4-days differentiated MF were seeded in 96-well plates at 1x105 cells/well to achieve their dif-
ferentiation. Six days-old MF were then exposed for 24 h to various concentration of DEPe
during M1 or M2 polarization triggered as described above. Cells were then incubated with
100 μl of MTT solution (0.5 mg/ml) for 2 h at 37°C in a 5% CO2 atmosphere. Medium was
thereafter discarded and replaced by 100 μl of DMSO. Blue formazan formed products were
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further quantified by their absorbance at 540 nm using SPECTROstar Nano (BMG Labtech,
Ortenberg, Germany).

Transfection of si RNAs
SMARTpool of individual siRNAs directed against human Nrf2 (si Nrf2) (reference J-003755–
12), AhR (si AhR) (reference J-004990–05) and an untargeted sequence (si Ct), used as control,
were from Dharmacon (Lafayette, CO, USA). Human MF (1 × 105cells/cm2) were transfected
using Lipofectamine RNAimax (Invitrogen) with 100 nM si Nrf2 for 16 h and 50 nM si AhR for
40 h. MF were then polarized into M1 and M2 types and exposed to DEPe for additional 8 h
or 24 h. Silencing efficiency of targeted sequences was analyzed by RT-qPCR and Western
blot analysis.

Immunolabelling by flow cytometry
Phenotypic analysis of MF was performed using flow cytometric direct immunofluorescence.
Cells rinsed in phosphate-buffered saline (PBS) were recovered from culture plates by gently
scrapping. They were next incubated for 1 h in PBS with 5% human AB serum at 4°C to avoid
nonspecific mAb binding. Several mouse mAbs were then used for immunolabelling: FITC-
conjugated mAbs against CD64 (Becton Dickinson Biosciences, Le Pont de Claix, France) and,
PE-conjugated mAbs against CD200R and against CD71 provided from eBiosciences SAS
(Paris, France). Isotypic control labeling was performed in parallel. Thereafter, cells were ana-
lysed with a FC500 flow cytometer (Beckman Coulter, Villepinte, France) using CXP Analysis
software (Beckman Coulter). Values were expressed as the ratio of the mean fluorescence in-
tensity (MFI) of the marker of interest over the MFI of the isotype control.

Endocytosis assay
Briefly, MF exposed to DEPe or B(a)P during M1 or M2 polarisation were incubated with 1
mg/ml FITC-dextran wt 40 000 for 60 min at 37°C in a 5% CO2 atmosphere. Cellular uptake of
FITC-dextran was then monitored by flow cytometry. A negative control was performed in
parallel by incubating cells with FITC-dextran at 4°C instead of 37°C. Uptake of FITC-dextran
was expressed as ΔMFI, calculated by subtracting MFI measured for uptake at 4°C from that
measured for uptake at 37°C, and as % of positive cells, i.e, % positive cells (uptake at 37°C)–%
positive cells (uptake at 4°C).

Quantification of cytokine and chemokine levels
Levels of TNFα, IL-8, IL-10, CXCL10, CCL17, CCL18, CCL22, IL-12p40, IL-12p70, IL-23, and
IL-6 secreted in culture medium were quantified by ELISA using specific Duoset ELISA devel-
opment system kits (R&D Systems).

RNA isolation and reverse transcription-real time quantitative PCR
analysis
Total RNA were isolated from primary MF using the TRIzol method (InVitrogen) and were
then subjected to reverse transcription-quantitative polymerase chain reaction (RT-qPCR)
analysis as previously described [29]. Gene-specific primers, presented in the Table 1, are in-
tron-spanning and purchased from Sigma or as Quantitect (QT) primer assay from Qiagen.
Amplification curves of the PCR products were analyzed with the ABI Prism SDS software
using the comparative cycle threshold method. Relative quantification of the steady-state target
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mRNA levels was calculated after normalization of the total amount of cDNA tested to an 18S
RNA endogenous reference.

Western blot analysis
Cells were harvested and lysed on ice with lysis buffer as previously described [30]. Then, cell
lysates were sonicated on ice and protein concentration was quantified using the Bradford's
method. Samples were analyzed by 10% SDS-PAGE, and then electroblotted overnight onto ni-
trocellulose membranes (Bio-Rad). After blocking, membranes were hybridized with primary
Abs overnight at 4°C; these primary Abs were directed against AhR (Biomol Research Labs,

Table 1. Primer sequence list.

gene Name Forward primer Reverse primer

18S ARN 18S 5'-CGCCGCTAGAGGTGAAATTC-3' 5'-TTGGCAAATGCTTTCGCTC-3'

AhR Aryl hydrocarbon receptor 5'-CTTCCAAGCGGCATAGAGAC-3' 5'-AGTTATCCTGGCCTCGGTTT-3'

BIRC3 Baculoviral IAP Repeat Containing 3 Qiagen PPH0032613–200

CCL17 CC chemokine type 17 5'-AGCCATTCCCCTTAGAAAGC-3' 5'-CTGCCCTGCACAGTTACAAA-3'

CCL18 CC chemokine type 18 5'-TACCTCCTGGGCAGATTCCAC-3' 5'-CCCACTTCTTATTGGGGTCA-3'

CCL22 CC chemokine type 22 5'-ATTACGTCCGTTACCGTCTG-3' 5'-TAGGCTCTTCATTGGCTCAG-3'

CCL5 CC chemokine type 5 5'-CGCTGTCATCCTCATTGCTA-3' 5'-GCACTTGCCACTGGTGTAGA-3'

CCR7 CC chemokine receptor type 7 5'-GTGGTGGCTCTCCTTGTCAT-3' 5'-TGTGGTGTTGTCTCCGATGT-3'

CD36 Cluster of differentiation 36 5'-AGATGCAGCCTCATTTCCAC-3' 5'-GCCTTGGATGGAAGAACAAA-3'

cox2 Cyclo-oxygénase 2 5'-GAATGGGGTGATGAGCAGTT-3' 5'-GCCACTCAAGTGTTGCACAT-3'

CXCL10 CXC chemokine type 10 5'-CCACGTGTTGAGATCATTGGC-3' 5'-TTCTTGATGGCCTTCGATTC-3'

CXCL11 CXC chemokine type 11 5'-CCTGGGGTAAAAGCAGTGAA-3' 5'-TGGGATTTAGGCATCGTTGT-3'

CYP1B1 Cytochrome P450 1B1 5'TGATGGACGCCTTTATCCTC-3' 5'-CCACGACCTGATCCAATTCT-3'

FABP4 Fatty acid binding protein 4 5'-CCTTTAAAAATACTGAGATTT-3' 5'-GGACACCCCCATCTAAGGTT-3'

GCLm Glutamate-cysteine ligase regulatory subunit 5'-GCGAGGAGCTTCATGATTGT-3' 5'-CTGGAAACTCCCTGACCAAA-3'

Hmox-1 Heme oxygenase 1 5'-ACTTTCAGAAGGGCCAGGT-3' 5'-TTGTTGCGCTCAATCTCCT-3'

ICAM1 InterCellular Adhesion Molecule 1 Qiagen PPH0046OF-200

IDO1 Indoleamine-pyrrole 2,3-dioxygenase 5'-GCGCTGTTGGAAATAGCTTC-3' 5'-CAGGACGTCAAAGCACTGAA-3'

IL10 Interleukin-10 5'-CCTGGAGGAGGTGATGCCCCA-3' 5'-CCTGCTCCACGGCCTTGCTC-3'

IL-12p35 Interleukin-12 p35 5'-GATGGCCCTGTGCCTTAGTA-3' 5'-TCAAGGGAGGATTTTTGTGG-3'

IL-12p40 Interleukin-12 p40 5'-CTCGGCAGGTGGAGGTCAGC-3' 5'-TTGCGGCAGATGACCGTGGC-3'

IL-6 Interleukin-6 5'-AGGCACTGGCAGAAAACAAC-3' 5'-TTTTCACCAGGCAAGTCTCC-3'

IL-8 Interleukin-8 5'-AAGAAACCACCGGAAGGAAC-3' 5'-AAATTTGGGGTGGAAAGGTT-3'

LIPA Lipase A 5'-GGATGAATTCTGGGCTTTCA-3' 5'-TAGCCAGCTCAGGGATCTGT-3'

MRC1 Mannose receptor C type 1 5'-GGCGGTGACCTCACAAGTAT-3' 5'-ACGAAGCCATTTGGTAAACG-3'

NOS3 Nitric oxide synthase 3 Qiagen PPH01298F-200

NQO1 NAD(P)H dehydrogenase [quinone] 1 5'-GCCGCAGACCTTGTGATATT-3' 5'-TTTCAGAATGGCAGGGACTC-3'

Nrf2 Nuclear factor (erythroid-derived 2)-like 2 5'-AAACCAGTGGATCTGCCAAC-3' 5'-AGCATCTGATTTGGGAATGTG-3'

PPARγ Peroxisome proliferator-activated receptor gamma 5'-TTCAGAAATGCCTTGCAGTG-3' 5'-CCAACAGCTTCTCCTTCTCG-3'

PTGS1 Cyclooxygenase-1 Qiagen PPH01306F-200

SLC7A5 Solute carrier family 7 member 5 5'-AATGCATTGGCCTCTGTACC-3' 5'-ACAGGACATGAGCGTGACAG-3'

SR-A1 Scavenger receptor A1 5'-CCTCGTGTTTGCAGTTCTCA-3' 5'-CCATGTTGCTCATGTGTTCC-3'

SR-B1 Scavenger receptor B1 5'-GTGTGGGTGAGATCATGTGG-3' 5'-GTTCCACTTGTCCACGAGGT-3'

TGFβ Transforming growth factor beta 5'-TGCGCTTGAGATCTTCAAA-3' 5'-GGGCTAGTCGCACAGAACT-3'

TNC Tenascin C Qiagen PPH02442A-200

TNFα Tumor necrosis factor alpha 5'-AACCTCCTCTCTGCCATC-3' 5'-ATGTTCGTCCTCCTCACA-3'

doi:10.1371/journal.pone.0116560.t001
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Plymouth, PA, USA), Nrf2, HSC70 and p38 total (Santa Cruz Biotechnology, USA), knowing
that the anti-Nrf2 antibody (H-300) recognizes two bands of Nrf2 around a size of 98–118
KDa[31]. After washing, blots were incubated with appropriate HRP-conjugated secondary
Abs. Immunolabelled proteins were finally visualized by autoradiography
using chemiluminescence.

Cell migration assay
Chemotaxis assays were carried out with 12-wells plates exhibiting a 3 μm pore size membrane
(Corning, Amsterdam, NDL). Briefly, 3.5 105 M2 MF were exposed for 24 h to DEPe during
the polarization step as described above to obtain M2 MF conditioned medium; 2 × 105 of T-
lymphocyte H9 cells, placed in the upper chamber, were allowed to migrate towards MF-con-
ditioned media for 4 h at 37°C in a 5% CO2 atmosphere. Cells which migrated across the mem-
brane were harvested and subsequently counted by Malassez counting slide. Data were
expressed as the number of migrated cells.

Statistical analysis
The number of subjects and experiments used in each group is stated in the respective figures.
Data are expressed as mean ± SEM. Significant differences were evaluated using Student’s t-
test or ANOVA followed by the Newman-Keuls multiple comparison test.

Results

DEPe effects on polarization marker expression in human M1 and M2
MΦ

DEPe toxicity towardsMFwas first evaluated using the viability MTT assay; DEPe concentrations
resulting in a loss of 50% of viability were found to be similar inM1 (IC50 = 59.5 ±14.4 μg/ml) and
in M2MF (IC50 = 51.5 + 12.0 μg/ml), allowing to retain, for further experiments, the non-toxic
concentration of 10 μg/ml of DEPe, as attested by the pictures of DEPe-treated macrophages (S1A
Fig.). Moreover, a 24-h exposure to this DEPe concentration maximally induced mRNA expres-
sion of a reference DEP-target gene, the CYP1B1 (S2 Fig.) [32] [33]. DEPe effects towards a selec-
tion of various M1 andM2macrophagic markers were next analysed by RT-qPCR in MF placed
in M1 or M2 polarizing conditions. Polarization markers were chosen from our previous results
[34] and from the study of Martinez et al. [27] and their validity and relevance in the present
study, i.e., their preferential expression in M1 or M2MF, was fully confirmed by RT-qPCR (S3
Fig.). Among the 10 classically activated M1MFmarkers analysed by RT-qPCR, we found an
induction of TNFα, cyclooxygenase-2 (cox-2) and IL-8 and a significant down-regulation of the
chemokines CXCL10 and CXCL11 and of the aminoacid transporter SLC7A5 in DEPe-treated
M1MF when compared to their untreated counterpart (Fig. 1A); by contrast, mRNA expression
of the M1 markers CCL5, BIRC3, ICAM and indoleamine-pyrrole 2,3-dioxygenase (IDO1) re-
mained unchanged in response to DEPe (Fig. 1A). For the 12 alternative activated M2MFmark-
ers analysed by RT-qPCR, we found a significant up-regulation of TGF-β and fatty acid binding
protein 4 (FABP4), and a down-regulation of CCL17, CCL18, mannose receptor (MRC1),
peroxisome proliferator-activated receptor γ (PPARγ) and nitric oxide synthase 3 (NOS3) in
DEPe-treated M2MF when compared to their untreated counterparts (Fig. 1B); by contrast,
mRNA levels of other typical M2 markers such as IL-10, scavenger receptor B1 (SR-B1), CD36,
cyclooxygenase-1 (PTGS1) and tenascin C (TNC) were not modified inM2MF exposed to DEPe
(Fig. 1B). Altogether, these data demonstrated that DEPe exposure impaired the acquisition of
several markers of classically (M1) and alternative (M2) MF polarization, without impairment of
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MF differentiation, as attested by the fact that DEPe failed to abolish the up-regulation of CD71
(S1B Fig.), a marker well-known to be induced during differentiation of monocytes into MF. Such
DEPe-mediated regulations of M1 andM2markers were however likely not sufficient in intensity
and in the number of regulated genes to overall switch the polarization program of MF, i.e., the
global profile of M1 andM2marker mRNA expression was not changed in a major way by DEPe
in polarizing MF (S3 Fig.). In particular, M1 markers down-regulated by DEPe such as CXCL10,
CXCL11 and SLC7A5 remain much more expressed in DEPe-treated M1MF than in M2MF; in
the same way, M2 markers down-regulated by DEPe such as CCL17, CCL18, MRC1, PPARγ and
NOS3 remain much more expressed in DEPe-treated M2MF than inM1MF (S3 Fig.).

Surface expression of the typical M1 marker FCγ receptor 1 (CD64) [35] was next found to
be not altered in DEPe-treated M1MF when compared to untreated counterparts, for both
MFI ratio and percentage of CD64-positive cells (Fig. 2A). DEPe also failed to change the low
expression of this M1 marker in M2MF (Fig. 2A) even if a significant difference in percentage
of cells CD64+ was found between untreated and DEP-treated M2MF (Fig. 2A). By contrast,
both MFI expression of the inhibitory receptor CD200R, a M2 marker [35] and the percentage

Fig 1. Effects of DEPe on polarizationmarker mRNA expression during humanMΦ polarization. Six-
day cultured M-CSFMΦwere activated with IFNγ or with IL-4 to obtain M1 and M2MΦ, respectively, in the
presence of 10 μg/ml DEPe or DMSO during 24 h. Cells were harvested and after total RNA isolation, mRNA
levels were determined by RT-qPCR assays. Data are expressed relatively to mRNA levels found in control
DMSO-exposed M1 (A) or M2 (B) MΦ, arbitrarily set at the value of 1 and are the means + SEM of at least 5
independent experiments. *p<0.05, **p<0.01.

doi:10.1371/journal.pone.0116560.g001
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of CD200R positive cells were significantly decreased by DEPe in M2 MF when compared to
their untreated counterparts (Fig. 2B). Expression of CD200R in M1 MF was very low, as pre-
viously described[34], and was not impaired by DEPe (data not shown).

DEPe effects on human MΦ functions
We further determined whether the effect of DEPe on MF polarization has some functional
consequences. For this purpose, the endocytic capacity of M1 and M2MF exposed to DEPe
during the polarization step was first measured. The endocytosis of the fluorescent FITC-dex-
tran in DEPe-treated M1 or M2 MF was not modified when compared to that found in un-
treated counterparts, whereas, by contrast, B(a)P-treated M1 and M2 MF displayed reduced
endocytosis (S4 Fig.), as previously described [36].

We next measured DEPe effect on cytokine and chemokine secretion capacity by M1 and
M2 MF. As expected, the levels of the cytokine TNFα were significantly higher in untreated
M1 MF than in M0 and M2 counterparts (Fig. 3A) and those of the chemokines IL-8 and
CXCL10 were significantly higher in untreated M1MF than in M2 counterparts (Fig. 3C). The
levels of the cytokine IL-10 was also higher in M2MF than in M0 and M1 counterparts
(Fig. 3A) and those of the chemokines CCL17, CCL18 and CCL22 were found significantly
higher in untreated M1 MF than in M2 counterparts (Fig. 3C); such data, associated to those
of mRNA expression (S3 Fig.), fully validated our model of human MF polarization. DEPe ex-
posure led to a significant increase of IL-10 secretion in supernatants fromM0, M1 and M2
MF cultures, whereas TNFα secretion was not significantly modified by DEPe exposure nei-
ther in M0, M1 nor in M2MF (Fig. 3A). The ratio of secretion of the pro-inflammatory cyto-
kine TNFα to that of the anti-inflammatory cytokine IL-10 was consequently reduced in M1
MF, suggesting an anti-inflammatory impact of DEPe during M1 MF polarization (Fig. 3B).
Exposure to DEPe was next found to decrease secretion levels of the typical M2 chemokines
CCL17, CCL18, CCL22 in M2 MF, and of the M1 chemokine CXCL10 in M1 MF (Fig. 3C); by
contrast, DEPe increased secretion of the M1 marker IL-8 in M1MF and also in M2 MF
(Fig. 3C).

As a decrease of CCL17 and CCL22 chemokine secretion was found in culture medium su-
pernatant of M2 MF exposed to DEPe, we then wondered if such effect has an impact on che-
motaxis of cells expressing CCR4, the surface receptor for CCL17 and CCL22. CCR4-positive

Fig 2. Effects of DEPe on cell surface antigen expression during humanMΦ polarization. Six-day
cultured M-CSFMΦwere activated with IFNγ or with IL-4 to obtain M1 and M2 MΦ, respectively, in the
presence of 10 μg/ml DEPe or DMSO (UNT) during 24 h. Cells were then stained with conjugated mAbs
directed against the surface markers CD64 (A) and CD200R (B) and then analyzed by flow cytometry.
Histograms represent the means of fluorescence intensity (MFI) ratio + SEM of 9 independent experiments.
*p<0.05 and **p<0.01 when compared with its control counterpart, $$p<0.01 when compared to UNTM1
MΦ; ns: not significant.

doi:10.1371/journal.pone.0116560.g002
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lymphoblastic H9 cells (Fig. 4A) strongly migrated in response to conditioned medium from
control M2 MF, in comparison to cells exposed to conditioned medium of unpolarized MF
(Fig. 4B); such migration was significantly decreased when conditioned medium of DEPe-ex-
posed M2MF was used (Fig. 4B) demonstrating that DEPe exposure reduced the chemoattac-
tant potential of M2 MF.

To determine whether DEPe may affect the response of M1 or M2 MF to an infectious/in-
flammatory stimulus, we next exposed untreated and DEPe-treated MF to LPS for a further
24-h period. As expected, LPS-exposed M1 MF secreted more IL-6 and IL-12p40, the common

Fig 3. Effects of DEPe on cytokine and chemokine secretion during humanMΦ polarization. Six-day cultured M-CSFMΦwere kept unactivated or
were activated with IFNγ or with IL-4 to obtain M0, M1 and M2 MΦ, respectively, in the presence of 10 μg/ml DEPe or DMSO (UNT) during 24 h. Cytokine (A,
B) and chemokine (C) levels in culture medium were determined by ELISA. (A and C) Data expressed in pg/ml (TNFα, IL-10, CCL17 and CCL18) or ng/ml (IL-
8, CXCL10 and CCL22) are the means + SEM of 8 independent experiments. (B) Data expressed in ratio of TNFα/IL-10 secretion levels (a.u: arbitrary unit)
are the means + SEM of 7 independent experiments. *p<0.05 and **p<0.01 when compared with its control counterpart, $$p<0.01 when compared to M1
UNTMΦ, ns: not significant.

doi:10.1371/journal.pone.0116560.g003
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subunit of IL-12p70 and IL-23, than LPS-exposed M2 MF (Fig. 5A). By contrast, IL-10 secre-
tion level was significantly higher in M2 than M1 MF in the presence of LPS (Fig. 5A). The
concentrations of IL-23 and IL-12p70 in culture media were too low to be detected in M2MF

Fig 4. Impact of the down-secretion of CC chemokines by DEPe on the chemotaxis of CCR4+ cells. (A)
Graph from flow cytometry showing the CCR4membrane expression of H9 cells. (B) The number of H9 cells
which migrated in the presence of conditioned media of unpolarized MΦ (Unpol.MΦ) or of MΦ exposed to
10 μg/ml DEPe or to DMSO (UNT) during M2 polarization was evaluated by transwell migration assay. Data,
representing 3 independent experiments, are expressed in number of cells migrated and are evaluated by
cell count. **p<0.01.

doi:10.1371/journal.pone.0116560.g004

Fig 5. Effects of LPS on cytokine secretion in DEPe-exposed MΦ. Six-day cultured M-CSFMΦ were activated with IFNγ or with IL-4 to obtain M1 and M2
MΦ, respectively, in the presence of 10 μg/ml DEPe or DMSO during 24 h. LPS (10 ng/ml) was next added to DEPe-M1 or DEPe-M2MΦ for additional
24 h. Cytokine levels in culture medium were determined by ELISA. Data expressed in ng/ml (A) or (B) in ratio of IL-12p40 and IL-10 secretion levels (a.u:
arbitrary unit) are the means + SEM of 6 independent experiments. *p<0.05 when compared with its LPS counterpart, $p<0.05 and $$p<0.01 when
compared to M1 LPSMΦ. ns: not significant.

doi:10.1371/journal.pone.0116560.g005
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(data not shown). Secretion levels of the cytokines IL-12p40, IL-12p70, IL-23 and IL-6 were all
decreased in response to LPS in DEPe-exposed M1 MF, whereas those of IL-6 and IL-12p40
remained unaffected by DEPe in M2 MF (Fig. 5A). MF response to LPS with respect to the se-
cretion of IL-10 was not modified by DEPe exposure, neither in M1 nor M2 MF (Fig. 5A). The
ratio IL-12p40/IL-10 secretion was consequently reduced by DEPe in M1 subtype (Fig. 5B),
likely demonstrating a lower capacity of DEPe-exposed MF to respond to LPS.

Finally, we wondered if exposure to DEPe could affect the expression of specific MFmark-
ers in already polarized MF. For this purpose, polarized M1 and M2 MF were treated by
10 μg/ml DEPe (S5A Fig.) and surface expression of CD64 and CD200R was first analysed.
Similarly to polarizing M1 MF (Fig. 2), already polarized M1 MF did not exhibit change in
CD64 expression in response to DEPe (S5B Fig.); by contrast, CD200R expression was reduced
by DEPe in already polarized M2 MF (S5B Fig.), as previously described in polarizing M2MF
(Fig. 2). With respect to secretion of the cytokine TNFα and the chemokines CXCL10, CCL17,
CCL18 and IL-8, treatment of polarized M1 or M2 MF by DEPe resulted in regulations (S5C
Fig.) similar to those observed in polarizing counterparts (Fig. 3).

DEPe activates AhR and Nrf2 pathways
Signalling pathways putatively involved in DEPe-altered secretion capacity of polarizing MF
were then analyzed. For this purpose, we studied the putative contribution of AhR and Nrf2
pathways because (i) DEP contain some aryl hydrocarbons well known as AhR ligands, (ii)
AhR can interfere with the LPS-TLR4 signalling pathway [37], (iii) DEP leads to nuclear Nrf2
translocation [38] and (iv) exposure to particulate matter results in production of more pro-in-
flammatory cytokines [21] and CCL17 chemokine [20] in Nrf2-deficient mice than in the wild-
type mice. As shown in Fig. 6, a 6-h exposure to DEPe strongly reduced AhR protein expres-
sion in both M1 and M2 MF, most likely reflecting AhR activation because such activation
commonly results in proteosomal degradation of AhR [39]; in parallel, mRNA expression of
the CYP1B1, a well-known target of AhR, was increased. DEPe as well as the Nrf2 inducer
tBHQ, used here as a reference Nrf2 activator, were also found to increase the expression of the
upper band of Nrf2 protein in both M1 and M2 MF (Fig. 6), thus likely reflecting Nrf2 activa-
tion, because such activation is linked to inhibition of its degradation. Altogether, these results
demonstrated that DEPe early activates the AhR and Nrf2 pathways in both M1 and M2 MF.

Fig 6. DEPe activates the AhR and Nrf-2 pathways in M1 andM2 MΦ. Six-day cultured M-CSFMΦ were
activated with IFNγ or with IL-4 to obtain M1 and M2MΦ, respectively, in the presence of 10 μg/ml DEPe or
10 μM tBHQ or DMSO (Ct) during 6 h. Western blot analysis of Nrf2 and AhR protein expressions were
performed with whole-cell lysates. Equal gel loading and transfer efficiency were checked by blot incubating
with Abs against p38 total. Experiments were repeated, 3 times, with similar results.

doi:10.1371/journal.pone.0116560.g006

DEPe Alter SomeMacrophage Polarization Markers

PLOS ONE | DOI:10.1371/journal.pone.0116560 February 24, 2015 11 / 22



Involvement of the Nrf2 signalling pathway in DEPe effects towards M1
and M2 macrophagic markers
To further determine the role of Nrf2 in DEPe effects towards MF, we down-regulated the ex-
pression of Nrf2 by RNA interference. The transient transfection of RNAi against Nrf2 (si
Nrf2) reduced endogenous and DEP-inducible Nrf2 protein expression in M1 and M2MF in
comparison to cells transfected with a non-targeting siRNA (si Ct) used as control (Fig. 7A, in-
sert); the efficiency of si Nrf2 transfection was also confirmed by the down-expression of Nrf2
mRNA levels and of Nrf2 target genes Hmox-1 in M1MF or NQO1 in M2 MF (Fig. 7A).
DEPe significantly reduced LPS-induced IL-12p40 expression at both mRNA and protein lev-
els in si Ct- and si Nrf2-transfected M1 cells (Fig. 7B). By contrast, DEPe significantly reduced
the LPS-induced IL-6 expression at both the mRNA and protein levels only in si Ct-transfected
cells, demonstrating that the lowest IL-6 secretion in DEPe-exposed M1 MF in response to
LPS is Nrf2-dependent. In M2 MF, the absence of Nrf-2 reduces significantly CCL18 mRNA
and secretion levels in untreated condition, suggesting a potential role of this transcription fac-
tor in CCL18 basal expression (Fig. 7C). The decrease of CCL18 mRNA and secretion levels
was found significant in DEPe-treated si Ct-transfected cells but not in DEPe-treated si Nrf2-
transfected cells, probably because of the reduced basal levels of CCL18 in untreated si Nrf2
transfected cells (Fig. 7C). In order to clarify the role of Nrf2, we compared the repression fac-
tors of the CCL18 secretion after DEPe exposure (4.5 + 0.81 fold in si Ct-transfected cells and
2.9 + 0.49 fold in si Nrf2-transfected cells) and we found no significant difference between
these repression factors, suggesting that DEPe effects on CCL18 secretion is probably Nrf2-in-
dependent. The significant decrease of CCL22 secretion observed in si Ct-transfected M2 MF
was also well found in the si Nrf2-transfected M2 MF after DEPe exposure (Fig. 7C), suggest-
ing that DEPe effects on CCL22 secretion are Nrf2-independent; moreover, mRNA levels of
CCL22 were not modified by DEPe-treatment (Fig. 7C), indicating that DEPe effects towards
CCL22 are likely post-transcriptional.

Involvement of the AhR signalling pathway in DEPe effects towards M1
and M2 macrophagic markers
To further determine the role of AhR in DEPe effects towards M1 and M2 markers, we down-
regulated the expression of AhR by RNA interference. As shown on the Western blot of the
Fig. 8A, the transient transfection of RNAi against AhR (si AhR) reduced endogenous AhR
protein expression in comparison to cells transfected with non-targeting siRNA (si Ct) in both
M1 and M2 MF; the efficiency of si AhR transfection was also confirmed by the down-expres-
sion of AhR mRNA levels and by the inhibition of DEPe-mediated induction of CYP1B1 in
M1 and M2 MF (Fig. 8A). DEPe and TCDD, used here as a reference AhR ligand, reduced sig-
nificantly LPS-induced IL-12p40 expression at both mRNA and protein levels in si Ct-trans-
fected M1 cells but not in si AhR-transfected M1 cells (Fig. 8B). DEPe and TCDD also reduced
significantly LPS-induced IL-6 secretion in si Ct-transfected M1 cells but not in si AhR-trans-
fected M1 cells (Fig. 8B). We also observed that AhR seems to regulate basal secretion of IL-
12p40 but not that of IL-6 in M1 MF. In M2 MF, DEPe and TCDD reduced significantly
CCL18 expression at both mRNA and protein levels in si Ct-transfected cells but not in si
AhR-transfected counterparts (Fig. 8C). The significant decrease of CCL22 secretion by DEPe
exposure in si Ct-transfected cells was not confirmed at mRNA level, suggesting a post-tran-
scriptional effect of DEPe on CCL22 expression as already indicated above. Similarly, TCDD
exposure tends to decrease CCL22 secretion but not those of mRNA expression (Fig. 8C). In-
terestingly, basal secretions of CCL18 and CCL22 chemokines seem to require the presence of
AhR because their levels were found to be decreased in untreated si AhR-transfected M2MF

DEPe Alter SomeMacrophage Polarization Markers

PLOS ONE | DOI:10.1371/journal.pone.0116560 February 24, 2015 12 / 22



Fig 7. Impact of si Nrf2 on cytokine and chemokine secretions regulated by DEPe in M1 and M2MΦ. Six-day cultured M-CSFMΦwere transfected
with siRNAs targeting Nrf2 (si Nrf2) or with non-targeting siRNAs (si Ct) and cultured for 16 h; they were then activated with IFNγ + LPS or with IL-4 to obtain
activated M1 and M2MΦ, respectively, in the presence of 10 μg/ml DEPe or DMSO (UNT) during 8 h or 24 h. (A) Validation of si Nrf2 efficiency: Western blot
analysis of Nrf2 protein expression was performed with whole-cell lysates. Equal gel loading and transfer efficiency were checked by protein hybridization
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(Fig. 8C). Altogether, these data suggest that DEPe effects on IL-12p40 and IL-6 secretion in
LPS-stimulated M1 MF and on CCL18 secretion in M2 MF require AhR.

Discussion
In the current study, we investigated the effects of DEPe on the acquisition of polarization
markers in human M1 and M2 MF and the role of AhR and Nrf2 in these processes. Our re-
sults showed that 1) M1 and M2 human MF are both sensitive to DEPe; 2) DEPe effects seem
gene-specific and not dependent on the type of MF polarization; 3) DEPe decreases the expres-
sion of the CD200R, a typical membrane marker of M2 MF; 4) DEPe decreases the capacity of
M1 polarizing MF to secrete the pro-Th1 chemokine CXCL10 and the LPS-induced IL-6 and
IL-12p40 cytokines; 5) the decreased capacity of M2 polarizing MF exposed to DEPe to secrete
CCL17, CCL18 and CCL22 chemokines is associated to a lower chemotaxis of CCR4+ cells; 6)
AhR and Nrf2 pathways are activated in both types of MF after DEPe exposure; 7) the DEPe-
related decrease of IL-6 secretions is Nrf2- and AhR-dependent; 8) the DEPe-related decreases
of IL-12p40 and CCL18 secretion are AhR-dependent but Nrf2-independent.

About fifty percent of the specific polarization genes that we have studied in the present
study are regulated by DEPe in M1 and M2 MF (with a majority of down-expression), indicat-
ing that DEPe exposure during the polarisation step alters the acquisition of some macrophagic
markers. We can reasonably exclude an inhibitory effect of DEPe on IFNγ or IL-4 activation
pathways, because the expression of some macrophagic markers under control of these factors
is increased or unmodified by the pollutant. Likewise, the phosphorylation of STAT-1 by
IFN-γ in M1 MF and the phosphorylation of STAT-6 by IL-4 in M2MF were not altered in
the presence of DEPe in the first four hours of polarization (data not shown). The fact that
some DEPe effects observed during the polarization step of MF were also confirmed on already
polarized MF also supports the idea that DEPe effects that we observed are independent of
agonist-induced polarization program (S5 Fig.). Therefore, our data reveal that DEPe effects
are gene-specific and less linked to a family of gene or to a type of MF, and can therefore not
reflect an overall alteration of M1 and M2 differentiation processes.

In mammals, the first line of defence includes antigen recognition by pattern recognition re-
ceptors such as Toll-like receptors, scavenger receptors (SR) and mannose receptors (MR).
DEPe exposure reduced the mRNA expression of MRC1 and, to a lesser extent SR-B1, but not
those of CD36 in M2MF. Although the proteins encoded by these genes are involved in endo-
cytosis, this function is not affected by DEPe in contrast to B(a)P, suggesting that their mem-
brane expressions are not altered by DEPe exposure and remain functional.

The functions of MF depend largely of their ability to secrete mediators such as cytokines
and chemokines. Thus, the decreased secretion of the pro-inflammatory cytokines IL-6 and IL-
12p40 by DEPe that we observed in a context of TLR4 activation in M1MF and of TNFα in
LPS-stimulated human alveolar MF [9] will probably reduce their capacities to activate B and
T lymphocytes and NK cells and therefore support the notion that DEP can reduce host de-
fence, especially resistance to infection. In this context, it is noteworthy that diesel-enhanced
influenza infection in lung mice was found to be associated with a decrease of IL-12p40 [40]. It

with Abs against HSC70. Experiments were repeated, three times, with similar results. Cells were harvested and after total RNA isolation, mRNA levels of
Nrf2 and Hmox-1 in M1 MΦ and Nrf2 and NQO1 in M2MΦ were determined by RT-qPCR assays. Data are expressed relatively to mRNA levels found in si
Ct-transfected cells, arbitrarily set at the value of 1 and are the means + SEM of at least 4 independent experiments. (B) Cytokine mRNA expression and
secretion in culture medium of M1 MΦwere determined respectively by RT-qPCR and by ELISA after 8h. (C) Chemokine mRNA expression and secretion in
culture medium of M2 MΦwere determined respectively by RT-qPCR and by ELISA after 24h. Data are the means + SEM of at least 5 independent
experiments. *p<0.05 and **p<0.01 when compared with its untreated counterpart; $p<0.05 and $$p<0.01 when compared to their respective si Ct-
transfected counterparts; ns: not significant.

doi:10.1371/journal.pone.0116560.g007
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Fig 8. Impact of si AhR on cytokine and chemokine secretions regulated by DEPe in M1 and M2MΦ. Six-day cultured M-CSFMΦwere transfected
with siRNAs targeting AhR (si AhR) or with non-targeting siRNAs (si Ct) and cultured for 40 h; they were activated with IFNγ + LPS or with IL-4 to obtain LPS
activated M1 MΦ and M2MΦ, respectively, in the presence of 10 μg/ml DEPe, 10 nM TCDD or DMSO (UNT) during 8 h or 24 h. (A) Validation of si AhR
efficiency: Western blot analysis of AhR protein expressions were performed with whole-cell lysates. Equal gel loading and transfer efficiency were checked
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was also demonstrated that DEPe suppressed Listeria monocytogenes-induced secretion of IL-
12 and TNFα in rat alveolar MF and that DEP-enhanced production of IL-10 may also in-
crease the susceptibility of diesel particulate matter-exposed MF to bacterial infection [41].
Moreover, by decreasing the pro-Th1 chemokine CXCL10 secretion in M1MF, DEPe can also
reduce the chemotaxis of CXCR3-positive cells such as type 1 (Th1) T cells, exacerbating the
decrease of T cell activation and may indirectly favour a type-2 response. This CXCL10 de-
crease is consistent with that found in DEP-treated monocyte-derived dendritic cells [42] and
in PBMC of nonatopic subjects exposed to DEP-PAH [23]. Successful clearing of a respiratory
bacterial infection depends on an adequate Th1 immune response; therefore, the subject would
not control the infection as well if exposed to particulate matter. By contrast, DEPe-induced
IL-8 secretion in both types of MF strongly suggests that neutrophil recruitment would be effi-
cient in DEP-exposed tissue, in accordance with the lung inflammation observed in DEP-ex-
posed subjects [43–44].

In addition, by decreasing CCL17 and CCL22 secretion capacity of M2MF, DEPe may indi-
rectly reduce chemotaxis of CCR4-positive cells such as type 2 (Th2) T cells and basophils,
both involved in the allergic immune response [45–46]. Moreover, the decrease of CCL18 se-
cretion after DEPe exposure may alter the chemoattractive capacity of this chemokine toward
several cell types; thus CCL18 which is constitutively expressed at high level in the lung and
mainly by alveolar MF acts as a chemoattractant for naive CD4+ T lymphocytes and immature
monocyte-derived dendritic cells, which may lead to the development of tolerogenic immune
response. The chemokines CCL17, CCL18 and CCL22 could also play a crucial role in main-
taining lung tolerance by attracting Tregs into lung [47]. Therefore, we can presume that a re-
duction of such chemokine secretion by DEP exposure would lead to a decrease of lung
immune response.

Although the AhR was initially recognized as a receptor of several pollutants such as PAHs,
AhR by itself is now recognized to play an important role in the control of the adaptive im-
mune response [14, 48]. Moreover, immunity- and inflammation-related functions were found
up-regulated in response to the AhR agonist B(a)P in primary human MF [49] and various cy-
tokines and chemokines have been shown to be targeted by AhR [13]. So, B(a)P has been
shown to induce IL-8 expression in both human MF or in mouse lung [50], but AhR activation
is also able to inhibit LPS-induced IL-1β, IL-6 or IL-12 expression in MF or dendritic cells [51,
13]. Here, we report that the activation of AhR by DEPe is involved in the lower capacity of
human MF to secrete some specific cytokines of M1 subtype such as IL-6 and IL-12p40 and
the specific CCL18 chemokine specific of the M2 subtype. Importantly, the basal level of AhR
and its activation by DEPe was not found to differ in both M1 and M2 MF, thus likely discard-
ing a role for AhR in MF polarization. IL-6 and IL-12 are both regulated by NF-κB and the
mechanisms by which AhR exerts its anti-inflammatory activity could be related to its capacity
to interact with RelB, a member of the NF-κB family [52], with STAT-1 [37] or with Sp1 [53]
after LPS stimulation as previously described in mouse MF. Among the CC chemokines fami-
ly, AhR has been shown to be involved in the up-regulation of CCL1 after B(a)P [54] or TCDD
[55] exposure in human MF but also in the down-regulation of CCL5 after an exposure to a

by protein hybridization with Abs against HSC70. Experiments were repeated, three times, with similar results. Cells were harvested and after total RNA
isolation, mRNA levels of AhR and CYP1B1 were determined by RT-qPCR assays. Data are expressed relatively to mRNA levels found in si Ct-transfected
cells, arbitrarily set at the value of 1 and are the means + SEM of at least 4 independent experiments. (B) Cytokine mRNA expression and secretion in culture
medium of M1 MΦ were determined respectively by RT-qPCR and by ELISA after 8 h. (C) Chemokine mRNA expression and secretion in culture medium of
M2 MΦ were determined respectively by RT-qPCR and by ELISA after 24h. Data are the means + SEM of at least 4 independent experiments. *p<0.05 and
**p<0.01 when compared with its untreated counterpart; $p<0.05 and $$p<0.01 when compared to their respective si Ct-transfected counterparts; ns:
not significant.

doi:10.1371/journal.pone.0116560.g008
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AhR ligand in vivo [56] and in the human keratinocyte Hacat cell line [57]. However, it is the
first time to our knowledge that the CCL18 chemokine was found regulated by DEP and by
AhR. Such down-regulation of CCL18 previously described in alveolar MF of cigarette smok-
ers [58] therefore suggests that some common components of these two air pollutants (DEP
and cigarette smoke), such as PAHs, could be involved in CCL18 down-regulation via AhR ac-
tivation. Despite AhR knock-down has reversed DEP-induced CCL22 down-secretion, the role
of AhR in such regulation is not clear; thus, the mRNA and secretion levels were not well corre-
lated and the referent AhR ligand TCDD failed to decrease the CCL22 secretion, knowing
moreover that CCL22 was previously found up-regulated by DEPe in alveolar MF from allergic
patients [59]. Interestingly, an in silico analysis has permitted the identification of some XREs
in the promoter regions of the CCL17, CCL18 and CCL22 genes [60]; however the functionali-
ty of these XRE sites has not been investigated and we cannot exclude a regulation of the che-
mokines by AhR independently of XRE. Moreover, the mechanisms leading to a decrease of
CCL17 and CCL22 production in the human keratinocyte Hacat cell line would be associated
to an overexpression of HO-1 [61].

Nrf2, one of the principal regulators of the cellular line of defense, was well activated after
DEPe exposure in human M1 and M2MF; such activation was validated by the overexpression
of some stress defense genes as Hmox-1 and NQO1. In parallel to its role in defense against ox-
idative stress, Nrf2 has been shown to suppress pro-inflammatory signaling pathway [16].
Thus, in respiratory models, DEP caused a significantly enhanced airway responsiveness and
eosinophilic inflammation in Nrf2-deficient mice [20] and, in models of chronic obstructive
pulmonary disease, Nrf2-deficient mice have increased recruitment of neutrophils and MF to
the lung [62]. In this study, we demonstrated that the down-expression of Nrf2 permits to
maintain the level of LPS-induced IL-6 secretion in M1MF but not of IL-12p40. These results
contrast to previous studies showing an increase of both IL-6 and IL-12p40 secretion in a
model of ventilator-induced lung injury in Nrf2-deficient mice [63], and demonstrating that
DEP-reduced LPS induction of IL-12p40 in human dendritic cells involves Nrf2 [23]. These
differences may be related to some variations in regulatory pathways between species or the
cellular models. The mechanisms by which Nrf2 controls the expression levels of IL-6 after
DEPe exposure could be related to an activation of the nuclear factor NF-κB observed after a
disruption of Nrf2 in a murine model of sepsis[19]. The role of ATF3, a TLR- and a ROS-in-
ducible transcription factor, which acts a negative regulator of IL-6 and IL-12p40 in mice [64–
65] needs to be accurately studied, because DEPe seems to increase its mRNA expression in
our models of MF (data not shown). Recently, the anti-inflammatory effect of Nrf2 on IL-6 se-
cretion in LPS-stimulated MF was proposed to be connected to AMP-activated protein kinase
(AMPK) activation [66]. To our knowledge, the DEP effects on AMPK activation has not been
studied, but we previously demonstrated that 1-nitropyrene, a nitro-polycyclic aromatic hydro-
carbon present in diesel exhaust, increases AMPK activity [67], thus suggesting that AMPK
way could be an another regulatory way of IL-6 by DEP. The role of Nrf2 on the CCL18 che-
mokine secretion is not easy to determine because of the decrease of the basal level of secretion
in Nrf2-deficient cells. Therefore, we propose that IL-4-induced CCL18 could be Nrf2-depen-
dent and that the down-regulation of DEPe on CCL18 but also on CCL22 could be Nrf2-inde-
pendent. A down-expression of CCL22 in MF by the inorganic arsenic which activates Nrf2,
has previously been related to a decrease of the transcriptional factor Egr2 expression [68],
which is moreover more expressed in human M2 MF than M1MF [34]; however, we do not
found a similar Egr2 regulation by DEPe in M2MF (data not shown).

The DEPe concentration used (10 μg/ml) in the present study was selected on the basis of
the absence of cell toxicity and on previous studies realized on MF [69, 9]. This concentration
of DEPe seems to be equivalent to an in vitro particles deposition of 2 μg/cm2 and corresponds
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to a 24 h exposure to a polluted urban environment [23]. However, the effects of DEPe on the
mRNA expression of some activated macrophages (CXCL10, CCL18 and IL-8) start from
1–5 μg/ml (S2 Fig.) suggesting that macrophage polarization could be altered at lower concen-
tration than 10 μg/ml of DEPe. Although the effects of DEPe do not accurately reflect those of
the whole particulates, it seems that the alteration of MF functions could appear at doses of
DEP commonly reached in urban areas or during peak pollution, highlighting the putative
relevance of our in vitro data to environmental exposure.

In summary, this study demonstrates that in vitro exposure of polarizing human MF to
DEPe significantly reduces the acquisition of several M1 and M2 markers of MF activation
and the response of M1 MF to LPS, as monitored by the reduction of IL-12p40 and IL-6 secre-
tion. It further indicates that AhR and Nrf2 are involved in such effects. Through altering some
M1 and M2 marker expression, DEP, which constitute the main atmospheric pollutant in
urban areas, may alter the immune response of individuals exposed to these atmospheric pol-
lutants and may therefore increase their susceptibility to respiratory infections.

Supporting Information
S1 Fig. Phenotypic effects of DEPe. Six-day cultured M-CSF MF were unpolarized or activat-
ed with IFNγ or with IL-4 to obtain M1 and M2MF, respectively, in the presence of 10 μg/ml
DEPe during 24 h. (A) Morphological feature of DMSO- or DEPe-exposed MF (Phase-con-
trast microscopy, magnification x200) (B) Cells were then stained with conjugated mAbs di-
rected against the surface markers CD71 and then analyzed by flow cytometry. Data are
representative of 2 independent experiments.
(TIF)

S2 Fig. Effects of various DEPe concentrations on polarization marker mRNA expression
during human MF polarization. Six-day cultured M-CSF human primary were activated with
IFNγ or with IL-4 to obtain classically activated MF (M1) or alternative activated MF (M2),
respectively, in the presence of indicated doses of DEPe (μg/ml) during 24 h. CYP1B1, IL-8,
CXCL10 and CCL18 mRNA level was estimated by RT-qPCR; data were expressed relatively to
mRNA levels found in control DMSO-exposed cells, arbitrarily set at the value of 1 unit and
are the means ± SEM of at least 3 independent experiments. �p<0.05.
(TIF)

S3 Fig. Comparison of DEPe effects on polarization marker mRNA expression during
human MF polarization. Six-day cultured M-CSF MF were activated with IFNγ or with IL-4
to obtain M1 and M2 MF respectively, in the presence of 10 μg/ml DEPe or DMSO (UNT)
during 24 h. Cells were harvested and after total RNA isolation, mRNA levels were determined
by RT-qPCR assays. Quantification of the steady-state target mRNA levels was calculated after
normalization of the total amount of cDNA tested to an 18S RNA endogenous reference, using
the 2-ΛCt method. This allowed to get a value of expression for each gene specific of M1 (A) or
M2 (B) activation, comparatively to the 18S RNA amount found in RT-qPCR sample, which is
presumed to remain constant between the different samples and which was arbitrarily set at
107 units (a.u) (Moreau et al., 2011). Data are the means ± SEM of at least 4 independent exper-
iments. �p<0.05, ��p<0.01.
(TIF)

S4 Fig. Effects of DEPe on endocytosis. Six-day cultured M-CSF MF were activated with
IFNγ or with IL-4 to obtain M1 and M2MF, respectively, in the presence of 10 μg/ml DEPe,
2 μM B(a)P or DMSO (UNT) during 24 h. MF were incubated with FITC-dextran at 4°C (neg-
ative control) or 37°C to measure endocytosis. Cellular uptakes of FITC-dextran, determined
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by flow cytometry, are expressed as ΔMFI (ΔMFI = MFI 37°C—MFI 4°C) and are the means of 7
independent experiment. � p<0.05 when compared with untreated MF. Ns: not significant.
(TIF)

S5 Fig. Effects of DEPe on polarization marker expression and cytokine and chemokine se-
cretion on already polarized M1 and M2 human MF. (A) Six-day cultured M-CSF MF were
activated during 24 h with IFNγ or with IL-4 to obtain M1 and M2 MF, respectively. MF were
then exposed to 10 μg/ml DEPe or to DMSO (UNT) for additional 24 h. (B) Supernatants were
collected and cells were then stained with conjugated mAbs directed against the surface mark-
ers CD64 and CD200R to be analyzed by flow cytometry. Histograms represent the means of
fluorescence intensity (MFI) ratio + SEM of 7 independent experiments; ��p<0.01. (C) Cyto-
kine and chemokine levels in culture medium were determined by ELISA. Data expressed in
pg/ml are the means + SEM of 5 independent experiments. �p<0.05, ��p<0.01, ns:
not significant.
(TIF)

Acknowledgments
We would like to thank Dr L.Vernhet for helpful comments and critical reading of the manu-
script, C. Morzadec for technical helpful and the cytometry platform of Biosit, University of
Rennes 1, France.

Author Contributions
Conceived and designed the experiments: MJ VL OF. Performed the experiments: MJ VL. Ana-
lyzed the data: MJ VL. Contributed reagents/materials/analysis tools: MJ VL OF. Wrote the
paper: VL OF.

References
1. Miller MR, Shaw CA, Langrish JP (2012) From particles to patients: oxidative stress and the cardiovas-

cular effects of air pollution. Future Cardiol 8: 577–602. doi: 10.2217/fca.12.43 PMID: 22871197

2. Ghio AJ, Smith CB, Madden MC (2012) Diesel exhaust particles and airway inflammation. Curr Opin
Pulm Med 18: 144–150. doi: 10.1097/MCP.0b013e32834f0e2a PMID: 22234273

3. Møller P, Mikkelsen L, Vesterdal LK, Folkmann JK, Forchhammer L, et al. (2011) Hazard identification
of particulate matter on vasomotor dysfunction and progression of atherosclerosis. Crit Rev Toxicol 41:
339–368. doi: 10.3109/10408444.2010.533152 PMID: 21345153

4. Gordon S (2003) Alternative activation of macrophages. Nat Rev Immunol 3: 23–35. PMID: 12511873

5. Mantovani A, Sica A, Sozzani S, Allavena P, Vecchi A, et al. (2004) The chemokine system in diverse
forms of macrophage activation and polarization. Trends Immunol 25: 677–686. PMID: 15530839

6. Vogel CFA, Sciullo E, Wong P, Kuzmicky P, Kado N, et al. (2005) Induction of proinflammatory cyto-
kines and C-reactive protein in humanmacrophage cell line U937 exposed to air pollution particulates.
Environ Health Perspect 113: 1536–1541. PMID: 16263508

7. Miyata R, van Eeden SF (2011) The innate and adaptive immune response induced by alveolar macro-
phages exposed to ambient particulate matter. Toxicol Appl Pharmacol 257: 209–226. doi: 10.1016/j.
taap.2011.09.007 PMID: 21951342

8. Amakawa K, Terashima T, Matsuzaki T, Matsumaru A, Sagai M, et al. (2003) Suppressive effects of
diesel exhaust particles on cytokine release from human and murine alveolar macrophages. Exp Lung
Res 29: 149–164. PMID: 12637227

9. Mundandhara SD, Becker S, Madden MC (2006) Effects of diesel exhaust particles on human alveolar
macrophage ability to secrete inflammatory mediators in response to lipopolysaccharide. Toxicol Vitro
20: 614–624. PMID: 16360300

10. Sawyer K, Mundandhara S, Ghio AJ, Madden MC (2010) The effects of ambient particulate matter on
human alveolar macrophage oxidative and inflammatory responses. J Toxicol Environ Health A 73:
41–57. doi: 10.1080/15287390903248901 PMID: 19953419

DEPe Alter SomeMacrophage Polarization Markers

PLOS ONE | DOI:10.1371/journal.pone.0116560 February 24, 2015 19 / 22

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0116560.s005
http://dx.doi.org/10.2217/fca.12.43
http://www.ncbi.nlm.nih.gov/pubmed/22871197
http://dx.doi.org/10.1097/MCP.0b013e32834f0e2a
http://www.ncbi.nlm.nih.gov/pubmed/22234273
http://dx.doi.org/10.3109/10408444.2010.533152
http://www.ncbi.nlm.nih.gov/pubmed/21345153
http://www.ncbi.nlm.nih.gov/pubmed/12511873
http://www.ncbi.nlm.nih.gov/pubmed/15530839
http://www.ncbi.nlm.nih.gov/pubmed/16263508
http://dx.doi.org/10.1016/j.taap.2011.09.007
http://dx.doi.org/10.1016/j.taap.2011.09.007
http://www.ncbi.nlm.nih.gov/pubmed/21951342
http://www.ncbi.nlm.nih.gov/pubmed/12637227
http://www.ncbi.nlm.nih.gov/pubmed/16360300
http://dx.doi.org/10.1080/15287390903248901
http://www.ncbi.nlm.nih.gov/pubmed/19953419


11. Hiura TS, Kaszubowski MP, Li N, Nel AE (1999) Chemicals in diesel exhaust particles generate reac-
tive oxygen radicals and induce apoptosis in macrophages. J Immunol 163: 5582–5591. PMID:
10553087

12. Baulig A, Garlatti M, Bonvallot V, Marchand A, Barouki R, et al. (2003) Involvement of reactive oxygen
species in the metabolic pathways triggered by diesel exhaust particles in human airway epithelial
cells. Am J Physiol Lung Cell Mol Physiol 285: L671–679. PMID: 12730081

13. Fardel O (2013) Cytokines as molecular targets for aryl hydrocarbon receptor ligands: implications for
toxicity and xenobiotic detoxification. Expert Opin Drug Metab Toxicol 9: 141–152. doi: 10.1517/
17425255.2013.738194 PMID: 23230817

14. Nguyen NT, Hanieh H, Nakahama T, Kishimoto T (2013) The roles of aryl hydrocarbon receptor in im-
mune responses. Int Immunol 25: 335–343. doi: 10.1093/intimm/dxt011 PMID: 23580432

15. Li N, Venkatesan MI, Miguel A, Kaplan R, Gujuluva C, et al. (2000) Induction of heme oxygenase-1 ex-
pression in macrophages by diesel exhaust particle chemicals and quinones via the antioxidant-re-
sponsive element. J Immunol 165: 3393–3401. PMID: 10975858

16. Li N, Alam J, Venkatesan MI, Eiguren-Fernandez A, Schmitz D, et al. (2004) Nrf2 is a key transcription
factor that regulates antioxidant defense in macrophages and epithelial cells: protecting against the
proinflammatory and oxidizing effects of diesel exhaust chemicals. J Immunol 173: 3467–3481. PMID:
15322212

17. Li N, Nel AE (2006) Role of the Nrf2-mediated signaling pathway as a negative regulator of inflamma-
tion: implications for the impact of particulate pollutants on asthma. Antioxid Redox Signal 8: 88–98.
PMID: 16487041

18. Rangasamy T, Cho CY, Thimmulappa RK, Zhen L, Srisuma SS, et al. (2004) Genetic ablation of Nrf2
enhances susceptibility to cigarette smoke-induced emphysema in mice. J Clin Invest 114: 1248–
1259. PMID: 15520857

19. Thimmulappa RK, Lee H, Rangasamy T, Reddy SP, Yamamoto M, et al. (2006) Nrf2 is a critical regula-
tor of the innate immune response and survival during experimental sepsis. J Clin Invest 116: 984–
995. PMID: 16585964

20. Li YJ, Takizawa H, Azuma A, Kohyama T, Yamauchi Y, et al. (2008) Disruption of Nrf2 enhances sus-
ceptibility to airway inflammatory responses induced by low-dose diesel exhaust particles in mice. Clin
Immunol Orlando Fla 128: 366–373. doi: 10.1016/j.clim.2008.05.005 PMID: 18614404

21. Williams MA, Rangasamy T, Bauer SM, Killedar S, Karp M, et al. (2008) Disruption of the transcription
factor Nrf2 promotes pro-oxidative dendritic cells that stimulate Th2-like immunoresponsiveness upon
activation by ambient particulate matter. J Immunol 181: 4545–4559. PMID: 18802057

22. Bleck B, Tse DB, Jaspers I, Curotto de Lafaille MA, Reibman J (2006) Diesel exhaust particle-exposed
human bronchial epithelial cells induce dendritic cell maturation. J Immunol 176: 7431–7437. PMID:
16751388

23. Chan RC-F, Wang M, Li N, Yanagawa Y, Onoé K, et al. (2006) Pro-oxidative diesel exhaust particle
chemicals inhibit LPS-induced dendritic cell responses involved in T-helper differentiation. J Allergy
Clin Immunol 118: 455–465. PMID: 16890772

24. Braun A, Bewersdorff M, Lintelmann J, Matuschek G, Jakob T, et al. (2010) Differential impact of diesel
particle composition on pro-allergic dendritic cell function. Toxicol Sci 113: 85–94. doi: 10.1093/toxsci/
kfp239 PMID: 19805405

25. Chaudhuri N, Jary H, Lea S, Khan N, Piddock KC, et al. (2012) Diesel exhaust particle exposure in vitro
alters monocyte differentiation and function. PloS One 7: e51107. doi: 10.1371/journal.pone.0051107
PMID: 23236439

26. Van Grevenynghe J, Rion S, Le Ferrec E, Le Vee M, Amiot L, et al. (2003) Polycyclic aromatic hydro-
carbons inhibit differentiation of humanmonocytes into macrophages. J Immunol 170: 2374–2381.
PMID: 12594260

27. Martinez FO, Gordon S, Locati M, Mantovani A (2006) Transcriptional profiling of the humanmonocyte-
to-macrophage differentiation and polarization: newmolecules and patterns of gene expression. J
Immunol 177: 7303–7311. PMID: 17082649

28. World Medical Association Declaration of Helsinki (1997) Recommendations guiding physicians in bio-
medical research involving human subjects Cardiovasc Res 35: 2–3. PMID: 9302340

29. Moreau A, Le Vee M, Jouan E, Parmentier Y, Fardel O (2011) Drug transporter expression in human
macrophages. FundamClin Pharmacol 25: 743–752. doi: 10.1111/j.1472-8206.2010.00913.x PMID:
21210849

30. Lecureur V, Ferrec EL, N’diaye M, Vee ML, Gardyn C, et al. (2005) ERK-dependent induction of TNFal-
pha expression by the environmental contaminant benzo(a)pyrene in primary humanmacrophages.
FEBS Lett 579: 1904–1910. PMID: 15792794

DEPe Alter SomeMacrophage Polarization Markers

PLOS ONE | DOI:10.1371/journal.pone.0116560 February 24, 2015 20 / 22

http://www.ncbi.nlm.nih.gov/pubmed/10553087
http://www.ncbi.nlm.nih.gov/pubmed/12730081
http://dx.doi.org/10.1517/17425255.2013.738194
http://dx.doi.org/10.1517/17425255.2013.738194
http://www.ncbi.nlm.nih.gov/pubmed/23230817
http://dx.doi.org/10.1093/intimm/dxt011
http://www.ncbi.nlm.nih.gov/pubmed/23580432
http://www.ncbi.nlm.nih.gov/pubmed/10975858
http://www.ncbi.nlm.nih.gov/pubmed/15322212
http://www.ncbi.nlm.nih.gov/pubmed/16487041
http://www.ncbi.nlm.nih.gov/pubmed/15520857
http://www.ncbi.nlm.nih.gov/pubmed/16585964
http://dx.doi.org/10.1016/j.clim.2008.05.005
http://www.ncbi.nlm.nih.gov/pubmed/18614404
http://www.ncbi.nlm.nih.gov/pubmed/18802057
http://www.ncbi.nlm.nih.gov/pubmed/16751388
http://www.ncbi.nlm.nih.gov/pubmed/16890772
http://dx.doi.org/10.1093/toxsci/kfp239
http://dx.doi.org/10.1093/toxsci/kfp239
http://www.ncbi.nlm.nih.gov/pubmed/19805405
http://dx.doi.org/10.1371/journal.pone.0051107
http://www.ncbi.nlm.nih.gov/pubmed/23236439
http://www.ncbi.nlm.nih.gov/pubmed/12594260
http://www.ncbi.nlm.nih.gov/pubmed/17082649
http://www.ncbi.nlm.nih.gov/pubmed/9302340
http://dx.doi.org/10.1111/j.1472-8206.2010.00913.x
http://www.ncbi.nlm.nih.gov/pubmed/21210849
http://www.ncbi.nlm.nih.gov/pubmed/15792794


31. Pi J, Bai Y, Reece JM, Williams J, Liu D, et al. (2007) Molecular mechanism of human Nrf2 activation
and degradation: role of sequential phosphorylation by protein kinase CK2. Free Radic Biol Med 42:
1797–1806. PMID: 17512459

32. Hatanaka N, Yamazaki H, Kizu R, Hayakawa K, Aoki Y, et al. (2001) Induction of cytochrome P450 1B1
in lung, liver and kidney of rats exposed to diesel exhaust. Carcinogenesis 22: 2033–2038. PMID:
11751436

33. Verheyen GR, Nuijten J-M, Van Hummelen P, Schoeters GR (2004) Microarray analysis of the effect of
diesel exhaust particles on in vitro cultured macrophages. Toxicol Vitro 18: 377–391. PMID: 15046786

34. Jaguin M, Houlbert N, Fardel O, Lecureur V (2013) Polarization profiles of human M-CSF-generated
macrophages and comparison of M1-markers in classically activated macrophages from GM-CSF and
M-CSF origin. Cell Immunol 281: 51–61. doi: 10.1016/j.cellimm.2013.01.010 PMID: 23454681

35. Ambarus CA, Krausz S, van Eijk M, Hamann J, Radstake TRDJ, et al. (2012) Systematic validation of
specific phenotypic markers for in vitro polarized humanmacrophages. J Immunol Methods 375: 196–
206. doi: 10.1016/j.jim.2011.10.013 PMID: 22075274

36. Laupeze B, Amiot L, Sparfel L, Le Ferrec E, Fauchet R, et al. (2002) Polycyclic aromatic hydrocarbons
affect functional differentiation and maturation of humanmonocyte-derived dendritic cells. J Immunol
168: 2652–2658. PMID: 11884429

37. Kimura A, Naka T, Nakahama T, Chinen I, Masuda K, et al. (2009) Aryl hydrocarbon receptor in combi-
nation with Stat1 regulates LPS-induced inflammatory responses. J Exp Med 206: 2027–2035. doi: 10.
1084/jem.20090560 PMID: 19703987

38. Chao MW, Po IP, Laumbach RJ, Koslosky J, Cooper K, et al. (2012) DEP induction of ROS in capillary-
like endothelial tubes leads to VEGF-A expression. Toxicology 297: 34–46. doi: 10.1016/j.tox.2012.03.
009 PMID: 22507881

39. Davarinos NA, Pollenz RS (1999) Aryl hydrocarbon receptor imported into the nucleus following ligand
binding is rapidly degraded via the cytosplasmic proteasome following nuclear export. J Biol Chem
274: 28708–28715. PMID: 10497241

40. Gowdy KM, Krantz QT, King C, Boykin E, Jaspers I, et al. (2010) Role of oxidative stress on diesel-en-
hanced influenza infection in mice. Part Fibre Toxicol 7: 34. doi: 10.1186/1743-8977-7-34 PMID:
21092162

41. Yin XJ, Dong CC, Ma JYC, Roberts JR, Antonini JM, et al. (2007) Suppression of phagocytic and bacte-
ricidal functions of rat alveolar macrophages by the organic component of diesel exhaust particles. J
Toxicol Environ Health A 70: 820–828. PMID: 17454558

42. Taront S, Dieudonné A, Blanchard S, Jeannin P, Lassalle P, et al. (2009) Implication of scavenger re-
ceptors in the interactions between diesel exhaust particles and immature or mature dendritic cells.
Part Fibre Toxicol 6: 9. doi: 10.1186/1743-8977-6-9 PMID: 19284653

43. Salvi S, Blomberg A, Rudell B, Kelly F, Sandström T, et al. (1999) Acute inflammatory responses in the
airways and peripheral blood after short-term exposure to diesel exhaust in healthy human volunteers.
Am J Respir Crit Care Med 159: 702–709. PMID: 10051240

44. Stenfors N, Nordenhäll C, Salvi SS, Mudway I, Söderberg M, et al. (2004) Different airway inflammatory
responses in asthmatic and healthy humans exposed to diesel. Eur Respir J 23: 82–86. PMID:
14738236

45. Chvatchko Y, Hoogewerf AJ, Meyer A, Alouani S, Juillard P, et al. (2000) A key role for CC chemokine
receptor 4 in lipopolysaccharide-induced endotoxic shock. J Exp Med 191: 1755–1764. PMID:
10811868

46. De Nadaï P, Charbonnier A-S, Chenivesse C, Sénéchal S, Fournier C, et al. (2006) Involvement of
CCL18 in allergic asthma. J Immunol 176: 6286–6293. PMID: 16670340

47. Chenivesse C, Chang Y, Azzaoui I, Ait Yahia S, Morales O, et al. (2012) Pulmonary CCL18 recruits
human regulatory T cells. J Immunol 189: 128–137. doi: 10.4049/jimmunol.1003616 PMID: 22649201

48. Quintana FJ, Sherr DH (2013) Aryl hydrocarbon receptor control of adaptive immunity. Pharmacol Rev
65: 1148–1161. doi: 10.1124/pr.113.007823 PMID: 23908379

49. Sparfel L, Pinel-Marie M-L, Boize M, Koscielny S, Desmots S, et al. (2010) Transcriptional signature of
human macrophages exposed to the environmental contaminant benzo(a)pyrene. Toxicol Sci 114:
247–259. doi: 10.1093/toxsci/kfq007 PMID: 20064835

50. Podechard N, Lecureur V, Le Ferrec E, Guenon I, Sparfel L, et al. (2008) Interleukin-8 induction by the
environmental contaminant benzo(a)pyrene is aryl hydrocarbon receptor-dependent and leads to lung
inflammation. Toxicol Lett 177: 130–137. doi: 10.1016/j.toxlet.2008.01.006 PMID: 18289803

51. Benson JM, Shepherd DM (2011) Dietary ligands of the aryl hydrocarbon receptor induce anti-inflam-
matory and immunoregulatory effects on murine dendritic cells. Toxicol Sci 124: 327–338. doi: 10.
1093/toxsci/kfr249 PMID: 21948866

DEPe Alter SomeMacrophage Polarization Markers

PLOS ONE | DOI:10.1371/journal.pone.0116560 February 24, 2015 21 / 22

http://www.ncbi.nlm.nih.gov/pubmed/17512459
http://www.ncbi.nlm.nih.gov/pubmed/11751436
http://www.ncbi.nlm.nih.gov/pubmed/15046786
http://dx.doi.org/10.1016/j.cellimm.2013.01.010
http://www.ncbi.nlm.nih.gov/pubmed/23454681
http://dx.doi.org/10.1016/j.jim.2011.10.013
http://www.ncbi.nlm.nih.gov/pubmed/22075274
http://www.ncbi.nlm.nih.gov/pubmed/11884429
http://dx.doi.org/10.1084/jem.20090560
http://dx.doi.org/10.1084/jem.20090560
http://www.ncbi.nlm.nih.gov/pubmed/19703987
http://dx.doi.org/10.1016/j.tox.2012.03.009
http://dx.doi.org/10.1016/j.tox.2012.03.009
http://www.ncbi.nlm.nih.gov/pubmed/22507881
http://www.ncbi.nlm.nih.gov/pubmed/10497241
http://dx.doi.org/10.1186/1743-8977-7-34
http://www.ncbi.nlm.nih.gov/pubmed/21092162
http://www.ncbi.nlm.nih.gov/pubmed/17454558
http://dx.doi.org/10.1186/1743-8977-6-9
http://www.ncbi.nlm.nih.gov/pubmed/19284653
http://www.ncbi.nlm.nih.gov/pubmed/10051240
http://www.ncbi.nlm.nih.gov/pubmed/14738236
http://www.ncbi.nlm.nih.gov/pubmed/10811868
http://www.ncbi.nlm.nih.gov/pubmed/16670340
http://dx.doi.org/10.4049/jimmunol.1003616
http://www.ncbi.nlm.nih.gov/pubmed/22649201
http://dx.doi.org/10.1124/pr.113.007823
http://www.ncbi.nlm.nih.gov/pubmed/23908379
http://dx.doi.org/10.1093/toxsci/kfq007
http://www.ncbi.nlm.nih.gov/pubmed/20064835
http://dx.doi.org/10.1016/j.toxlet.2008.01.006
http://www.ncbi.nlm.nih.gov/pubmed/18289803
http://dx.doi.org/10.1093/toxsci/kfr249
http://dx.doi.org/10.1093/toxsci/kfr249
http://www.ncbi.nlm.nih.gov/pubmed/21948866


52. Vogel CFA, Sciullo E, Li W, Wong P, Lazennec G, et al. (2007) RelB, a new partner of aryl hydrocarbon
receptor-mediated transcription. Mol Endocrinol Baltim Md 21: 2941–2955. PMID: 17823304

53. Masuda K, Kimura A, Hanieh H, Nguyen NT, Nakahama T, et al. (2011) Aryl hydrocarbon receptor neg-
atively regulates LPS-induced IL-6 production through suppression of histamine production in macro-
phages. Int Immunol 23: 637–645. doi: 10.1093/intimm/dxr072 PMID: 21930594

54. N’Diaye M, Le Ferrec E, Lagadic-Gossmann D, Corre S, Gilot D, et al. (2006) Aryl hydrocarbon recep-
tor- and calcium-dependent induction of the chemokine CCL1 by the environmental contaminant benzo
[a]pyrene. J Biol Chem 281: 19906–19915. PMID: 16679317

55. Vogel CFA, Sciullo E, Matsumura F (2007) Involvement of RelB in aryl hydrocarbon receptor-mediated
induction of chemokines. Biochem Biophys Res Commun 363: 722–726. PMID: 17900530

56. Rebourcet D, Odet F, Vérot A, Combe E, Meugnier E, et al. (2010) The effects of an in utero exposure
to 2,3,7,8-tetrachloro-dibenzo-p-dioxin on male reproductive function: identification of Ccl5 as a poten-
tial marker. Int J Androl 33: 413–424. doi: 10.1111/j.1365-2605.2009.01020.x PMID: 20059583

57. Morino-Koga S, Uchi H, Tsuji G, Takahara M, Kajiwara J, et al. (2013) Reduction of CC-chemokine li-
gand 5 by aryl hydrocarbon receptor ligands. J Dermatol Sci 72: 9–15. doi: 10.1016/j.jdermsci.2013.
04.031 PMID: 23810773

58. Kollert F, Probst C, Müller-Quernheim J, Zissel G, Prasse A (2009) CCL18 production is decreased in
alveolar macrophages from cigarette smokers. Inflammation 32: 163–168. doi: 10.1007/s10753-009-
9115-5 PMID: 19357939

59. Fahy O, Sénéchal S, Pène J, Scherpereel A, Lassalle P, et al. (2002) Diesel exposure favors Th2 cell
recruitment by mononuclear cells and alveolar macrophages from allergic patients by differentially reg-
ulating macrophage-derived chemokine and IFN-gamma-induced protein-10 production. J Immunol
168: 5912–5919. PMID: 12023397

60. Sun YV, Boverhof DR, Burgoon LD, Fielden MR, Zacharewski TR (2004) Comparative analysis of diox-
in response elements in human, mouse and rat genomic sequences. Nucleic Acids Res 32: 4512–
4523. PMID: 15328365

61. Jeong S-I, Choi B-M, Jang SI (2010) Sulforaphane suppresses TARC/CCL17 and MDC/CCL22 expres-
sion through heme oxygenase-1 and NF-κB in human keratinocytes. Arch Pharm Res 33: 1867–1876.
doi: 10.1007/s12272-010-1120-6 PMID: 21116791

62. Iizuka T, Ishii Y, Itoh K, Kiwamoto T, Kimura T, et al. (2005) Nrf2-deficient mice are highly susceptible to
cigarette smoke-induced emphysema. Genes Cells Devoted Mol Cell Mech 10: 1113–1125. PMID:
16324149

63. Papaiahgari S, Yerrapureddy A, Reddy SR, Reddy NM, Dodd-O JM, et al. (2007) Genetic and pharma-
cologic evidence links oxidative stress to ventilator-induced lung injury in mice. Am J Respir Crit Care
Med 176: 1222–1235. PMID: 17901416

64. Gilchrist M, Thorsson V, Li B, Rust AG, Korb M, et al. (2006) Systems biology approaches identify
ATF3 as a negative regulator of Toll-like receptor 4. Nature 441: 173–178. PMID: 16688168

65. Hoetzenecker W, Echtenacher B, Guenova E, Hoetzenecker K, Woelbing F, et al. (2012) ROS-induced
ATF3 causes susceptibility to secondary infections during sepsis-associated immunosuppression. Nat
Med 18: 128–134. doi: 10.1038/nm.2557 PMID: 22179317

66. Mo C, Wang L, Zhang J, Numazawa S, Tang H, et al. (2014) The crosstalk between Nrf2 and AMPK
signal pathways is important for the anti-inflammatory effect of berberine in LPS-stimulated macro-
phages and endotoxin-shocked mice. Antioxid Redox Signal 20: 574–588. doi: 10.1089/ars.2012.5116
PMID: 23875776

67. Podechard N, Tekpli X, Catheline D, Holme JA, Rioux V, et al. (2011) Mechanisms involved in lipid ac-
cumulation and apoptosis induced by 1-nitropyrene in Hepa1c1c7 cells. Toxicol Lett 206: 289–299.
doi: 10.1016/j.toxlet.2011.07.024 PMID: 21872649

68. Bourdonnay E, Morzadec C, Fardel O, Vernhet L (2009) Redox-sensitive regulation of gene expression
in human primary macrophages exposed to inorganic arsenic. J Cell Biochem 107: 537–547. doi: 10.
1002/jcb.22155 PMID: 19350554

69. Koike E, Hirano S, Shimojo N, Kobayashi T (2002) cDNAmicroarray analysis of gene expression in rat
alveolar macrophages in response to organic extract of diesel exhaust particles. Toxicol Sci 67: 241–
246. PMID: 12011483

DEPe Alter SomeMacrophage Polarization Markers

PLOS ONE | DOI:10.1371/journal.pone.0116560 February 24, 2015 22 / 22

http://www.ncbi.nlm.nih.gov/pubmed/17823304
http://dx.doi.org/10.1093/intimm/dxr072
http://www.ncbi.nlm.nih.gov/pubmed/21930594
http://www.ncbi.nlm.nih.gov/pubmed/16679317
http://www.ncbi.nlm.nih.gov/pubmed/17900530
http://dx.doi.org/10.1111/j.1365-2605.2009.01020.x
http://www.ncbi.nlm.nih.gov/pubmed/20059583
http://dx.doi.org/10.1016/j.jdermsci.2013.04.031
http://dx.doi.org/10.1016/j.jdermsci.2013.04.031
http://www.ncbi.nlm.nih.gov/pubmed/23810773
http://dx.doi.org/10.1007/s10753-009-9115-5
http://dx.doi.org/10.1007/s10753-009-9115-5
http://www.ncbi.nlm.nih.gov/pubmed/19357939
http://www.ncbi.nlm.nih.gov/pubmed/12023397
http://www.ncbi.nlm.nih.gov/pubmed/15328365
http://dx.doi.org/10.1007/s12272-010-1120-6
http://www.ncbi.nlm.nih.gov/pubmed/21116791
http://www.ncbi.nlm.nih.gov/pubmed/16324149
http://www.ncbi.nlm.nih.gov/pubmed/17901416
http://www.ncbi.nlm.nih.gov/pubmed/16688168
http://dx.doi.org/10.1038/nm.2557
http://www.ncbi.nlm.nih.gov/pubmed/22179317
http://dx.doi.org/10.1089/ars.2012.5116
http://www.ncbi.nlm.nih.gov/pubmed/23875776
http://dx.doi.org/10.1016/j.toxlet.2011.07.024
http://www.ncbi.nlm.nih.gov/pubmed/21872649
http://dx.doi.org/10.1002/jcb.22155
http://dx.doi.org/10.1002/jcb.22155
http://www.ncbi.nlm.nih.gov/pubmed/19350554
http://www.ncbi.nlm.nih.gov/pubmed/12011483


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


