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Abstract

Background—Traffic-related particulate matter (PM) has been linked to heightened incidence
of asthma and allergic diseases. However, molecular mechanisms by which PM exposure promote
allergic diseases remain elusive.

Objective—We sought to determine the expression, function and regulation of pathways
involved in the promotion by PM of allergic airway inflammation.

Methods—We employed gene expression transcriptional profiling, in vitro culture assays, and
vivo murine models of allergic airway inflammation.

Results—We identified genes of the Notch pathway, most notably Jagged 1 (Jagl), as targets of
PM induction in human monocytes and murine dendritic cells (DCs). PM, especially ultrafine
particles (UFP), upregulated T helper cytokine, IgE production and allergic airway inflammation
in mice in a Jagl and Notch-dependent manner especially in the context of the pro-asthmatic IL-4
receptor allele 114raR576. PM-induced Jagl expression was mediated by the aryl hydrocarbon
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receptor (AhR), which bound to and activated AhR response elements in the Jagl promoter.
Pharmacological antagonism of AhR or its lineage-specific deletion in CD11c* cells abrogated the
augmentation of airway inflammation by PM.

Conclusion—PM activate an AhR-Jag1-Notch cascade to promote allergic airway inflammation
in concert with pro-asthmatic alleles.

Traffic-related particulate matter; diesel exhaust particles; ultra-fine particles; Asthma; allergic
airway inflammation; Jagged1; Notch; aryl hydrocarbon receptor; Airway hyper-responsiveness

INTRODUCTION

Asthma is a major health problem worldwide, whose prevalence has reached unprecedented
levels in recent years®. Its rise to the status of a modern epidemic has been driven by the
interaction of susceptibility genes in affected individuals with emerging environmental
factors unleashed by the industrial revolution and life style changes?. The latter include
changes in microbial exposure, integrated under the rubric of the hygiene hypothesis,
changes in diet and activity and, significantly, exposure to airborne particles and pollutants
in carbon footprint-heavy economies®. A large body of research has linked asthma
development with urbanization and exposure to pro-oxidative, traffic-related air pollutants,
most notably particulate matter (PM) and ozone, by virtue of their initiation of airway and
systemic inflammation and their pro-allergic adjuvant function4-’.

The acute rise in the incidence of atopy and asthma in urban areas has been related in part to
fine (FP; <2.5 um in diameter) and ultrafine (UFP; <0.18 um in diameter) particulate matter
emitted by vehicular traffic, in particular that associated with diesel engines®-11, These
particles have been reported to promote Th2 and Th17 cell responses and upregulate IgE
production in the exposed host® 12: 13, They differentially impact the lung function of
asthmatic individuals, suggesting that genetic and epigenetic predispositions to atopy
cooperatively promote airway inflammatory responses seen after diesel exhausted
particulate (DEP) exposurel4,

Ambient PM exposure acts as an adjuvant that primes the immune response to common
environmental allergens?®. Intranasal instillation of ambient ultrafine particles (UFP)
derived from vehicular emissions enables a de novo immune response in the absence of
added adjuvants!®. Recently, it was demonstrated that simple inhalation of ambient UFP
could effectively boost the secondary immune response to an experimental allergen,
indicating that vehicular traffic exposure might exacerbate allergic inflammation in already-
sensitized subjects!2. Neither the precise molecular mechanisms by which PM exposure
promotes allergic sensitization nor the identity of the PM subcomponents involved, are
clear. However, PM induced oxidative stress can induce Th-skewing of the immune
response through impacting the antigen-presenting function of DCs17~21. This could involve
antigen uptake, antigen presentation, DCs co-stimulatory activity, and cytokine production.
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To elucidate molecular mechanisms by which PM exposure may program antigen presenting
cells to promote allergic diseases, a range of genetic, immunological and whole animal
approaches were employed. We here provide evidence for a critical role for an AhR-Jag1-
Notch pathway in mediating the pro-inflammatory effects of PM in allergic airway
inflammation in interaction with pro-atopic Il4ra alleles.

l14raR576 mice were previously described?2. The following mice were obtained from the
Jax Lab: BLAB/c (WT), TIr4~~ (B6.B10ScN-TIr4!ps-del)  Anrfl/fl (Anrtm3.18ra) cD11c-cre
(B6.Cg-Tg(Itgax-cre)1-1Reiz/J), NIrp3~~ (B6.129S6-NIrp3tMiBhk/j) DO11.10Rag2 ™/~ mice
were obtained from Taconic farms. They were crossed with 114raR576 mice to generate
DO11.10Rag2~"~ 114raR576 mice. Nrf2~/~ mice were a kind gift of Andre Nel23,

DEP were a kind gift of Dr. Andre Nel and have been described before?4. CB (<500nm) was
purchased from Sigma-Aldrich Co. LLC. Ambient FP (<2.5 um) and UFP (<0.18 um) were
collected in an urban area of downtown Los Angeles by means of a high-volume ultrafine
particle (HVUP) sampler?®, operating at 400L/min and loaded with a zefluor filter
(supported PTFE, 3.0um pore, 8” x 107, Pall Life Sciences). For investigating the volatile
and non-volatile UFP fractions, we collected two UFP samples; N-UFP, one collected
during nighttime + morning traffic hours (i.e. rich in semi-volatile organics partitioned to the
PM phase) and Af-UFP, another one collected during the afternoon when partitioning is
minimal. The respective particles were suspended in an aqueous solution, with the
hydrophilic components becoming part of the solution, while the solid non-soluble UFP
cores are left in suspension. To transfer the particles into solution, the particle-loaded filters
were soaked in ultrapure water, followed by 5 min vortexing and 30 min sonication. The
entire mixture was administered intranasally, as indicated below. Endotoxin levels were less
than 0.1ng/ml (data not shown).

Derivation of dendritic cells

BMDCs were obtained by culturing bone marrow aspirates for 7 days with GM-CSF at 20
ng/ml, respectively. The cells were either sham treated with PBS or treated with particles at
10 pg/ml in PBS for 18 hr prior to measurement of Notch pathway components by flow
cytometry and/or real time PCR.

T celllBMDCs co-cultures

Splenic CD4*D011.10"RAG2~/~ T cells were purified by magnetic cell sorting negative
selection (Miltenyi Biotec). BMDCs were aliquoted at 2x10° cells in 48 well plates, then
either sham treated or treated with the respective PM species at 10 ug/ml/culture well
overnight. For AhR inhibition experiment, BMDCs were treated with 30nM AhR antagonist,
CH223191 and washed after 16 hours. CD4*D0O11.10*RAG2~/~ T cells were added at
4x10° cells/well in a final volume of 0.5 ml 10% FBS/RPMI. Cultures were treated with the
OV Ag3,3_339 peptide at 1uM, as indicated. Notch pathway inhibitors included the gamma
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secretase inhibitor (GSI) (Calbiochem), added at 5 uM, and the anti-murine Jagged 1
antibodies (Biolegend), added at 2.5 ug/ml.

Allergic sensitization and challenge

Mice were sensitized to OVA by intraperitoneal (i.p.) injection of 100 ug OVA in 100 pl
PBS, then boosted two weeks later with a second i.p. injection of OVA in PBS. Control
mice were sham sensitized and boosted with PBS alone. Starting on day 29, both OVA and
sham sensitized mice were challenged with aerosolized OVA at 1%, delivered through a
Schuco 2000 nebulizer (Allied Health Care Products, St. Louis, MO), for 30 minutes daily
for 3 days. Two hours before each OVA aerosol exposure, subgroups of mice were given
intransally (i.n.) either PBS or PM (UFP, FP or CB) at 10 pug/100pl PBS/instillation. Where
indicated, GSI (0.3mg/kg in DMSO, i.n) or CH223191 (0.5 mg/kg in corn oil, i.p) was
introduced 4 hr prior to OVA challenge, with untreated mice receiving the DMSO vehicle,
also intranasally. For anti-Jagl antibody blocking, 150 g anti-Jagl or isotype control
antibodies in 100 pl PBS buffer were administered daily for three consecutive days during
OVA aerosol challenge. Mice were euthanized on day 32 post sensitization and analyzed.
For dust mite-induced allergic airway inflammation, mice received 5ug of lyophilized D.
Pteronyssinus extract in 100 ul PBS intranasally for 3 days at the start of the protocol then
challenged with the same dose of D. Pteronyssinus extract on days 15-17 with or without
PM. Where indicated, mice were treated with isotype control or anti-Jagl antibodies, or with
DMSO (sham) or AhR antagonist CH223191 as indicated, on the same days (15-17) of the
D. Pteronyssinus challenge. Mice were euthanized on day 18 and analyzed for measures of
airway inflammation.

Lung histopathology staining

Paraffin-embedded lung sections were stained with hemtoxylin and eosin (H&E) as
described?®. Lung inflammation was scored separately for cellular infiltration around blood
vessels and airways: 0, no infiltrates; 1, few inflammatory cells; 2, a ring of inflammatory
cells 1 cell layer deep; 3, a ring of inflammatory cells 2-4 cells deep; 4, a ring of
inflammatory cells of >4 cells deep?’. A composite score was determined by the adding the
inflammatory scores for both vessels and airways. The number and distribution of goblet
cells was assessed by Periodic Acid Schiff (PAS) staining of mucin granules. Individual
airways (bronchi/bronchioles) were scored for goblet cell hyperplasia according to the
following scale: 0, no PAS-positive cells; 1, <6% PAS-positive cells; 2, 5 to 10% PAS-
positive cells; 3, 10 to 25% PAS-positive cells; and 4, > 25% PAS-positive cells?8,

Statistical analysis

Student’s two tailed t-test, one and two way ANOVA and repeat measures two way
ANOVA with Bonferroni posttest analysis of groups were used to compare test groups, as
appropriate. A p value <0.05 was considered statistically significant.

Study approval—All animal studies were reviewed and approved by the Boston
Children’s Hospital office of Animal Care Resources.
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Other Methods

RESULTS

Information on additional chemical reagents employed, gene expression profiling, real time
PCR analysis, flow cytometry and intracellular staining reagents, antibodies and methods,
IgE and cytokine ELISAS, measurement of airway hyper-responsiveness, chromatin
immunoprecipitation (ChIP) assays and luciferase assays is provided in the Methods section
in this article's Online Repository at www.jacionline.org.

PM activates Jagl-Notch transcriptional circuitry

PM has been noted to reprogram antigen-presenting cells in favor of Th2 responses. To
understand mechanisms by which PM mediates this function, we analyzed the gene
expression profiles of human monocytes, isolated from healthy volunteers, in response to
short term in vitro exposure to DEP (4 h, 10 pg/ml) by using Affymetrix human genome
U133 plus 2.0 arrays. Expression levels of 757 probes were found to be significantly
changed between exposed and unexposed cultures at 2 fold cutoff (Table E1 in this article's
Online Repository). Affected genes included ones involved in oxidative stress (GCLM,
AKR1C2), heat shock response (DNAJB4, HSP1AB), transcription factors (CREM, FOSB)
and other cellular pathways (Fig. 1A-B)29: 30, Importantly, DEP exposure affected the
expression of several genetic components of the Notch pathway, which plays a key role in
instructing Th cell differentiation3L. It upregulated the expression of the Notch ligand gene
JAG1 and the Notch downstream genetic targets HES1, HES4, HEY1 and NRARP. DEP also
suppressed the expression of LFENG (Lunatic Fringe) and MFNG (manic Fringe), encoding
two enzymes that modify Notch receptor species in favor of interaction with JAG1 and
JAG2 (pro-Th2) but not Delta type ligands (pro-Th1) skewing32 33,

DEP is composed primarily of fine and ultrafine particles (FP and UFP) with effective
aerodynamic diameters of <2.5 pm and <0.18 um, respectively3# 35, We examined the
induction of components of the Notch pathway in bone marrow-derived murine dendritic
cells (BMDCs) using size-fractionated FP and UFP as well as chemically inert carbon black
particles (CB, effective aerodynamic diameter 0.5 um). Expression of mMRNA encoding
Jagl, and to a lesser extent Notch1, was upregulated in BMDCs treated with FP and UFP
but not CB, as detected by real-time PCR analysis (Fig. 1C). In contrast, other Notch type
receptors and ligands were either unaffected such as Notch2, Notch 4, and delta like ligand
(DLL1 and DLL3) or down-regulated such as DLL4 and Jag2 (Fig. 1C and unpublished
data). Flow cytometric analysis confirmed the upregulation of Jagl and Notchl expression
in BMD treated with UFP and FP but not CB (Fig. 1D).

To determine the mechanisms involved in Jagl induction by PM, we examined the role of
the Toll like receptor 4 (TLR4) pathway, previously implicated in Jagl regulation3®. Unlike
LPS, which induced Jagl expression in WT but not TLR4-deficient BMDCs, UFP induced
Jagl expression in both cell types (Fig. 1E). Similarly, DEP induction of Notch pathway
components proceeded unaffected in BMDCs lacking in the adaptor MyD88, common to
most TLRs (data not shown). We further examined the role of Nrf2-dependent oxidative
stress pathway and the inflammasome pathway in the induction by PM of Jagl expression in
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BMDCs. Both the Nrf2 and NIrp3 pathways are known to be activated by DEP exposure,
and Nrf2 activates Notchl expression37=39. Our results revealed that induction by UFP of
Jagl transcription proceeded unaffected in Nrf2 and NLRP3-deficient BMDCs. In contrast,
LPS induced Jagl expression was abrogated in the setting of NLRP3 deficiency (Fig. 1E).
Together, these data indicated that UFP-mediated induction of Jagl transcription proceeds
independent of TLR4/MyD88, Nrf2 or NLRP3 pathways.

PM upregulate Th cytokine expressions by a Jagl-depdendent mechanism

To examine if Notch pathway activation by PM contributes to Th cell skewing, we
employed an in vitro Th cell differentiation system involving naive DO11.10*CD4* T cells,
derived from DO11.10*Rag2~/~ mice. Naive DO11.10*CD4* T cells were incubated with
BMDC:s that had either been sham pulsed with PBS or pulsed with the OVA peptide
OVAg3,3_339. Culture supernatants were analyzed by ELISA for levels of the Th2 cytokines
IL-4 and IL-13, the Th1l cytokine IFN-y and the Th17 cytokine IL-17. Treatment of cell co-
cultures with OV As»3_339 peptide induced increased production of all four Th cytokines,
which was further upregulated by the addition of UFP (10 pg/ml). Treatment with a gamma
secretase inhibitor (GSI), an inhibitor of Notch signaling, suppressed the increase in Th
cytokines in response to UFP (Fig. 2A). In parallel set of studies, treatment of cell co-
cultures with an anti-Jagl but not an isotype control antibody blocked the super-induction by
UFP of OVA peptide-induced cytokine production. In contrast, anti-Jagl antibody treatment
had a modest effect on cytokine production induced by the OVA peptide in the absence of
UFP (Fig. 2B).

We also investigated the capacity of UFP treatment to promote Th2 responses in the context
of a Th2-skewed genetic background. To that end, we employed naive DO11.10*CD4* T
cells homozygous for 114raR576, an allergy and asthma-associated human IL-4 receptor
alpha chain (IL-4Ra) polymorphism which is especially common in the populations of
African ancestry, including African Americans, and which promotes Th2 responses and
allergic airway inflammation22: 40, Naive DO11.10"CD4" T cells, derived from
DO11.10Rag2~/~114raR576 mice, expressed substantially more Th2 cytokines, and less
IFN-y when incubated with OV A3y3_339-pulsed BMDCs than their counterparts of
DO11.10Rag2~/~ mice (Fig. 2A-B). UFP upregulated the production of Th2 cytokines as
well as IL-17 and IFN-vy and by antigen-stimulated DO11.10*CD4*114raR576 T cells in a
manner that was completely blocked by GSI and Jagl antibody treatment relative to isotype
control (Fig. 2A-B). Analysis of the expression of the active Notchl intracellular domain
(Notchic), which mediates intracellular Notch 1 signaling revealed increased levels in OVA
+UFP treated cells along with increased transcripts of the Notch target gene Hes1 (Fig. 2C-
E). Increased Notchlc expression and Hes1 transcripts induced by UFP were inhibited by
treatment with the anti-Jagl antibody (Fig. 2C-E). Overall, these results indicate that the
Jag1/Notch pathway amplifies the production of Th cytokines by naive T cells, with a
skewing towards Th2 cytokines in the context of a pro-Th2 human polymorphism.
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To determine the impact of PM treatment in vivo, we examined the influence of exposure to
PM on the allergic response of WT BALB/c mice as compared to mice harboring the
[14raR576 polymorphism22. Accordingly, WT and 114raR576 mice were sensitized by intra-
peritoneal injection of OVA and then challenged by inhalation of 1% aerosolized OVA once
daily over 3 successive days. Control mice were sham sensitized with PBS and challenged
with aerosolized OVA. Subgroups of mice were treated intra-nasally with UFP (10 pg/
instillation) or PBS 2 hr before the OVA aerosol challenge®!. Sensitization and challenge of
WT mice with OVA resulted in a modest eosinophilic airway inflammatory response that
was amplified by the inclusion of PM exposure during the OVA challenge phase. In
contrast, OVA sensitization and challenge of 114raR576 mice resulted in robust airway
inflammation that was also amplified by PM exposure (Fig. 3A-1). Airway eosinophilia and
T cell infiltration, total and OV A-specific IgE responses, and Th2 and Th17 responses in
OVA-sensitized and challenged mice were all augmented by UFP exposure. Furthermore,
there was synergistic interaction between UFP and the 114raR576 allele in eliciting many of
these responses (Fig. 3A-I). UFP treatment induced increased Notchlc expression of similar
magnitude in lung T cells of OVA sensitized and challenged WT and 114raR576 mice (Fig.
3J). UFP also upregulated to a similar degree the expression of Jagl in DCs of treated mice
of both genotypes (Fig. 3K). These results establish a gene-environment interaction between
UFP and the 114raR576 allele in inducing allergic airway inflammation in vivo.

We also examined the capacity of UFP to complement the effects of a naturally occurring
allergen, house dust mite (D. pteronyssinus) in association with the 114ra4576 allele. Results
were concordant with those observed with OVA sensitization and challenge. Whereas WT
mice showed augmented inflammation with a combination of UFP and a low dose of D.
pteronyssinus (5 pg) in inducing airway inflammation, this interaction was markedly
amplified in the context of the 114ra4576 allele (Fig. E1 in this article's Online Repository).
These results confirm that UFP promote airway inflammation induced by a human allergen
in the context of a pro asthmatic human allele.

To elucidate the impact of different PMs in allergic airway response, 114raR576 mice were
sensitized and challenged with OVA alone or together with FP, UFP or CB. In line with
their respective abilities to upregulate Jagl expression, UFP and FP but not CB upregulated
allergic airway inflammation in OVA-sensitized 114raR576 mice (Fig. 4A-F). UFP were
more effective on mass basis than FP in enhancing OVA-induced airway inflammation,
consistent with their increased surface area/weight ratio and higher penetrance into the
airwayss°.

UFP upregulates allergic airway inflammation in a Jagl-dependent manner

We next examined the impact of treatment with anti-Jagl or an isotype control antibody on
the airway inflammatory response in 114raR576 mice sensitized and challenged with OVA
alone or together with UFP. Anti-Jagl antibody treatment had little or no effect on the OVA
challenge response in terms of tissue inflammation, goblet cell metaplasia airway
hyperresponsiveness, airway eosinophilia and IgE antibody response. In contrast, it inhibited
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the potentiation of the parameters induced by UFP (Fig. 5A-G). Similarly, anti-Jagl
antibody treatment inhibited the upregulation in cytokine production induced by UFP
treatment of OVVA-sensitized and challenged mice, including IL-4, IL-5, IL-13, IL-17 and
IFN-y as well as the eosinophil chemotactic factor CCL11 (Fig. 5H-J). In a separate set of
experiments, treatment of 114raR576 mice with a gamma secretase inhibitor (GSI), a Notch
pathway inhibitor, also reversed the upregulation by PM of these parameters of allergic
airway inflammation, consistent with a role for this pathway in disease promotion by PM

(Fig. 6).

The role of Jagl in mediating the upregulation by UFP of allergic airway inflammation was
also verified using house dust mites (D. Pteronyssinus) as an allergen. As in the OVA
model. UFP augmented several parameters of airway inflammation induced by D.
Pteronyssinus, including airway eosinophilia and Th cytokine production, in a Jagl-
dependent manner. These results identified Jagl induction as a common mechanism by
which UFP upregulates airway inflammation by different allergens (Fig. E2 in this article's
Online Repository).

UFP upregulates Jagl by an AhR-dependent mechanism

PM, particularly UFP, contain polycyclic aromatic hydrocarbons that act in part via the AhR
receptor to induce cellular responses®?: 43, UFP collected at night and in the early morning,
which are enriched in PAH and other semi-volatile hydrocarbons, were more effective in
inducing Jagl expression in mouse BMDCs than those collected in the afternoon, which are
depleted of those compounds (Fig. 7A). An obligate role for the AhR in the induction by
UFP of Jagl expression was confirmed by several approaches. The AhR agonist 6-FICZ
recapitulated the capacity of UFP to induce Jagl protein and transcript expression in
BMDC:s as determined by flow cytometry and real time PCR analysis, respectively.
Reciprocally, the selective AHR receptor antagonist CH223191 inhibited the capacities of
UFP and 6-FICZ to induce Jagl expression (Fig. 7B—C). Importantly, deletion of a floxed
AhR allele in BMDCs by co-expression of a CD11c-driven Cre recombinase transgene
(CD11c-Cre*AhRA2) abolished Jagl induction by UFP and 6-FICZ (Fig. 7D). This was
associated with profoundly decreased expression of mMRNA encoding Jagl and Ahr as
determined by real time PCR (Fig. 7E-F).

We analyzed the murine Jagl promoter for evidence of AhR response elements, and
identified candidate binding sites that incorporate the conserved central GCGTG core of the
consensus AhR response element (T/GNNGCGTGA/CG/CA) in the proximal promoter
region at positions =675, —575 and —515 (Fig. 7G)*4. Chromatin immunopercipitation
(ChlIP) assays confirmed that stimulation with UFP, and to lesser extent 6-FICZ, resulted in
the immunoprecipitation of all three sites with an AHR antibody, with site 2 being the most
active (Fig. 7H-J). We further analyzed the capacity of the respective sites to drive
expression of a luciferase reporter gene under control of a minimal promoter in primary
BMDCs. Stimulation of transfected cells with UFP or 6-FICZ resulted in increased
luciferase expression driven by site 2, and to a lesser extent site 3, while site 1 was inactive
(Fig. 7K). A luciferase reporter driven by a Jagl promoter sequence spanning all 3 sites
exhibited similar activity to one driven by site 2, indicating that the latter is the main target
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of AhR in the proximal Jagl promoter (data not shown). These results establish that UFP
activates AhR to induce Jagl expression by a mechanism involving direct transcriptional
activation of the Jagl promoter.

We analyzed the role of AhR in the upregulation by UFP of Th cytokine expression in naive
DO011.10*CD4* 114raR576 T cells activated by OV Az,3_339 pulsed BMDCs using the AhR
antagonist CH223191. Results revealed that treatment with CH223191 inhibited the
upregulation by UFP of Th cytokine expression in activated DO11.10" T cells (Fig. E3A in
this article's Online Repository). Treatment with the AhR antagonist decreased the
expression of Notchlc and the transcription of the Notch target gene Hesl in activated
DO11.10* T cells (Fig. E3B-D in this article's Online Repository). These results, together
with those of Fig. 5, are consistent with the upregulation by UFP of Th cytokine expression
in DO11.10* T cells/OVA3,3_339-pulsed DC cultures by an AhR-Jagl-mediated mechanism.

We determined the impact of lineage-specific deletion of AhR in CD11c* cells on the
airway inflammation in mice sensitized and challenged with OVA alone or with UFP.
CD11c cell-specific deletion of AhR in CD11c-Cre*AhRY2 mice had a modest effect on the
OVA challenge response in terms of airway eosinophilia, IgE antibody generation and Th
cytokine production. In contrast, it inhibited the potentiation of these parameters induced by
UFP (Fig. 8). We further confirmed these results using the AhR antagonist CH223191,
given during the challenge phase to 114raR576 mice sensitized and challenged with OVA or
D. Pteronyssinus alone or in the present of UFP. CH223191 treatment had a modest effect
on OVA or D. Pteronyssinus challenge responses in terms of airway eosinophilia, IgE
antibody generation and Th cytokine production, but inhibited the potentiation of these
parameters induced by UFP (Fig. E4 and ES5 in this article's Online Repository). Overall,
these results supported a central role for AhR activation in mediating the trophic effects of
UFP on allergic airway inflammation.

DISCUSSION

In this report, we provide evidence that traffic-related PM, a major environmental pollutant
implicated in increased incidence and severity of asthma, acts to promote allergic airway
inflammation by modulating the expression of components of the Notch pathway. Studies on
human monocytes and murine DCs confirmed the upregulation by PM of specific
components of the Notch pathway, including Jagl, Notchl and Fringe enzymes, as well as
down-stream targets of the Notch pathway. Furthermore, upregulation by PM of allergic
airway inflammation was dependent on the induction of Jagl expression, which proceeded
by an AhR-dependent mechanism. These results outline a mechanistic cascade by which PM
modulate the function of key developmental and regulatory pathways implicated in the
differentiation of Th subsets to promote disease.

The functional significance of the modulation of Notch pathway component expression by
PM was revealed in both in vitro and in vivo studies. In vitro, PM augmented the capacity of
OV Ag3,3_339 peptide-presenting BMDCs to induce Thi, -2 and -17 cytokines in naive
DO011.10* T cells in a Jag1l-dependent fashion. These results are consistent with recently
reported function of Notch as an unbiased amplifier of Th cell differentiation*®. In the
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context of a pro-Th2 genetic element, the human 114raR576 polymorphism, PM also
upregulated production of the different Th cytokines, albeit with a Th2-skewed profile that
reflected the inherent Th2 bias of the responding 114raR576 T cells. In vivo, PM exposure
also interacted with 114raR576 to promote allergic airway inflammation in a Notch pathway-
dependent manner. These findings implied that the inflammatory outcome of exposure to
PM is orchestrated by Notch signaling under the influence of the prevailing Th bias of the
responding host. Thus, PM may interact with host pro-allergic and asthmatic genetic factors
to promote allergic diseases and asthma. Similarly, PM components may interact with other
genetic host factors to promote different outcomes such as chronic obstructive lung disease
and atherosclerosis.

The mechanism by which PM induced Notch pathway components involved activation of
the AhR pathway. Treatment with a selective AhR inhibitor or deletion of AhR in CD11c*
DCs cells abrogated the induction by PM of Jagl expression in BMDCs and suppressed
their capacity to upregulate Th cytokine expression by antigen-specific naive T cells.
Pharmacological AhR inhibition or lineage-specific deletion of AhR in CD11c* cells also
abrogated the upregulation by PM of airway inflammation. Induction by AhR of Jagl
expression involved direct activation of Jagl promoter at specific AhR response elements.
PM, especially UFP, are enriched in polycyclic aryl hydrocarbons (PAH), agonistic ligands
for the AhR, which have been previously tied to the adjuvant like-effect of these
particles** 46 47_Qur results provide a molecular basis for PM adjuvancy by linking AhR
activation by PAH of PM to the induction of Jagl expression on antigen presenting cells and
consequently Notch signaling in T cells.

Unlike larger sized particles, UFP are not regulated by the US Environmental Protection
Agency (EPA). Nevertheless, comparison of the different particles revealed that UFP were,
per unit weight, the most effective among the particles tested in inducing Jagl-dependent
airway inflammation. The smaller effective aerodynamic diameter of UFP enables deeper
penetration into the airways as compared to larger particles. Also, the larger surface area per
particle unit weight, greater PAH content and higher oxidant potential all enable more potent
biological responses*’. Aside from the respiratory system, UFP exposure has been
associated with cardiovascular and neurological diseases, especially atherosclerosis*8-50,
The role of the AhR-Jag1/Notch pathway in mediating extra-pulmonary effects of UFP and
other particles remains to be established.
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Fig 1.

PI\%I induce components of the Notch pathway in human peripheral blood monocytes and
mouse BMDCs. (A) Hierarchical clustering analysis of gene transcripts of human
monocytes that were either sham treated with PBS or treated with DEP (10 pg/ml; 4h). (B)
Gene expression fold change in human monocytes after treatment with DEP. Genes related
to the Notch pathway are indicated in red. (C) mRNA expression of the indicated Notch
pathway component in BMDCs treated with PBS, UFP, FP or CB (10 pg/ml each). (D) Flow
cytometric analysis of Jagl and Notchl in murine BMDCs treated with PBS, FP, UFP or
CB. (E) Fold change of Jag1 transcripts in BMDCs derived from either WT, TIr4™/~, Nrf2~/~
or NIrp3~/~ mice and treated with PBS, UFP (10 pg/ml) or LPS (1 pg/ml). For panels (A)
and (B), results are representative of 1 experiment with N=8. For panels (C-E), results are
representative of 3 independent experiments. N=10/15 mice per group. *p<0.05; **p<0.01;
***p<0.001. 1-way ANOVA with post-test analysis and Student’s unpaired two tailed t test.
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UFP promote Th cytokine production in a Jagl-dependent manner. (A and B) Th cytokine
production by naive WT and 114raR576 CD4*D011.10"Rag2~/~ T cells co-cultured with
OVA-pulsed BMDCs in the presence of UFP (10 ug/ml), sham, GSI (5 uM), anti-Jagl mAb
or an isotype control (2.5 ug/ml). (C and D) Flow cytometric analysis (C) and mean
fluorescent intensity (D) of intracellular Notchl (Notchl1-c) expression in 114raR576
CD4*D011.10*Rag2~/~T cells co-cultured with the OV Azp3_339-pulsed BMDCs in the
presence of UFP and anti-Jagl mAb. (E) Hes1 mRNA expression by T cell co-cultured as
described in panel (B). Results are representative of 3 independent experiments. *p<0.05,
**<0.01, ***<0.001, ****<0.0001 by two way ANOVA with Bonferroni post test analysis.
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UFP synergizes with 114raR576 to promote OVA-induced allergic airway inflammation. (A)
Representative PAS staining of lung sections isolated from WT and 114raR576 mice
immunized/challenged with PBS/OVA (PBS), OVA/OVA (OVA) or OVA/ OVA+UFP
(OVA+UFP) (200% magnification). (B and C) Inflammation score (B) and PAS scores (C)
from the mouse groups shown in (A). (D) Flow cytometric analysis of eosinophils (Siglec-
F+Gr-1intermediatey and neutrophils (Siglec-F~Gr-1M9") in the BAL fluid of them mouse
groups described in panel (A). Numbers indicate the average frequencies of the respective
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population in each rectangle. (E and F). Eosinophils (E) and T cells (F) absolute numbers in
the BAL fluid of the mouse groups described in panel (A). (G and H) Total (G) and OVA-
specific (H) IgE levels in the serum of the mouse groups described in panel (A). (1) 114, 1113,
1117, 115, Ifng, Ccl11 mRNA expression in WT and [14raR576 mice lung tissues after PBS,
OVA or OVA-UFP treatment. (J and K) Flow cytometric analysis of Notchl-c (J) and Jagl
(K) expression by the CD4* T cells isolated from the lungs of the mouse groups described in
panel (A). Results are representative of 3 independent experiments. N=5 mice/group.
*p<0.05, **<0.01, ***<0.001, ****<0.0001 by two way ANOVA with Bonferroni post test
analysis.
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UFP and FP but not CB upregulated allergic airway inflammation in OVA-sensitized
[14raR576 mice. (A) Flow cytometric analysis of eosinophils and neutrophils in the BAL
fluids of 114raR576 mice in PBS, OVA, OVA+CB, OVA+FP or OVA+ UFP groups. (B and
C) Absolute numbers of eosinophils (B) and T cells (C) in the BAL fluids of the mouse
groups from panel (A). (D and E) Total (D) and OVA-specific (E) IgE levels in the serum
the mouse groups from panel (A). (F) 114, 1113, 1117, 115, Ifng and Ccl11 mRNA expression
in in the lung tissues of the mouse groups from panel (A). Results are representative of 2
independent experiments. N=4-5/group. *p<0.05, **<0.01, ***<0.001, ****<0.0001 by two
way ANOVA with Bonferroni post test analysis.
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Fig 5.

UIgP enhances OVA-induced airway inflammation in a Jagl-dependent manner. (A)
Representative H&E staining (upper panels) and PAS (lower panels) staining of lung tissues
isolated from I14raR576 mice sensitized and challenged with OV A alone, or together with
UFP, in the presence of anti-Jagl or an isotype control mAb (200x magnification). (B and
C) Inflammation (B) and PAS scores (C) in lung tissues of the mouse groups described in
panel (A). (D-G) Airway hyper-responsiveness in response to methacoline (D), Absolute
numbers of eosinophils in the BAL fluids (E), total (F) and OVA-specific (G) levels in the
serum of the mouse groups described in panel (A). (H) Flow cytometric analysis of cytokine
expression by CD4" T cells present in the BAL fluids of 114raR576 mice sensitized with
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OVA together with UFP. (1) Absolute numbers of lung CD4*T cells producing IL-4, 1L13,
IL-17 and IFN-vy in the BAL fluids of the mouse groups described in panel (A). (J) 114, 1113,
1117, 115, Ifng and Ccl11 mRNA expression in in the lung tissues of 114raR576 in PBS, OVA
or OVA-UFP groups treated with either isotype control or anti-Jagl mAb. Results are
representative of 2 independent experiments. N=5 mice/group. *p<0.05, **<0.01,
***<0.001, ****<0.0001 by two way ANOVA with Bonferroni post test analysis.
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Fig 6.

UEP promotes OVA-induced airway inflammation in a Notch-dependent mechanism. (A).
Representative PAS staining of lung tissues of 114raR576 mice in PBS (i), OVA (ii), OVA
+UFP (iii) and OVA+UFP+GSI (iv) groups (200x magnification). (B and C) Inflammation
and PAS scores of the mouse groups shown in panel (A). (D) Flow cytometric analysis of
eosinophils and neutrophils in the BAL fluids isolated form the mouse groups described in
panel (A). (E and F) Absolute numbers of eosinophils (E) and T cells (F) in the BAL fluids
of the respective mouse groups. (G and H) Total (G) and OVA-specific (H) levels in the
serum of the mouse groups described in panel (A). (1) 114, 1113, 1117, 115, Ifng and Ccl11
mRNA expression in in the lung tissues of 114raR576 mice in PBS, OVA, OVA+UFP or
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OVA+UFP+GSI groups. Results are representative of 2 independent experiments. N=5/
group. *p<0.05, **<0.01, ***<0.001, ****<0.0001 by one and two way ANOVA with
Bonferroni post test analysis.
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Fig 7.

UFP activates AhR to induce Jagl expression. (A) Fold change of Jagl transcripts in
BMDCs treated with PBS, Af-UFP, UFP and N-UFP (10 pg/ml). (B and C) Flow cytometric
analysis of Jagl expression (B) and Jagl mRNA levels (C) in BMDCs treated with DMSO
(sham), UFP, AhR agonist 6-FICZ, in the presence or absence of AhR antagonist
CH223191. (D-F) Flow cytometric analysis of Jagl expression (D) and Jagl (E) and Ahr
(F) mRNA levels in WT or CD11c-Cre*AhRYA BMDCs. (G) Schematic representation of
candidate AhR bindings sites in the proximal Jagl promoter. (H-J) ChIP analysis of AhR
binding to candidate response elements in the Jagl promoter in BMDCs treated with the
indicated reagents. (K) Luciferase activity in BMDCs transfected with luciferase reporters
driven by individual candidate Jagl AhR response elements then treated with vehicle
(DMSOQ), UFP or 6-FICZ. Results are representative of 3 independent experiments. N=3-7/
group. p***<0.001, ****<0.0001 by one and two way ANOVA with Bonferroni post test
analysis.
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Fig 8.

AR lineage-specific deletion in CD11c™ cells confers protection against OVA and OVA
with UFP induced airway inflammation. (A) Representative PAS-stained sections of lung
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isolated from WT and CD11c-Cre*AhRAY2 mice in PBS, OVA or OVA+UFP groups (200x
magnification). (A and B) Histological inflammation (B) and PAS scores (C) in the lung
tissues isolated from the mouse groups described in panel (A). (D) Flow cytometric analysis
of eosinophils and neutrophils in the BAL fluids in of WT and CD11c-Cre*AhRA2 mice in
PBS, OVA or OVA+UFP groups. (E and F) Eosinophils (E) and T cells (F) absolute
numbers in the BAL fluids of WT and CD11c-Cre*AhRY2 mice in PBS, OVA or OVA
+UFP groups. (G and H) Total (G) and OVA-specific (H) IgE levels in the serum of the
mouse groups described in panel (A). (1) Absolute numbers of lung CD4*T cells secreting
IL-4, 1L13, IL-17 and IFN-y in the BAL fluids of the mouse groups described in panel (A).
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Results are representative of 2 independent experiments. N=5 mice/group. *p<0.05,
**<0.01, ***<0.001, ****<0.0001 by two way ANOVA with Bonferroni post test analysis.
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