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ARTICLE INFO ABSTRACT
Keywords: The objective of this study was to explore the role of the aryl hydrocarbon receptor (AhR) in ambient particulate
Aryl hydrocarbon receptor (AhR) matter (PM)-mediated activation of dendritic cells (DCs) and Th17-immune responses in vitro. To assess the
Dendritic cells (DCs) potential role of the AhR in PM-mediated activation of DCs, co-stimulation, and cytokine expression, bone

Particulate matter (PM)
Polycyclic aromatic hydrocarbons (PAHs)
Th17 cells

marrow (BM)-derived macrophages and DCs from C57BL/6 wildtype or AhR knockout (AhR ™/ ~) mice were
treated with PM. Th17 differentiation was assessed via co-cultures of wildtype or AhR ™/~ BMDCs with auto-
logous naive T cells. PM, s significantly induced AhR DNA binding activity to dioxin responsive elements (DRE)
and expression of the AhR repressor (AhRR), cytochrome P450 (CYP) 1A1, and CYP1B1, indicating activation of
the AhR. In activated (OVA sensitized) BMDCs, PM, 5 induced interleukin (IL)-13, CD80, CD86, and MHC class
11, suggesting enhanced DC activation, co-stimulation, and antigen presentation; responses that were abolished
in AhR deficient DCs. DC-T cell co-cultures treated with PM and lipopolysaccharide (LPS) led to elevated IL-17A
and IL-22 expression at the mRNA level, which is mediated by the AhR. PM-treated DCs were essential in
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endowing T cells with a Th17-phenotype, which was associated with enhanced expression of MHC class II and
cyclooxygenase (COX)-2. In conclusion, PM enhances DC activation that primes naive T cell differentiation
towards a Th17-like phenotype in an AhR-dependent manner.

1. Introduction

Particulate matter (PM) air pollution has garnered considerable
attention in the past few decades as a significant public health concern.
Air pollution exposure has been firmly associated with pulmonary,
cardiovascular, and neoplastic disease (Dominici et al., 2006; Laden
et al., 2006; Loomis et al., 2013). As the lung is the primary site of PM
deposition, PM exacerbates respiratory disease, including asthma and
chronic obstructive pulmonary disease (COPD) (Atkinson et al., 2001).
With respect to asthma, PM facilitates allergen sensitization and wor-
sens asthmatic symptoms (Bowatte et al., 2015; Fuertes and Heinrich,
2015; Fuertes et al., 2013; Mortimer et al., 2008). Exposure to traffic-
related air pollution, composed primarily of fuel combustion emissions,
is strongly associated with greater incidence of asthma in individuals
with no history of atopy (McConnell et al., 2006). Numerous animal
studies have corroborated these findings, as PM has been shown to
enhance allergic airway inflammation (Acciani et al., 2013; Li et al.,
2010; Saravia et al., 2014).

Understanding how PM modulates the development of im-
munological memory towards allergens may help explain the higher
incidence of asthma in highly polluted environments. PM’s ability to
worsen allergies has been attributed to its ability to promote in-
flammation by initiating oxidative stress processes in epithelial cells
and alveolar macrophages of the lung (Brown et al., 2006). The current
hierarchical model of oxidative stress is outlined as follows: (1) PM
promotes oxidative stress via direct generation of reactive oxygen
species (ROS), resulting in cells upregulating antioxidant and detox-
ification enzymes to restore the cellular redox balance; (2) failure to
restore the cellular redox balance initiates the production of pro-in-
flammatory mediators (cytokines and chemokines), which leads to
immune cell recruitment; and (3) chronic oxidative stress promotes
cytotoxic cell death and immune system activation, which initiates or
enhances disease processes (Ayres et al., 2008). This model accurately
reflects the biological response to PM exposure, including innate im-
mune responses, but does not account for the effects of PM exposure in
shaping the development of long-lasting immunological memory re-
sponses (i.e., adaptive immune responses) that occur in diseases such as
asthma.

Given the highly complex chemical composition of PM, oxidative
stress alone does not fully explain the ability of PM to enhance the
allergic response; rather, other unresolved mechanisms may likely be at
play in conjunction with oxidative stress processes. Although PM has
been shown to possess immunological adjuvant activity that promotes
allergic responses (Li et al., 2010; Li et al., 2009), the precise molecular
mechanisms through which this occurs have not been determined. How
PM enhances the development of long-term towards allergens during
sensitization is not unknown. In both ovalbumin (OVA)- and house dust
mite (HDM)-allergen animal models of allergic airway inflammation,
the combination of allergen with various fractions of PM, including
diesel exhaust particles (DEPs), agricultural dust particles, and com-
bustion-derived particles, have enhanced inflammation over allergen-
alone treatment (Acciani et al., 2013; Robbe et al., 2014; Wang et al.,
2011). In fact, in all these studies, the enhanced inflammatory response
from the combined treatment of PM and allergen was characterized by
markedly elevated Th2- and Th17-responses. These findings have also
been supported in human studies. Diesel-enriched particles enhanced
expression of co-stimulatory molecules in human dendritic cells (DCs)
and pro-inflammatory cytokine secretion (Porter et al., 2007). Human
DCs treated with urban dust particles were also capable of stimulating
Th2- and Thl7-differentiation of autologous naive T cells in-vitro
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(Matthews et al., 2016). Th17-immune responses play a critical role in
maintaining mucosal barriers and are generated against extracellular
bacteria and fungal pathogens. Why Th17-immune responses are gen-
erated during allergic sensitization with simultaneous exposure to PM is
not understood given that immune responses are typically generated
against small amino-acid peptides from proteins and not small molecule
chemicals in PM. Furthermore, although ambient PM can contain li-
popolysaccharide (LPS), previous studies by our group have used PM
with LPS levels that fall below the limits of detection in endotoxin
quantification assays (< 0.005EU/mL), ruling out LPS-mediated de-
velopment of Th17-immune responses in-vivo (Castaneda et al., 2017).
An important research avenue that may shed light to these observations
is to study how PM shapes the development of adaptive immune re-
sponses at the DC-T cell interface.

A prospective link that may explain the development of Th17-im-
mune responses during simultaneous allergen sensitization and PM
exposure is the aryl hydrocarbon receptor (AhR). The AhR binds a
variety of ligands, including environmental pollutants such as certain
polycyclic aromatic hydrocarbons (PAHs), dioxins, and polychlorinated
biphenyls (PCBs) (Denison and Nagy, 2003), which are components
commonly found in PM derived from fossil fuel combustion and organic
matter. The AhR-dependent induction of pro-inflammatory cytokines
by organic extracts from diesel and urban dust particles in human-de-
rived macrophages has been shown previously (Vogel et al., 2005).
Through the AhR, PM has been demonstrated to promote Th17-polar-
ization and secretion of IL-17A from T cells in-vitro, an observation
attributed to PAH content (van Voorhis et al., 2013). A recent study
found that vehicular ultrafine PM exacerbated the allergic response in
mice through the AhR-Notch signaling cascade in DCs, and elevated IL-
17 responses in vivo (Xia et al., 2015). Deletion of AhR lineage-specific
CD11c* cells conferred protection against PM-mediated exacerbation
of the allergic response and PM-mediated IL-17 increase, highlighting
the key role the AhR in DCs plays in these responses. Interestingly,
studying how PM modulates DC activation and subsequent T cell po-
larization may shed light into understanding how PM modulates the
development of the adaptive immune response to exacerbate allergic
immune responses.

In this study we aim to characterize how PM affects the activation of
innate immune cells and explore if these effects in turn enhance the
adaptive immune response at the DC-T cell interface. To understand
how PM enhances allergic immune responses, we test the hypothesis
that PM enhances the activation of antigen presenting cells, which in
turn augments the degree of T cell activation. Bone marrow (BM)-de-
rived macrophages and DCs were treated with PM, OVA, or OVA + PM
to investigate if PM enhances activation of these cells. We also focused
on understanding how PM promotes the development of Th17-immune
responses and if PM mediates its effects through DCs in an AhR-de-
pendent manner.

2. Material and methods
2.1. Ambient PM collection, extraction, and chemical characterization

Ambient PM was collected in the summer of 2011 at an urban
sampling site located on the rooftop of a two-story building at the
northeast corner of T St. and 13th St. in downtown Sacramento, CA.
The sampling site is surrounded by a mixture of residential, commercial
and industrial sources and within a quarter mile of a major freeway
interchange. In brief, summertime PM, s in Sacramento was dominated
by organic carbon (49% composition by mass), including PAHs and
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nonaromatic hydrocarbons, and water soluble inorganic ions (21%
composition by mass). Elemental carbon accounted for 1.4% of PM
mass, and various metals ranging from lithium to lead were detected at
levels significantly above detection limits. PM samples were collected in
field studies conducted in an urban setting using a high-volume PM, 5
sampler (Tisch Environmental Inc., TE-6070V-2.5-HVS), operating at a
flow rate of 40 cfm. The fine PM fraction (PM, s % Dp50 < 2.5 mm)
was collected using Teflon coated borosilicate glass microfiber filters
(Pall Corporation, TX40H120WW-8 x 10) followed by a multisolvent
extraction method. Detailed descriptions of how PM was collected,
extracted, and characterized can be found in the literature (Bein and
Wexler, 2014, 2015) as well as federal regulation methods for collecting
PM, s (EPA, 2016; Homolya and Rice, 1999; Winberry, 1999). Lipo-
polysaccharide (LPS) levels were quantified by the Lonza Kinetic
Chromogenic LAL Endotoxin Assay (Basel, Switzerland). Endotoxin le-
vels in the collected PM sample were found to be below the limit of
detection (LOD) of < 0.005 endotoxin units.

2.2. DRE luciferase reporter assay

HepG2 cells (ATCC HB-8065, Manassas, VA) were used for transient
transfection assays as HepG2 cells have a high transfection efficiency
and provide a useful tool to detect activation of AhR by various ligands.
Cells were seeded at a density of 1.2 x 10* cells/well onto 24 well
plates in DMEM media (Gibco Life Technologies, Grand Island, NY).
Cell culture media was supplemented with 10% fetal bovine serum, 100
units of penicillin and 100 pg/mL streptomycin. After 24h, cells
reached 50-60% confluency and were transfected with 1.0 ug/well of
plasmid DNA with a dioxin response element (DRE) luciferase reporter
using jetPRIME (Polyplus-transfection SA, Illkirch, France), as de-
scribed previously (Vogel et al., 2007). The plasmid DRE reporter
construct was amplified and purified with ZymoPURE-EndoZero
plasmid isolation kit (Zymo Research, Irvine, CA). In brief, 2 uL/well of
JetPrime reagent was used over the recommended 1 pL/well volume.
Following transfection, cells were incubated for 24h at 37°C. Cells
were then treated in triplicate with PBS (vehicle control), PM (50 pg/
mL), the standard reference material (SRM) 1649a composed of urban
dust particles (UDP; 50 ug/mL), or 2,3,7,8-tetrachlorodibenzo-p-dioxin
(TCDD; 10 nM) and incubated at 37 °C for 4 h. UDP and the prototypical
AhR ligand TCDD served as positive controls. Luciferase activity was
measured with the luciferase reporter assay system (Promega Corp.,
Madison, WI) according to the manufacturer’s instructions. Chemilu-
minescence was measured using 20 uL of cell lysate and a luminometer
(Berthold Lumat LB 9501/16, Pittsburg, PA). Data is expressed as re-
lative light units (RLU).

2.3. Electrophoretic mobility shift assay (EMSA)

Nuclear extracts were isolated from BMDCs, as described previously
(Vogel et al., 2014). In brief, 5 x 10° cells were treated with PM or
TCDD for 60 min and harvested in Dulbecco's PBS containing 1 mM
phenylmethylsulfonyl fluoride (PMSF) and 0.05pg/ul of aprotinin.
After centrifugation, the cell pellets were gently resuspended in 1 mL of
hypotonic buffer (20 mM HEPES, 20 mM NaF, 1 mM NazVO,4, 1 mM
Na4P;0,, 1 mM EDTA, 1 mM EGTA, 0.5mM PMSF, 0.13 uM okadaic
acid, 1 mM dithiothreitol, pH 7.9, and 1 ug/mL each leupeptin, apro-
tinin, and pepstatin). The cells were allowed to swell on ice for 15 min
and then homogenized by 25 strokes of a Dounce homogenizer. After
centrifugation for 1 min at 16,000g, nuclear pellets were resuspended in
300 pL ice-cold high-salt buffer (hypotonic buffer with 420 mM NaCl
and 20% glycerol). The samples were passed through a 21-gauge needle
and stirred for 30min at 4°C. The nuclear lysates were micro-
centrifuged at 16,000g for 20 min, separated into aliquots, and stored at
—80 °C. DNA-protein binding reactions were carried out in a total vo-
lume of 15 pL containing 10 pg nuclear protein, 60,000 counts/min of
DRE oligonucleotide (5’-gcc ccg gag ttg cgt gag aag age ctg g-3"), 25 mM
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Tris buffer (pH 7.5), 50 mM NaCl, 1 mM EDTA, 0.5 mM dithiothreitol,
5% glycerol, and 1 pg poly(dI-dC). The samples were incubated at room
temperature for 20 min. Competition experiments were performed in
the presence of a 100-fold molar excess of unlabeled DNA fragments.
Protein-DNA complexes were resolved on a 4% nondenaturating poly-
acrylamide gel and visualized by exposure of the dehydrated gels to X-
ray films. For quantitative analysis, respective bands were quantified
using a Chemilmager 4400 (Alpha Innotech, San Leandro, CA).

2.4. Isolation, differentiation, and treatment of bone marrow-derived
macrophages and dendritic cells

Primary BM progenitor cells were isolated and differentiated from
wildtype or AhR knockout (AhR ™/ 7) C57BL/6 mice, as described ear-
lier (Vogel et al., 2013). Briefly, femurs were isolated under sterile
conditions, and BM cells were extracted via a Roswell Park Memorial
Institute (RPMI) media-loaded syringe. Cells were passed through a
30 um cell strainer, and the supernatant was centrifuged for 5 min at
1000 x g. The supernatant was decanted, and the pellet was re-
suspended and cultured in RPMI medium. Cells were plated in 100 mm
cell culture dishes. Differentiation of BM-derived macrophages was
performed in the presence of granulocyte-macrophage colony-stimu-
lating factor (GM-CSF; 20 ng/mL; Tonbo Biosciences, San Diego, CA)
whereas BMDCs were differentiated in the presence of GM-CSF (20 ng/
mL) and IL-4 (20 ng/mL; Tonbo Biosciences). Differentiation of both
macrophages and DCs occurred over 6 days and nonadherent BMDCs
were purified (=85-90%) as described previously (Vogel et al., 2013),
and the appropriate media was replenished every 2 days. On day 6, cells
were transferred to a 24 well plate at 5 X 10* cells/well and treated in
triplicate with PBS, PM (50 pg/mL), OVA (10 pg/mL), or OVA + PM for
24 h followed by RNA isolation to analyze gene expression.

2.5. Dendritic cell — T cell Co-culture assay

BMDGs from C57BL/6 wildtype or AhR ™/~ mice were generated as
described above and cultured in RPMI media for 5days. On day 6,
BMDCs were resuspended at a concentration of 1 X 10° cells/mL in
RPMI media with either PBS or LPS (10 ng/mL) for 6 h. Wildtype and
AhR ™/~ BMDCs were either (1) cultured in a 96-well plate in a media
volume of 250 L (2.5 x 10° cells/well) and treated in triplicate with
PBS, PM (50 pug/mL), UDP (50 pg/mL), or TCDD (2 nM) for 24 h; or (2)
cultured in a 96-well plate in a media volume of 25 pL (2.5 x 10* cells/
well) and then co-cultured with wildtype autologous CD4*CD62L"
naive T cells (as described below).

CD4"CD62L" naive T cells were isolated using Miltenyi Biotec’s
mouse CD4" naive T cell isolation kit following the manufacturer’s
instructions (Miltenyi Biotec, Auburn, CA). On day 6, after 6 h PBS- or
LPS-treatment of wildtype or AhR™/~ BMDCs (2.5 x 10* cells/well),
BMDCs were co-cultured with CD4* CD62L" naive T cells at a 1:10
ratio (2.5 x 10°T cells/well in a total media volume of 225 pL). Co-
cultures were immediately treated in triplicate with PBS, PM (50 pg/
mL), UDP (50 ug/mL), or TCDD (2nM). On day 8, co-cultures were
retreated, and on day 10 cell culture supernatants were collected to
assess protein levels and cell RNA was isolated to analyze gene ex-
pression.

2.6. Naive CD4™ CD62L™" t cell activation and expansion

CD4*CD62L" naive T cells were isolated from C57BL/6 wildtype
mice using Miltenyi Biotec’s mouse CD4* naive T cell isolation kit
following the manufacturer’s instructions and seeded into wells of a
round-bottom 96-well plate at a density of 2.5 x 10° cells/well in a
media volume of 250 uL/well. T cells were activated with Miltenyi
Biotec’s mouse T cell activation/expansion kit. MACSiBeads conjugated
with CD3e and CD28T antibodies were cultured at a 1:1 ratio with T
cells. Culture media was supplemented with IL-2 (30 U/mL) and 2-
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mercaptoethanol (0.01 mM), as well as IL-6 (20ng/mL) and TGFP
(5ng/mL) to simulate Th17 conditions. CD4*CD62L" naive T cells
were isolated, cultured with activation beads, and treated in triplicate
with PBS, PM (50 pg/mL), UDP (50 pug/mL), or TCDD (2 nM) on day 1.
Cells were treated again on day 3, and RNA was isolated on day 5 to
analyze gene expression.

2.7. Gene expression analysis

RNA was isolated from cultured cells using an RNA isolation kit
(Zymo Research, Irvine, CA) according to the manufacturer’s instruc-
tions. RNA was converted to complimentary DNA (cDNA) using Applied
Biosystems’ High-Capacity cDNA Reverse Transcription Kit (Foster City,
CA). Gene-specific primers (0.2 uM of forward or reverse primer), cDNA
(2 uL/reaction), and SYBR Green (10 pL/reaction; Applied Biosystems)
were used for quantitative PCR (qPCR) via a LightCycler LC480
Instrument (Roche Diagnostics, Indianapolis, IN). Gene expression was
assessed using the AA-Ct method and standardized to the expression of
Gapdh or Efelal housekeeping genes. Gene primers were designed
using Primer3 primer design software (Untergasser et al., 2012).

2.8. Protein levels

Cell culture supernatants from BMDC-T cell co-cultures and BMDC-
only cultures were used to quantify IL-22 and IL-17A protein levels
using BioLegend’s (San Diego, CA) mouse ELISA kit according to the
manufacturer’s protocol.

2.9. Statistical methods

Data are expressed as mean * standard error of the mean (SEM).
Inter-group (wildtype vs. AhR ™/ ~) comparisons were performed using
two-way ANOVA followed by Bonferroni’s post-test. Intra-group com-
parisons (within the wildtype treatment groups) were assessed by one-
way ANOVA followed by post hoc Tukey’s multiple comparison test
using GraphPad PRISM 5 software. A value of 0.05P < .05 was con-
sidered statistically significant.

3. Results
3.1. DRE luciferase reporter assay and EMSA

Analysis of the chemical composition of Sacramento PM, 5 demon-
strated a relatively high level of PAH content compared to PM from a
rural source (Bein and Wexler, 2015). To test whether PM had AhR
inducing activity, HepG2 cells were transfected with the DRE-luciferase
reporter construct and treated for 4 h with Sacramento PM, the stan-
dard reference material 1649a urban dust particles (UDP), or TCDD, a
prototypical AhR agonist (Fig. 1A). The AhR is expressed in lung cells
and has been shown to be activated by PAHs (Chan et al., 2013;
FitzGerald et al., 1996), however we opted to use HepG2 cells rather
than lung-derived cell lines, as HepG2 cells have a higher transfection
efficiency. Although the data from HepG2 cells do not allow a direct
extrapolation to lung cells, the HepG2 cell line is very useful to detect
activation of AhR using the DRE reporter assay in a transient trans-
fection model. PM treatment led to a significant increase in DRE-luci-
ferase reporter activity compared to the PBS-treated control cells and
approximately half of UDP- and TCDD-induced DRE activity, demon-
strating that Sacramento PM is able to induce AhR activity, a feature
that is most likely attributed to PAH content. This is in line with a re-
cent report showing activation of the AhR pathway by PM samples
obtained from industrial areas in Taiwan using an in vitro reporter
assay (Chou et al., 2017). We hypothesized that PM induces DRE-re-
porter activity and DRE-dependent gene expression by activating DNA
binding activity of AhR. EMSA, used to confirm whether the Sacra-
mento PM was capable of activating AhR, showed that induction of DRE
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reporter activity was associated with increased AhR binding activity to
the DRE consensus element, which regulates the expression of CYP1A1,
CYP1Bl1, and the AhR repressor (AhRR) (Fig. 1B).

3.2. Role of the aryl hydrocarbon receptor in PM-mediated activation of
bone marrow-derived macrophages

BM-derived macrophages from wildtype or AhR™/~ mice were
treated with PBS, PM, OVA, or OVA + PM for 24 h to assess the role the
AhR plays in macrophage activation and PM-mediated inflammation
(Fig. 2). Cytochrome P450 1A1 (CYP1A1), a gene under transcriptional
regulation of the AhR, is a critical enzyme involved in PAH metabolism
and elimination. CYP1A1 was significantly enhanced by PM treatment
(369-fold increase) and OVA + PM (437-fold increase) in wildtype BM-
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Fig. 1. Sacramento PM, 5 induces DRE luciferase reporter activity in HepG2
cells. HepG2 cells were incubated with PBS (control), PM (50 ug/mL), the
standard reference material (SRM) 1649a urban dust particles (UDP; 50 ug/
mL), or TCDD (10nM), an AhR agonist, for 4h (A). Data are from three in-
dependent experiments and presented as mean * SEM. Bars indicate a sig-
nificant difference of p < 0.05 between groups. Sacramento PM, 5 activated
AhR and DNA binding activity in BM-derived macrophages from wildtype
(AhR*/*), but not from AhR™/~ C57BL/6 mice (B). Macrophages were in-
cubated with PBS (control), PM (50 ug/mL) or TCDD (10 nM, positive control)
for 1h. Nuclear extracts were used in electrophoretic-mobility-shift assay
(EMSA) with a consensus DRE-binding element.
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Fig. 2. Macrophages fail to become activated by PM or OVA in the absence of the AhR. BM-derived macrophages from wildtype (wt, white bars) or AhR ™/~ (black
bars) C57BL/6 (B6) mice were treated for 24 h with PBS, PM (50 pg/mL), OVA (10 pug/mL), or OVA + PM. Gene expression of various activation markers (A-F) was

assessed via qPCR and normalized to Gapdh or Efelal. Data represent three independent experiments and are presented as mean

+

SEM. A significant difference of

p < 0.05 is indicated by solid bars between wildtype vs. AhR ™/~ genotype groups, asterisks between wildtype PBS control vs. wildtype treatment groups, or by
dashed lines between wildtype OVA vs. wildtype OVA + PM treatment groups.

derived macrophages compared to AhR ™/~ BM-derived macrophages
(Fig. 2A). CYP1AL1 levels in AhR ™/~ macrophages remained unchanged
from wildtype control PBS-treated macrophages, demonstrating that
the AhR is essential in PM-mediated expression of this enzyme.

Heme oxygenase-1 (HO-1) has been shown to correlate well with
particle oxidative potential as this enzyme as this enzyme has been
shown to be induced under conditions of oxidative stress (Ayres et al.,
2008; Choi and Alam, 1996; Lee et al., 1996; Poss and Tonegawa, 1997;
Serpero et al., 2013; Vile et al., 1994), including the lung more recently
(Carosino et al., 2015). We assessed how AhR-deficiency modulates
HO-1 expression as an indicator of oxidative stress (Fig. 2B). Both PM
and OVA + PM treatments enhanced HO-1 expression in wildtype
macrophages. Remarkably, HO-1 expression in AhR ™/~ macrophages
treated with PM remained unchanged from PBS-treated control cells,
suggesting an AhR- and CYP450 monooxygenase-dependent generation
of oxidative stress. The potential role of CYP1Al in oxidative stress
pathways induced by PAHs has been recently shown (Ranjit et al.,
2016). The importance of the AhR signaling pathway mediating oxi-
dative stress and inflammation induced by PM has been recently re-
viewed (Lawal, 2017).

We further assessed three pro-inflammatory cytokines associated
with PM-mediated macrophage activation: IL-13, IL-6, and TNFa
(Fig. 2C-E) (Mitschik et al., 2008). PM treatment, alone or with OVA,
did not led to a significant expression of IL-1 3 in wildtype macrophages
compared to AhR™/~ macrophages (Fig. 2C); this trend was also re-
flected in IL-6 expression (Fig. 2D). Interestingly, the basal IL-1f and IL-
6 expression in AhR ™/~ macrophages was markedly lower compared to
their respective wildtype PBS-control, suggesting that the AhR plays a
critical role in the regulation of these cytokines in macrophages. TNFa
patterns mirrored those of IL-1f and IL-6; however, wildtype vs. AhR ™/
~ comparisons failed to reach significance (Fig. 2E). Lastly, expression
of CXCL2, a chemokine important in neutrophil chemoattractive ac-
tivity, was elevated by PM treatment (alone and with OVA) in wildtype
macrophages and reduced in AhR ™/~ macrophages (Fig. 2F). Overall,
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these findings demonstrate that the AhR is an important target of PM
containing PAHs.

3.3. Role of the aryl hydrocarbon receptor in PM-mediated activation of
bone marrow-derived dendritic cells

DCs are the professional antigen presenting cells that play a major
role in priming adaptive immune responses, particularly in allergy as
they induce sensitization to allergens and long-lasting memory. Given
that PM enhances the allergic adaptive immune response, we wanted to
explore the role the AhR plays in PM-mediated activation of DCs
(Fig. 3). Expression of the AhRR was significantly elevated in PM and
OVA + PM treated wildtype DCs but markedly decreased in AhR™/~
DCs (Fig. 3A). Levels of the PAH-metabolizing CYP450 enzymes of the
AhR gene battery, such as CYP1Al and CYP1BI1, were significantly
elevated in wildtype DCs treated with PM (with or without OVA) and
completely suppressed in AhR ™/~ DCs (Fig. 3B & C), clearly supporting
PM-mediated activation of AhR.

The basal expression levels of the pro-inflammatory cytokines IL-1(3
and IL-6 were repressed in AhR™/~ DCs compared to wildtype DCs
(Fig. 3D & E) indicating a physiological role of the AhR in the regulation
of IL-1P and IL-6 supporting previous studies (DiNatale et al., 2011;
Lahoti et al., 2013). PM treatment, with or without OVA, significantly
enhanced expression of COX-2 (Fig. 3F), an effect attributed to the AhR,
as COX-2 expression in AhR™/~ DCs was comparable to PBS-control
treated wildtype DCs. The co-stimulatory molecules CD80 and CD86
serve as markers of DC maturation and activation. Wildtype DCs treated
with PM, alone or with OVA, had significantly upregulated CD80 and
CD86 expression (Fig. 3G & H). This response was completely atte-
nuated in AhR™/~ DCs. Expression of the major histocompatibility
complex (MHC) class I, an essential cell surface molecule that presents
antigen molecules to the T cell receptor and is necessary for T cell ac-
tivation, was significantly elevated by the combination of OVA + PM
treatment, but not significantly induced in AhR deficient DCs (Fig. 3I).
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Fig. 3. PM enhances DC maturation and antigen presentation capabilities. BMDCs from wildtype (wt, white bars) or AhR ™/~ (black bars) C57BL/6 (B6) mice were
treated for 24 h with PBS, PM (50 ug/mL), OVA (10 ug/mL), or OVA + PM. Gene expression of various activation markers (A-I) was assessed via q-PCR and
normalized to Gapdh or Efelal. Data represent three independent experiments and are presented as mean * SEM. A significant difference of p < 0.05 is indicated
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wildtype OVA vs. wildtype OVA + PM treatment groups.

Taken together, these findings demonstrate that (1) the AhR is essential
in PM-mediated activation of DCs, and (2) PM treatment significantly
enhanced AhR activation, IL-1 and COX-2 expression, antigen pre-
sentation and co-stimulatory activity, indicating that PM enhances DC’s
antigen presenting capabilities. Notably, PM introduced in the presence
of an antigen (i.e OVA) also significantly enhances DC’s antigen pre-
sentation and co-stimulatory activity.

3.4. The effects of PM on dendritic cell priming of naive CD4™ t cells

To explore the role PM plays in DC-mediated activation of naive
CD4™ T cells during adaptive memory responses and the relevance the
AhR plays in this interaction, wildtype or AhR ™/~ LPS-stimulated DCs
were co-cultured with wildtype naive CD4*CD62L* T cells for 4 days
(Fig. 4). LPS-stimulated co-cultures were treated with PBS (LPS/PBS),
PM (LPS/PM), UDP (LPS/UDP), or TCDD (LPS/TCDD) on day 1 and day
3 to assess the phenotype of T cell differentiation; in addition, a ne-
gative assay control (PBS/PBS) was used in which DCs were pre-treated
with PBS instead of LPS and co-cultured with T cells in the presence of
PBS. In wildtype DC-T cell co-cultures, CYP1Al expression was
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significantly enhanced by LPS/PM, LPS/UDP, and LPS/TCDD treatment
compared to both the wildtype PBS control and the respective AhR ™/~
DC-T cell co-culture (Fig. 4B). CYP1A1 expression in AhR ™/~ DC-T cell
co-cultures is likely driven by the AhR in wildtype CD4* T cells given
the fact that PM treatment failed to induce CYP1Al in AhR™/~ DCs
(Fig. 3B).

PM treatment (LPS/PM) strongly induced the expression of IL-17A,
a characteristic cytokine of Th17 cells, in wildtype DC-T cell co-cultures
(Fig. 4C). Wildtype DCs co-cultured with naive CD4™ T cells in the
presence of LPS/PM expressed significantly more IL-17A compared to
the negative assay control (43-fold increase expression vs. PBS/PBS
control) and its respective control (8-fold increase expression vs. LPS/
PBS control). Expression of IL-17A was completely abolished in AhR ™/
~ DC-T cell co-cultures treated with LPS/PM (0.84-fold expression vs.
PBS/PBS control), suggesting that PM promotes T cell differentiation
towards a Th17-like phenotype that is completely mediated by the AhR.
Interestingly, the high-affinity AhR ligand TCDD clearly induced IL-17A
expression confirming a recent report showing that the dose and the
duration of AhR activation may determine the differentiation into Tregs
or Th17 cells (Ehrlich et al., 2018). No significant changes in expression
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Fig. 4. PM acts through DGCs to enhance IL-17A gene expression in T cells, an effect mediated completely by the AhR in DCs. Wildtype (wt, white bars) or AhR ™/~
(black bars) BMDCs derived from C57BL/6 (B6) mice pre-treated with PBS (PBS/-) or LPS (10 ng/mL; LPS/-) for 6h were co-cultured with autologous naive
CD4+CD62L™" T cells at a 1:10 ratio (2.5 x 10% DCs: 2.5 x 10° T cells/well) and treated with PBS (PBS/PBS or LPS/PBS), PM (LPS/PM, 50 ug/mL), UDP (LPS/UDP,
50 pg/mL), or TCDD (LPS/TCDD, 2 nM) for 4 days with re-stimulation on day 3. On day 4, cellular RNA was isolated to analyze gene expression patterns (A-D). Gene

expression was assessed via q-PCR and normalized to Efelal. Data represent three independent experiments and are presented as mean
genotype groups or asterisks between wildtype PBS control vs. wildtype treatment

difference of p < 0.05 is indicated by solid bars between wildtype vs. AhR ™/~
groups.

of RAR-related orphan receptor gamma (RORyt) were noted within
treatment groups or across genotype comparisons (data not shown).
The expression level of the Thl7 cytokine IL-22 in LPS-activated
wildtype DC-T cell co-cultures was elevated by PM, UDP, and TCDD
treatment compared to AhR™/~ DC-T cell co-cultures. However, PM
treatment did not lead to a statistically significant increase of IL-22 over
its respective LPS/PBS control (Fig. 4D). These results confirm recent
findings in BMDCs that TCDD induces IL-22 in TLR4-activated BMDCs
(Vogel et al., 2013).

Cell culture supernatants from DC-T cell co-cultures were used to

+ SEM. A significant

confirm protein levels of IL-17A (Fig. 5A) and IL-22 (Fig. 5B). Both IL-
17A and IL-22 protein levels were consistent with mRNA levels (Fig. 4C
& D). In the presence of PM, UDP, or TCDD, LPS-activated wildtype DCs
were able to stimulate T cells to produce greater levels of IL-17A and IL-
22 compared to LPS-activated and PM-treated AhR ™/~ DCs. Although
PM-treatment of wildtype DC-T cell co-cultures produced higher levels
of IL-17A and IL-22 compared to their respective LPS/PBS control,
significance was not reached (p = 0.0696 and p = 0.1106, respec-
tively). Furthermore, DC-only cultures treated identically to DC-T cell
co-cultures failed to produce the levels of IL-22 (data not shown)
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Fig. 5. PM acts through DCs to enhance IL-17A protein levels in T cells, an effect mediated completely by the AhR in DCs. Wildtype (wt, white bars) or AhR ™/~ (black
bars) BMDCs derived from C57BL/6 (B6) mice pre-treated with PBS (PBS/-) or LPS (10 ng/mL; LPS/-) for 6 h were co-cultured with autologous naive CD4*CD62L" T
cells at a 1:10 ratio (2.5 X 10* DCs: 2.5 x 10° T cells/well) and treated with PBS (PBS/PBS or LPS/PBS), PM (LPS/PM, 50 ug/mL), UDP (LPS/UPD, 50 ug/mL), or
TCDD (LPS/TCDD, 2 nM) for 4 days with re-stimulation on day 3. On day 4, cell culture supernatants were analyzed via ELISA to determine (A) IL-17A and (B) IL-22
protein levels. Data represent three independent experiments and are presented as mean = SEM. A significant difference of p < 0.05 is indicated by solid bars
between wildtype vs. AhR ™/~ genotype groups or asterisks between wildtype PBS control vs. wildtype treatment groups.

91



A.R. Castarieda et al.

observed in co-cultures (Fig. 5B), confirming that DCs were not the
source of IL-22. It is noteworthy that LPS-activated expression of IL-17A
and IL-22 was significantly repressed in AhR deficient cells, indicating
the critical role of AhR in LPS-mediated cytokine regulation as reported
earlier (Kado et al., 2017; Muku et al., 2017; Vogel et al., 2014; Vogel
et al., 2013; Wu et al., 2011).

3.5. The direct effects of PM on naive CD4™ T cells during activation in the
absence of DCs

To investigate whether PM acted through DCs or directly on T cells
to induce a Th17 phenotype, wildtype naive CD4*CD62L* T cells were
activated via anti-CD3 and anti-CD28 in the absence of DCs (Fig. 6).
AhRR and CYP1Al expression in PM, UDP, and TCDD treatment groups
support AhR activation (Fig. 6A). Nonetheless, PM and UDP treatment
of T cells-alone failed to enhance IL-17A or IL-22 expression (Fig. 6A),
suggesting that DC-derived signals and/or cytokines mediated through
the AhR are essential for PM-mediated differentiation towards a Th17-
like phenotype. IL-17A protein levels also support these findings
(Fig. 6B), as treatment of T cells-alone with PM did not induce sig-
nificant changes in IL-17A protein levels compared to the control
(81.41 vs. 58.58 pg/mL); by comparison, PM treatment of DC-T cell co-
cultures produced (117.94 vs. 305.59 pg/mL; Fig. 5A).

3.6. The effects of PM on dendritic cell activation

Finally, to explore how DCs enhance T cell differentiation towards a
Th17-like phenotype, wildtype or AhR™/~ DCs were cultured under
identical conditions as in DC-T cell co-cultures but in the absence of T
cells and only for 24 h. LPS/PM treatment significantly enhanced ex-
pression of the AhRR in wildtype DCs suggesting AhR activation
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(Fig. 7A). The expression patterns of the Th17-inducing cytokines IL-18,
IL-6, IL-23, and TGF-f in DCs treated with LPS/PM (Fig. 7D-G) do not
explain the observed Th17-like phenotype seen in DC-T cell co-cultures
(Figs. 4 and 5). Levels of the DC co-stimulatory molecules CD80 and
CD86 also did not differ between wildtype LPS/PBS vs. LPS/PM treat-
ments (Fig. 7J & K).

Expression of COX-2 was elevated in LPS-activated wildtype DCs
treated with PM and significantly elevated after UPD- and TCDD-
treatment compared to control (Fig. 7I), while COX-2 expression was
significantly lower in AhR ™/~ DCs in the same treatments groups. The
enhanced expression of COX-2 infers increased production of the pro-
inflammatory eicosanoid, prostaglandin E2 (PGE,), which has been
shown to regulate Thl7-immune cell differentiation and function
(Boniface et al., 2009). MHC class II expression in LPS-activated wild-
type DCs treated with PM, UDP and TCDD was significantly elevated
compared to the control (Fig. 7L). The expression of MHC class II was
completely abolished in AhR ™/~ DCs across all treatment groups. These
results suggest that activation of Th17-like phenotype of T cells by DCs
involves increased antigen presentation on MHC Class II but not Th17-
inducing cytokine secretion.

4. Discussion

In this study we investigated how ambient PM from an urban source
rich in PAHs leads to the modulation of the adaptive immune response.
The results of the current study demonstrate that PM promotes DC
priming of naive T cells towards a Th17-like phenotype. The AhR ap-
pears to be an essential mediator of these responses since AhR-defi-
ciency completely abolished the PM-induced Th17-like phenotype in
naive T cells. Furthermore, the activation of naive T cells in the pre-
sence of PM, but in the absence of DCs, failed to induce a Th17-

IL-17A IL-22
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Relative Expression
¢ 2 :
1
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Fig. 6. In the absence of DCs, CD4 " CD62L™" T cells treated with PM fail to differentiate towards a Th17-like phenotype despite AhR activation. CD4*CD62L™" T cells
derived from C57BL/6 (B6) mice were activated using MACSiBeads conjugated to anti-CD3e and anti-CD28 to mimic antigen presenting cell activation signals in the
presence of PBS, PM (50 pg/mL), UDP (50 pg/mL), or TCDD (2 nM) for 4 days with re-stimulation on day 3. On day 4, cellular RNA was isolated to analyze gene
expression patterns (A). Gene expression was assessed via g-PCR and normalized to Efelal. Cell culture supernatants were analyzed via ELISA to determine IL-17A
protein levels (B). Data represent three independent experiments and are presented as mean + SEM. Bars indicate a significant difference of p < 0.05 between
groups.
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Fig. 7. PM treatment of DCs does not lead to secretion of Th17-inducing cytokines, rather PM enhances MHC class II and COX-2 expression in DCs. Wildtype (wt,
white bars) or AhR ™/~ (black bars) BMDCs derived from C57BL/6 (B6) mice were pre-treated with PBS (PBS/-) or LPS (10 ng/mL; LPS/-) for 6 h and then treated
with PBS (PBS/PBS or LPS/PBS), PM (LPS/PM, 50 ug/mL), UDP (LPS/UPD, 50 ug/mL), or TCDD (LPS/TCDD, 2 nM) for 24 h. Cellular RNA was isolated to analyze
gene expression patterns (A-L). Gene expression was assessed via q-PCR and normalized to Efelal. Data represent three independent experiments and are presented
as mean * SEM. A significant difference of p < 0.05 is indicated by solid bars between wildtype vs. AhR ™/~ genotype groups or asterisks between wildtype PBS

control vs. wildtype treatment groups.
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phenotype, suggesting that DC-derived signals are responsible for eli-
citing these effects.

The PM used in this experiment was collected from the city of
Sacramento, CA, near the intersection of three major highways.
Characterization of the Sacramento PM demonstrated a high level of
PAH content coming from byproducts of fossil fuel and organic matter
combustion (Bein and Wexler, 2015). Exposure to traffic-related air
pollution is known to increase the incidence of asthma (McConnell
et al.,, 2006); however, the molecular mechanisms involved in PM-
mediated immunotoxicity are not well understood, therefore the cur-
rent study focuses on the important role of AhR in PM-mediated acti-
vation of DC and T cells. However, the findings of this study warrant
caution, as PM chemical composition is highly influenced by anthro-
pogenic activity and weather patterns. Therefore, the effects observed
in this study cannot be fully extrapolated to other seasons or years due
to the highly variable chemical composition of PM.

The AhR has been shown to play a critical role in the development
of various immune responses (Marshall and Kerkvliet, 2010). As a cy-
tosolic receptor protein and transcription factor, the AhR binds a di-
verse array of ligands, resulting in different immune outcomes de-
pending on ligand binding characteristics, such as ligand binding
strength, binding duration, route of exposure, and cytokine milieu
(Julliard et al., 2014). Activation of the AhR has been shown to enhance
Th17-immune responses in a ligand-specific manner (Veldhoen et al.,
2008), including PAHs in air pollution (van Voorhis et al., 2013). We
hypothesized that PM induces a more potent adaptive immune response
characterized by a Th17 response, aside the Th2-allergen driven im-
mune response.

To test our hypothesis, we focused on two important innate immune
cell types in the pulmonary compartment that function as antigen
presenting cells: macrophages and DCs. Both cell types are critically
involved in PM uptake and clearance from the lung (Hardy et al., 2013).
Moreover, as antigen presenting cells, macrophages and DCs play key
roles in the development of adaptive immune responses. As innate
immune cells, alveolar macrophages serve as a primary line of defense
in the lung, mediate the early inflammatory response to pulmonary
insults, and also function as scavenger cells that play an essential role in
the clearance of PM deposition (Balhara and Gounni, 2012).

Here, PM treatment of BM-derived macrophages led to an increased
expression of pro-inflammatory cytokines, the AhR-regulated gene
CYP1A1, and HO-1, an indicator of oxidative stress. Interestingly,
treatment with PM did not induce AhR-deficient macrophages to ex-
press pro-inflammatory cytokines HO-1 or CYP1Al, highlighting the
critical role the AhR plays in PM-mediated activation of macrophages.

Our finding that HO-1 was not expressed in PM treated AhR ™/~
macrophages is important as it suggests the possibility that it is the PAH
content of PM that induces CYP1A1 activity rather than PM itself. The
PAH content may cause ROS formation and subsequent induction of
HO-1. A recent study shows that CYP1A1 associated generation of ROS
by PAHs, such as benzo(a)pyrene, is a major contributor to the toxic
effects of PAHs in monocytic cells (Ranjit et al., 2016).

DCs treated with PM exhibited maturation and activation pheno-
types that were abolished in AhR =/~ DCs. PM-mediated AhR activation
in DCs was supported by the increased expression levels of the AhRR,
CYP1Al, and CYP1B1 (genes of the AhR gene battery) in addition to the
fact that AhR deficiency eliminated the induced expression of these
genes. The activation of AhR and AhR DNA binding activity by PM
treatment was confirmed in EMSA and luciferase reporter assay. PM
treatment induced DC maturation, as noted by greater expression of the
co-stimulatory molecules CD80, CD86, antigen presentation (MHC II),
and the pro-inflammatory cytokine IL-1(. AhR mediated these effects,
as DCs lacking AhR failed to mature after PM treatment. The results are
in line with our recent report showing TCDD-induced and AhR-depen-
dent expression of CD80 and CD86 in DCs (Vogel et al., 2013). Col-
lectively, these results demonstrate that PM has the capacity to enhance
the T cell activating signals — (1) antigen presentation on MHC class II,
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(2) co-stimulation via CD80/CD86, and (3) cytokine-guided differ-
entiation — delivered by DCs during priming of the adaptive immune
system when PM is given in combination with an antigen (i.e., OVA
allergen) vs. antigen-alone. Surprisingly, all three DC signals were
completely attenuated in the absence of the AhR.

The enhanced expression of the three signals necessary for T cell
activation in DCs led us to question whether PM was able to enhance T
cell cytokine secretion, particularly in a Th17-phenotypic fashion via
the AhR. In an in-vivo study of house dust mite (HDM) allergic airway
inflammation, PM exposure during HDM allergen sensitization led to
enhanced expression of the co-stimulatory molecules CD80 and CD86 in
whole lung, as well as marked Th17 response, via IL-17 protein levels,
and increased AhRR gene expression (unpublished results). To gain a
greater understanding of how PM modulates the adaptive immune re-
sponse and the involvement of the AhR in this respect, LPS-activated
wildtype DCs or AhR™/~ DCs were co-cultured with autologous wild-
type naive CD4"CD62L"* T cells in the presence of PM. PM-treated
wildtype DCs were able to markedly and significantly enhance gene
expression and protein levels of the Th17 principle cytokine IL-17A in T
cells. Remarkably, IL-17A mRNA expression and protein secretion are
completely abolished in PM-treated co-cultures containing AhR™/~
DCs, demonstrating that PM skews T cell differentiation towards a
Th17-phenotype via the AhR. Notably, these effects were not associated
with a PM-induced mRNA expression of RORyt (data not shown).
Furthermore, IL-22, an additional Th17 cytokine, was elevated both at
the mRNA and protein level but failed to reach statistical significance
compared to its respective PBS control. These results suggest that PM
may act as an immune adjuvant in promoting Th17-immune responses,
thereby exacerbating the allergic response.

PM failed to induce a Th17-phenotype in T cells in the absence of
DCs. IL-17A and IL-22 expression in PM-treated T cells remained un-
changed from PBS-control T cells. However, PM was able to enhance
AhRR and CYP1Al expression in T cells, indicating that the T cells
expressed a functional AhR, which is required to respond to AhR ligand
exposure. Taken together, results from the DC-T cell co-culture and T
cell- anti-CD3e/CD28 cultures provide evidence that the PM-enhanced
Th17-like differentiation requires a functional AhR and the presence of
DCs.

To identify how DCs skewed T cell differentiation towards a Th17-
phenotype, DCs were cultured and treated in identical conditions as DC-
T cell co-cultures but without T cells. PM treatment of LPS pre-stimu-
lated DCs did not significantly induce CYP1Al expression (Fig. 7B)
compared to no LPS pre-stimulation of DCs (Fig. 3B). This effect is likely
attributed to LPS pre-stimulation as NFxB activity has been shown to
modulate the AhR-mediated induction of CYP1A1 (Ke et al., 2001). LPS
pre-stimulation also enhanced IL-6 production in wildtype DCs. None of
the DC-derived Th17-inducible cytokines (IL-13, IL-6, IL-23, and TGF-3)
could explain the Th17-differentiating effects of DCs under these con-
ditions. However, PM was able to markedly enhance expression of MHC
class II in DCs, making these cells more potent at presenting antigen to
T cells. Notably, PM treatment of DCs without LPS pre-stimulation
enhanced MHC class II expression, and LPS pre-stimulation of DCs
further enhanced MHC class II expression, suggesting LPS-pre-stimula-
tion and PM exposure produce a synergistic effect in MHC class II up-
regulation. COX-2 expression was also markedly enhanced. Although
PGE, levels were not assessed, increased production of PGE, is often
associated with increased expression of COX-2 (Caughey et al., 2001).
Greater levels of PGE, may provide an explanation for the Th17-like
phenotype observed in T cells as PGE, regulates Th17 cell differentia-
tion (Boniface et al., 2009). In conclusion, our results suggest that PM
exerts its Th17-effects via modulation of DCs via enhanced antigen
presentation on MHC class II to T cells during activation, and not by co-
stimulation via CD80/CD86 or cytokine-guided differentiation.
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5. Conclusions

In summary, the results of this study demonstrate that the AhR plays
a critical role in PM-mediated activation of DCs, the professional an-
tigen presenting cells that prime T cells. Combined OVA and PM
treatment led to enhanced activation of DCs, highlighting PM’s ad-
juvant properties during allergic responses. Furthermore, PM-treated
DCs produce a Th17-like phenotype in naive CD4* T cells, specifically
through the AhR in DCs by enhanced expression of MHC class II and
COX-2. These effects are completely abolished in AhR-deficient DCs.
Through our findings, we show mechanistic evidence of how ambient
pollutants promote dysregulation of the adaptive immune system,
which may explain how highly polluted environments promote the
exacerbation of diseases, such as asthma and COPD, via Th17-immune
responses.
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