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Abstract

Atmospheric particulate matter (PM) is a complex component of air pollution and the leading
environmental risk factor for death worldwide. PM is formed from a combination of primary
sources that emit PM directly into the atmosphere and secondary sources that emit gaseous
precursors which oxidize in the atmosphere to form PM and composed of both inorganic and
organic components. Currently, all PM is regulated by total mass. This regulatory strategy does not
consider individual chemical constituents and assumes all PM is equally toxic. The chemically-
extracted organic fraction (OF) of PM retains most organic constituents such as polycyclic
aromatic hydrocarbons (PAHSs) and excludes inorganics. PAHs are ubiquitous environmental
toxicants and known aryl hydrocarbon receptor (AHR) ligands. This study addressed the role of
individual components, specifically PAHs, of PM and how differences in chemical composition of
real-world samples drive differential responses. This study tested the hypothesis that real-world
extracts containing different combinations and concentrations of PAHSs activate the AHR and
enhance T helper (Th)17 differentiation to different degrees based on specific PAHSs present in
each sample, and not simply the mass of PM. The ability of the real-world OF, with different PAH
compositions, to enhance Th17 differentiation and activate the AHR was tested /7 vitro.
Cumulatively, the results identified PAHSs as possible candidate components of PM contributing to
increased inflammation and demonstrated that the sum concentration of PAHs does not determine
the extent to which each PM activates the AHR and enhances Th17 differentiation suggesting
individual components of each PM, and interactions of those components with others in the
mixture, contribute to the inflammatory response. This demonstrates that not all PM are the same
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and suggests that when regulating PM based on its ability to cause human pathology, a strategy
based on PM mass may not reduce pathologic potential of exposures.

Keywords

Atmospheric particulate matter; Chemically-Extracted organic fraction; Th17 differentiation;
Polycyclic aromatic hydrocarbons; Aryl hydrocarbon receptor

1. Introduction

Air pollution has emerged as a leading risk factor for disease and deaths worldwide.
Currently, atmospheric pml poses the greatest environmental risk for death worldwide,
ranking as the 6! leading cause of mortality (Institute, 2018). According to the World
Health Organization’s Air Quality Guideline for PM, over 95% of the world’s population
breathes unhealthy air (Institute, 2018). PM is a formed from a combination of primary
sources that emit PM directly into the atmosphere and secondary sources that emit gaseous
precursors which oxidize in the atmosphere (Bell, 2012; Council, N.R., 2010; Kelly and
Fussell, 2012). Each individual component of PM can be generated from multiple sources
and each of these sources has the capacity to generate multiple different components all of
which contributes to the complexity of PM (Kelly and Fussell, 2012). These diverse primary
emission sources in conjunction with secondary atmospheric chemical reactions lead to the
complex mixtures of PM components that include inorganics such as metals, nitrates,
sulfates, and organic compounds, such as PAHs?2 (Cheung et al., 2011; Vincent et al., 1997).
Given the complexity of these mixtures, identifying specific exposures, routes of exposure,
and mechanisms leading to death and disease has proven particularly difficult.

All atmospheric PM is currently regulated by total mass of PM and does not consider
individual chemical constituents. This regulatory strategy assumes that all PM is equally
toxic, despite its complexity and heterogeneity. Efforts have been made to identify the active
component (s) of PM responsible for increased morbidity by testing the effects of the intact
PM or the chemically-extracted OFS3 adsorbed to it (Ma and Ma, 2002). The OF of PM
retains the organic constituents, including toxicants such as PAHSs, and excludes inorganics.
Among the PAHSs that are present, 15 are classified by the U.S. EPA as priority pollutants
and are disease and cancer-causing agents (Agency 2002; Program 2016). Additionally,
PAHs are known ligands of the AHR4 (DeGroot et al., 2011). Not only are classical U.S.
EPA priority PAHs potent inducers of AHR, additional PAHSs as well as their polar
derivatives have also been shown to be important contributors to AHR-mediated activities in
animal and human cells (Andrysik et al., 2011; Libalova et al., 2014; Vondracek et al.,
2017).

The AHR is a ligand-activated transcription factor that responds to xenobiotic toxicants,
such as PAHSs, as well as endogenous ligands (Carver and Bradfield, 1997). Once activated,
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the AHR upregulates transcription of CYP® metabolizing enzymes among other targets
(Carver and Bradfield, 1997). The AHR is expressed in several T cell subsets, but most
highly expressed in Th617 cells and is minimally expressed in naive ThO cells (Mascanfroni
et al., 2015; Veldhoen et al., 2008). Likewise, Th17 cells have increased expression of
interleukin (IL)-17, a pro-inflammatory cytokine, while naive ThO cells do not express any
IL-17 (Veldhoen et al., 2008). The AHR is critical in the balance of Treg7 and Th17 cells
(Quintana et al., 2008; Veldhoen et al., 2008). The extent and duration of AHR activation
shifts the balance between these effector and regulatory responses (Ehrlich et al., 2018).
Th17 cells are characterized by the production of IL-17 and are generally pro-inflammatory
T cells (Tesmer et al., 2008), which may play role in pathology derived from PM exposure.
Our recent work has found that an ambient urban dust particle, SRM1649b, and it’s
chemically-extracted OF, both of which contain PAHs, enhanced Th17 differentiation in an
AHR-dependent manner /n vitro (van Voorhis et al., 2013). Moreover, a diesel exhaust
extract and cigarette smoke extract, both which contain PAHSs, enhanced Th17 differentiation
and an individual PAH, benzo[A]fluoranthene enhanced Th17 differentiation /7in an AHR-
dependent manner /n vitro (van Voorhis et al., 2013). We also recently reported that
synthetic PAH mixtures containing 15 PAHs, most of which are from the U.S.EPA priority
pollutant list, that replicate the PAH milieu present in standardized PM samples enhanced
Th17 differentiation in an AHR-dependent manner (O’Driscoll et al., 2018). Finally,
multiple studies have demonstrated that PAHs are a major contributor of AHR-mediated
responses /n vitro (Andrysik et al., 2011; Libalova et al., 2014). Taken together, these results
demonstrate that PAHs enhance Th17 differentiation through the AHR and have been shown
to be a major contributor of AHR-mediated responses, suggesting that PAHs present in PM
and derivative OF may activate the AHR and enhance Th17 differentiation.

The current study addresses the overarching question of whether all PM samples of the same
size elicit the same biological effects and thus should be regulated the same. More
specifically, it addresses the role of individual components of PM and how the differences in
chemical composition drive differential responses. The diversity of PAHs found in different
PM samples leads to differences in the extent and duration of AHR activation, which can
impact T cell status, by shifting the balance from regulatory to effector responses. Given
this, we hypothesized that real-world samples containing different mixtures and
concentrations of PAHs would activate the AHR and enhance Th17 differentiation to
different degrees based on individual components of each sample, and not simply the mass
of PM. We tested the ability of the real-world OF, with different PAH compositions, to
enhance Th17 differentiation and activate the AHR /n vitro. Motor oil, which does not
contain PAHSs, had no effect on Th17 differentiation or AHR activation. Barley straw smoke,
the sample with the highest PAH concentrations, was the most potent sample measured by
the dose sufficient to enhance Th17 differentiation and activate AHR. Interestingly,
Riverside, an ambient urban dust particle collected in California, was more potent than Pine
wood smoke, despite having fewer PAHSs and a lower total sum of PAH concentrations.
These results identify PAHSs as possible candidate components of PM contributing to
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increased morbidity. Moreover, the specific PAHs present and in each PM, rather than the
sum concentration of PAHs, may determine the extent to which each PM activates the AHR
and enhances Th17 differentiation leading to the observed differences. Together these results
strongly demonstrate that not all PM have the same potential for causing inflammation. The
implications of these results suggest that PAHs present in PM elicit different biological
effects and specific individual PAHs, as well as the mixtures they makeup, alter these
responses. More effort should be put forth to identify the specific PAHs and other active
components that may lead to increased biological responses that could cause human disease,
as not all PM responds the same and even those samples that have more PAHs do not have
the strongest response.

2. Methods

2.1. Mice

Wild-type (WT), C57BL/6 J mice were obtained from Jackson Laboratories (stock#
000,664) or bred in house in a Specific Pathogen Free facility. All mice were maintained
under specific, pathogen free conditions. All animal experiments were performed in
accordance with protocols approved by the School of Medicine and Public Health
Institutional Animal Care and Use Committee at the University of Wisconsin-Madison. All
mice were anesthetized using isoflurane anesthesia, and all efforts were made to minimize
suffering.

2.2. Sample collection

Riverside, Barley straw smoke, and Pine wood smoke samples were collected as PM and
extracted using a methylene chloride (DCM8) dimethyl sulfoxide (DMSOg) solvent
extraction process to get the OF. The chemically-extracted OF excludes the metals and
inorganics and retain most of the organic constituents.

Motor oil is a sample of Valvoline Premium Conventional 5W-20 motor oil. Motor oil is
composed of virtually all organic constituents and because of this Motor oil was dissolved in
the same solvents, DCM followed by DMSO, as all other samples, but did not undergo an
extraction.

Riverside is an ambient urban dust particle collected at the University of Southern California
in Riverside, representing a downwind site of the LA basin, every 6 days from May 2009 to
April 2010 (Heo et al., 2013). A detailed description of the sampling method is described
elsewhere (Heo et al., 2013). The Riverside sample used in the current study is an annual
composite of the PM collected. Briefly, the PM, 5 samples were collected on quartz-fiber
filters by a URG-3000B medium volume sampler (URG, Chapel Hill, NC).

Barley straw smoke is a smoke sample collected from an experiment conducted at the
National Institute for Agro-Environmental Sciences (Tsukuba, Japan) in which barley straw
was burned and the smoke PM emissions were collected (Fushimi et al., 2017). An in-depth
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description of the burning experiment and emission collections are reported elsewhere
(Fushimi et al., 2017). Briefly, a stainless-steel combustion hood was used to simulate open
burning of barley straw. The hood was placed on the soil surface on a field and the barley
straw was placed inside the hood and ignited. The PM emissions were collected from the
exhaust duct of the hood. A portion of the exhaust was continuously sampled from ignition
until the end of combustion.

Pine wood smoke is a smoke sample collected from burning kiln dried red pine. The
combustion emissions of kiln dried red pine were collected in a controlled experiment
similar to that described in Olson et al. (Olson et al., 2015). Pine logs were combusted in a
cast iron stove and emissions were diluted with high efficiency particle air (HEPA) filtered,
activated carbon scrubbed primary dilution air collected through a sample port located
approximately one foot below the stack opening. The split-stream of the diluted emission
was collected on 47 mm pre-baked quartz filters. The PM was size segregated using a PM, 5
size selective cyclone at a flow rate of approximately 13 liters per minute. The pine logs
were burned for approximately 1 h prior to sampling and were ignited using an electric coil
starter. Similar source emissions are described in more detail by Schauer et al. (Schauer et
al., 2001).

2.3. OF extraction

The Pine wood smoke was prepared by extracting the samples with DCM using a Soxhlet
extractor. The DCM extraction was conducted for 24 h with nominally 5 solvent cycles per
hour. The extracts were then reduced in volume by evaporating the solvent by directing a
high-purity, gaseous nitrogen stream into the sample, which was held at 50 °C in a water
bath. The solvent evaporation continued until the extract volume reached 0.1 mL. 1.0 mL of
hexane was then added to the concentrated extract and the volume was reduced by the
nitrogen blow down to 0.1 mL. This process was repeated twice to transfer the extract into
hexane and remove the DCM. After the three hexane transfers, 0.2 mL of DMSO was added
the residual hexane was evaporated with nitrogen under the same conditions for 30 min.
Additional DMSO was then added to obtain the final extract concentration.

The OF of the Riverside and Barley straw smoke samples were isolated from filters with 2
mg of 0C19in 250 mL glass jars containing 30 mL of DCM. The glass jars were sonicated
for 3 times for 20 min for a total of 60 min, with 30 mL s of DCM added each time resulting
in 90 mL s. Using a rotovapor, the volume of the solution was decreased from 90 mL to 2.5
mL at 40 °C. The remaining 2.5 mL of concentrate was transferred to a 10 mL test tube and
blown down with nitrogen to 2 mL at 50 °C. The extract was filtered and transferred to a
new 10 mL test tube and dried down under nitrogen to 0.5 mL. Then, the extract was
transferred to a 2 mL amber vial and dried down under nitrogen to 0.1 mL. To remove any
remaining DCM, 0.5 mL of n-hexane was added to the 0.1 mL and dried down again to 0.1
mL, this was repeated 3 times. Lastly, 0.25 mL of DMSO was added and placed under
nitrogen for about 1 h. After 1 h, all the n-hexane was completely evaporated.

10Organic carbon
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For all samples, PAH levels were measured in the extracts using a GC/MS (6980 GC and a
5973 Inert MS; Agilent) and a HP-5MS 30-meter-long, 0.25 mm inner diameter, 0.25 um
film thickness column (Agilent).

2.4. lIsolation of naive T cells and T-cell differentiation

Naive CD4" T cells were isolated by negative selection and purified from male or female
adult C57BL/6 J WT using CD4™ Isolation Kit (Miltenyi) in conjunction with QuadroMACS
separator (Miltenyi). Media used for cultures was RPMI 1640 (Cell Gro) supplemented with
Hepes buffer (Cell Gro), non-essential amino acids (Cell Gro), sodium pyruvate (Cell Gro),
penicillin/streptomycin/glutamine (Cell Gro), 2-Mercaptoethanol (Life Technologies) and
5% FBS (Hyclone).

Purified naive CD4* T cells were plated in 96-well plates at 150,000 cells per well in 100 uL
and stimulated with plate-coated anti-CD3 (1 pg/ml; R&D Systems) at 4 °C for 24 h and by
soluble anti-CD28 (1 ug/mL, BD) added at time 0. Cells were differentiated under Th17
conditions (human TGF-B (5 ng/mL; R&D Systems), murine IL11.6 (50 ng/mL; R&D
Systems), for 72 h (3 days) at 37 °C and 5% CO,. All cultures included one positive control,
FICZ12 (200 nM; Enzo Life Sciences), which is a tryptophan photoproduct and endogenous
high affinity AHR ligand. The positive control was added to the culture at a final
concentration of 200 nM and used to determine whether the differentiation cultures were
prepared appropriately, and naive cells responded and differentiated (Supplementary Fig. 1).
All treatments were done in duplicate or triplicate on each 96-well plate and cultured for 3
days. On day 3, cells were harvested for flow cytometry and mRNA analysis and cell
supernatants were collected for ELISA.

2.5. OF treatments

Cells were exposed to a dose response of Riverside, Barley straw smoke, Motor oil, or Pine
wood smoke, SRM131649b, SRM1650b, or SRM2975 OFs (Dr. James Schauer, WSLH,
Madison, WI) and Solvent control (Dr. James Schauer, WSLH, Madison, WI) for 72 h added
to the culture at time 0. The treatments were diluted into media for a final volume of 100 pL,
making the total volume in each well of the 96-well plate 200 pL. The treatment doses
chosen were based on OC content because it is extractable and all OF treatments can be
normalized to it. Motor oil was normalized based on volume of solvent because the sample
was dissolved in solvent and not extracted. The highest dose was 10 ug/mL OC and the
lowest dose was 0.00001 pg/mL OC.

2.6. Intracellular cytokine staining for T cells

Intracellular cytokine staining for T cells was conducted on day 3, after the T cells were
cultured for 72 h. The cultured cells were stimulated with Cell Stimulation Cocktail
(eBioscience) for 5 h. Brefeldin A 1000X (eBioscience) was added for the final 4.5 h. Cells
were then fixed and permeabilized with Intracellular Fixation & Permeabilization Buffer

Ujnterleukin
126-formy|indo|o[3,2-b] carbazole
Standard reference material
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(eBioscience) or Foxp3/Transcription Factor Staining Buffer Set (eBioscience) and
intracellular cytokines overnight at 4 °C T cells were stained with LIVE/DEAD Fixable
Blue Dead Cell Stain Kit for UV Excitation (Invitrogen) or Ghost 780 (Tonbo) prior to
fixation. Cells were stained with CD4 (BUV395; BD or PE, PeCy5, FITC; eBioscience) and
TCRB (PeCy7; eBioscience) for extracellular markers. Cells were stained with IL-17 A
(FITC or PE; eBioscience), and/or KI67 (PE; eBioscience). Stained cells were analyzed on
Fortessa (BD), Attune NXT (Invitrogen), or Accuri C6 (BD). Data was analyzed using
FlowJo software (TreeStar). Flow plots showing percent live cells are showing the percent
live cells of total lymphocytes. Flow plots show IL-17 producing cells as percent cytokine
producing cells of CD4*TCRB™ Live cells or TCRB* Live cells.

2.7. ELISAs

Supernatant was collected from in vitro Th17 cultures on day 3 and analyzed for mouse
IL-17 by ELISA according to manufacturer’s instructions (R&D Systems).

2.8. Quantitative real time PCR (qRT-PCR)

Total RNA was extracted using a RNeasy Mini Kit (Qiagen). cDNA synthesis was
completed using SuperScript IV VILO Master Mix (Invitrogen). The qRT-PCR was
performed on the Applied Biosystems 7900 H T Fast Real-Time PCR system using Tagman
Gene Expression Assays and Tagman Universal PCR Mastermix (Life Technologies).
Tagman Gene Expression Assays used include: Actin b, Mm02619580 g1; IL-17 A,
mm00439619 _m1; Cypl Al, Mm00487218_m1. Data were analyzed using the AACt
method with actin serving as the endogenous reference.

2.9. Statistics

Statistics were analyzed using GraphPad Prism version 8. For all /n vitro analyses the
question asked was: Is there an interaction between treatment and dose for the different
samples? The two variables tested were treatment and dose. A test of normality was
conducted to determine whether the statistics would be parametric or nonparametric. A 2-
way repeated measures analysis of variance (ANOVA) was performed with p value < 0.05.
The treatments were Riverside, Barley straw smoke, Motor oil, Pine wood smoke or solvent
control and 8 doses were tested with the highest dose being 10 pg/mL OC and the lowest
dose 0.00001 pg/mL OC. For the comparison of different endpoints across samples, a 2-way
repeated measures ANOVA was used if each sample had the same number of data points for
a given measure. In cases, where each sample did not have the same number of data points
for a given measure, a Mixed-effects model was conducted.

3. Results

3.1. Riverside OF enhances Th17 differentiation and increases CYP1 A1 mRNA at high
concentrations in vitro

Given that our lab previously showed that the chemically-extracted OF of an ambient urban
dust PM, SRM1649b, enhanced Th17 differentiation to the same extent as the PM and that
individual PAHs (van Voorhis et al., 2013) and synthetic PAH mixtures based on PAHs
present in PM enhanced Th17 differentiation /n vitro (O’ Driscoll et al., 2018; van Voorhis et
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al., 2013), we tested real-world sample OFs and hypothesized that those samples containing
the highest levels of PAHs would activate AHR and enhance Th17 differentiation to a
greater degree than other samples and samples containing no PAHs would have no effect on
AHR activation or Th17 differentiation /n vitro. To test this hypothesis, Riverside, an
ambient pollution sample collected Riverside, CA between 2009-2010, was fractionated and
its derivative OF tested. Naive CD4 positive T cells were isolated from spleens of C57BL/6 J
WT mice and exposed to a dose-response of Riverside OF or solvent control on day 0,
cultured under Th17 conditions for 3 days. Supernatant was collected for IL-17 ELISA,
mMRNA was collected, and flow cytometry was performed to measure the percent live cells,
percent IL-17 expressing cells, and percent of proliferating cells using K167 stain.

There was no significant difference in percent live cells at any concentration for Riverside
except at 10 ug/mL OC, in which Riverside had significantly more live cells than solvent
control (Fig. 1A and B). Moreover, Riverside significantly enhanced Th17 differentiation,
measured by percent of IL-17 positive cells, at 10 and 5 pg/mL OC (Fig. 1C and D).
Additionally, an IL-17 ELISA was performed on supernatants collected on day 3 of culture
and a significant increase of IL-17 protein was measured at 5 pg/mL OC Riverside compared
to solvent control (Fig. 1E). There was no difference in IL-17 mRNA expression (Fig. 1F).
To test whether Riverside activated the AHR, CYP1 A1 mRNA levels were measured and
Riverside exposure increased CYP1 A1 mRNA levels at 10 and 5 pg/mL OC (Fig. 1G).
Next, we measured the percent of KI67 high cells, a marker for proliferating cells, to
determine if the enhanced Th17 differentiation measured after Riverside exposure was due
to enhanced proliferation. There was a significant difference in the percent of KI67 high
cells of the total CD4*TCRg cells at 10 pg/mL OC, but no difference in the percent of KI67
high cells of IL-17 positive cells (Fig. 1H).

3.2. Barley straw smoke enhances Th17 differentiation and increases CYP1 A1 mRNA at
high concentrations in vitro

Next, a real-world source sample was tested. Barley straw smoke, a smoke sample collected
from barley straw burning in Japan, was tested for its ability to enhance Th17 differentiation
and activate the AHR. Naive CD4 positive T cells were isolated from spleens of C57BL/6 J
WT mice and exposed to a dose-response of Barley straw smoke OF or solvent control on
day 0, cultured under Th17 conditions for 3 days, and supernatant was collected for IL-17
ELISA, mRNA was collected, and flow cytometry was performed. Barley straw smoke
exposure caused significant increase in cell death, measured by percent live cells, at 10 and 5
ug/mL OC (Fig. 2A and B). For this reason, those concentrations were excluded from the
rest of the analysis. Barley straw smoke enhanced Th17 differentiation, measured by
increased percent of IL-17 positive cells at 1, 0.1, and 0.001 pg/mL OC (Fig. 2C and D).
Barley straw smoke exposure increased IL-17 protein, measured by ELISA, and 1 and 0.1
pg/mL (Fig. 2E) and no difference was observed for IL-17 mRNA at any concentration
measured (Fig. 2F). AHR activation was measured using CYP1 A1 mRNA as a marker and
Barley straw smoke increased CYP1 A1 mRNA compared to solvent control at 1 pg/mL
(Fig. 2G). To determine whether proliferation explained the enhanced Th17 differentiation
and increased AHR activation, K167 stain was performed. There was no significant
difference between Barley straw and solvent at any concentrations tested for K167 (Fig. 2H).
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3.3. Motor oil has no effect on Th17 differentiation or CYP1 A1 mRNA levels in vitro

Given that all of the real-world samples tested contain PAHs and enhanced Th17
differentiation and activated the AHR, we wanted to test a real-world sample that does not
contain PAHs to test whether PAHSs could be the component driving the enhanced responses.
Motor oil was prepared by the WSLH and contains no measurable PAHs. Naive CD4
positive T cells were isolated from spleens of C57BL/6 J WT mice and exposed to a dose-
response of Motor oil or solvent control on day 0, cultured under Th17 conditions for 3
days, and supernatant was collected for IL-17 ELISA, mRNA was collected, and flow
cytometry was performed. There was no significant difference in percent live cells at any
concentration for Motor oil except at 10 pg/mL OC, in which Motor oil had significantly
more live cells than solvent control (Fig. 3A and B). Motor oil had no effect on Th17
differentiation (Fig. 3C and D), IL-17 protein levels (Fig. 3E), IL-17 mRNA (Fig. 3F), or
CYP1 A1 mRNA (Fig. 3G). There was a significant difference in the percent of KI67 high
cells of the total CD4*TCRg cells at 10 pg/mL OC, and in the percent of K167 high cells of
IL-17 positive cells at 10 ug/mL OC (Fig. 3H).

3.4. Pine wood smoke enhances Th17 differentiation at the highest concentration in vitro

Barley straw smoke was the most potent sample in its ability to enhance Th17 differentiation
because it enhanced differentiation at lower concentrations than Riverside or Motor oil.
Given this, we tested another real-world source sample, Pine wood smoke, a smoke sample
collected from burning pine wood to determine if all samples from similar sources enhanced
Th17 differentiation to the same degree. Pine wood smoke is similar to Barley straw smoke
in composition as both are from burning biomass. Naive CD4 positive T cells were isolated
from spleens of C57BL/6 J WT mice and exposed to a dose-response of Pine wood smoke
OF or solvent control on day 0, cultured under Th17 conditions for 3 days. There was no
significant difference in percent live cells between Pine wood smoke exposure and solvent,
however there was a reduction in the overall percent cells alive at 10 and 5 pg/mL OC (Fig.
4A and B). Pine wood smoke significantly enhanced Th17 differentiation at the highest
concentration tested 10 pg/mL OC (Fig. 4C and D). The enhanced Th17 differentiation
observed at 10 pg/mL OC was associated with a significant increase in cell proliferation,
measured by K167 high cells of IL-17 positive cells at 10 pg/mL OC. Although there was no
significant difference in percent live cells between Pine wood smoke and solvent control,
there was a reduction in the overall percent live cells at 10 ug/mL OC which could explain
the significant increase in percent IL-17 positive cells suggesting it is artificially high due to
cell death. Alternatively, the significant increase in the percent of KI67 high IL-17 positive
cells could suggest that the IL-17 positive cells are selected for and more viable in the
culture.

3.5. Extracts of standard and real-world samples enhance Th17 differentiation to different
degrees and contain different PAHs at different levels

In addition to real-world samples, we also tested standard reference materials (SRMs)
1649b, 1650b, and 2975. SRM1649b is an ambient urban dust PM, SRM1650b is a 4-
cylinder diesel exhaust PM, and SRM2975 is a 2-cylinder diesel exhaust PM. All three SRM
OFs enhanced Th17 differentiation and increased CYP1 A1 mRNA, albeit to different
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degrees (data not shown). In order to compare the real-world samples to each other, percent
IL-17 positive cells, IL-17 protein levels, IL-17 mRNA levels, and CYP1 A1 mRNA levels
were normalized to their solvent controls and compared to each other (Fig. 5A-D). There
was a significant difference in the percent of IL-17 positive cells between Barley straw
smoke and motor oil at 1 ug/mL OC (Fig. 5A). When comparing IL-17 protein levels there
was significant difference in IL-17 protein levels at 10 pg/mL OC between Riverside and
Barley straw smoke (Fig. 5B). It is important to note that Barley straw smoke exhibited
significant cell death at 10 and 5 ug/mL but was included for comparison. Although Barley
straw smoke had higher levels of 1L-17 and CYP1 A1 mRNA compared to Riverside or
Motor oil (Fig. 5C and D, respectively) there was no significant difference between samples.
Our hypothesis for this study was that different OFs of real-world samples would enhance
Th17 to different degrees based on the number of PAHs and concentrations. To address this,
a non-linear regression was conducted, and a dose-response curve was generated for the
real-world samples as well as the SRMs (Fig. 5E). As expected, Motor oil was the least
potent sample (Fig. 5E) and contains no PAHSs (Fig. 6F). Barley straw has the highest
concentration of PAHs (Fig. 6C) and was the most potent sample at enhancing Th17
differentiation with a logECgq of —2.12 (Fig. 5E). SRM1649b and Riverside are almost
equally potent with logECsq values around —0.9 (Fig. 5E). SRM1650b and SRM2975 are
less potent than SRM1649b and Riverside (Fig. 5E). Riverside has multiple PAHs but at low
levels (Fig. 6E) compared to SRM1649b (Fig. 6A) and SRM1650b (Fig. 6B). SRM2975 has
the fewest number of PAHSs (Fig. 6DE) but is not the least potent sample at enhancing Th17
differentiation (Fig. 5E). Pine wood smoke has many PAHSs at high levels compared to other
samples (Fig. 6G) but Pine wood smoke is least potent along with Motor oil (Fig. 5E).

4. Discussion

The current study aimed to demonstrate that all PM of the same mass do not elicit the same
biological effects and to identify PAHSs as candidate components present in PM that
contribute to pro-inflammatory responses. It is important to note that real-world PM samples
contain high affinity AHR ligands other than PAHSs, such as polychlorinated biphenyls and
polychlorinated dibenzodioxins. Recently, the polar components present in diesel exhaust
particles, which contains the polar components present in the PM mixture as well as polar
PAH derivatives formed as a result of metabolism, were shown to be more active than PAHs
in human cells (Vondracek et al., 2017). However, PAHs have been considered the main
contributors to genotoxicity, dioxin-like toxicity, and carcinogenicity of complex PM
mixtures (Libalova et al., 2014). It was shown that in an organic extract of a standard
ambient urban dust the AHR-mediated activity of the neutral fraction was linked to PAHs
and their polar derivatives, which are generated after metabolism by CYP enzymes, and
polychlorinated di-benzo-p-dioxins, dibenzofurans and biphenyls were only minor
contributors to the overall AHR-mediated activities (Andrysik et al., 2011). Additionally, it
was shown that induction of AHR target gene expression by extractable organic matter was
not antagonized by other components of extractable organic matter of PM as the induction of
AHR target genes reached maximum levels induced by PAHSs suggesting that the induction
of AHR target genes is induced by PAHSs present in the PM mixtures (Libalova et al., 2014).
Based on these studies, we originally hypothesized that the samples with the largest sum
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concentration of PAHs would enhance Th17 differentiation and activate the AHR to the
greatest extent. This hypothesis was based on previous data from our lab demonstrating that
synthetic PAH mixtures composed of 15 PAHs, most of which are from the EPA priority
pollutant list, that replicate the PAH milieu present in PM samples enhanced Th17
differentiation in an AHR-dependent manner (O’Driscoll et al., 2018). We demonstrated that
the chemically-extracted OF of real-world PM samples, that contain PAHS, enhanced the
generation of pro-inflammatory Th17 cells and activated the AHR, but samples lacking
PAHSs did not. The real-world sample with the lowest observable adverse effect level
(LOAEL) was Barley straw smoke, followed by Riverside, Pine wood smoke, and Motor oil
(Table 1). Motor oil does not contain any PAHs and did not enhance Th17 differentiation or
activate the AHR at any concentration tested (Table 1).

Barley straw smoke, smoke collected from barley straw burning in Japan, with high
concentrations of PAHs (Table 2), resulted in significant cell death at high doses, but at
lower doses enhanced Th17 differentiation and activated the AHR (Table 1). Interestingly,
Riverside, an ambient PM sample collected outside of Los Angeles in Riverside, CA with
low concentrations of PAHSs (Table 2), enhanced Th17 differentiation and activated the AHR
(Table 1) more strongly than samples containing higher levels and more PAHs (Table 2). On
the other hand, Pine wood smoke, smoke collected from burning pine wood, exhibited
increased Th17 differentiation only at the highest dose tested (Table 1), despite having the
second highest sum total PAH concentration of the samples tested (Table 2). These data
suggest that the sum concentration of PAHs present in PM alone does not predict the extent
of Th17 differentiation and AHR activation. The OFs containing PAHs can activate the AHR
and enhance Th17 differentiation, however certain individual PAHs or the specific PAH
mixtures present may play a more important role than the sum concentration of PAHSs.

The level of AHR activation by real-world PM samples was a primary focus of this study
due to the ability of PAHs present in the OF of PM to activate the receptor and its
modulatory role in the immune system. More specifically, AHR has been shown to play a
role in the balance between Tregs and Th17 cells with different ligands promoting the
differentiation of either T cell subset (Quintana et al., 2008; Veldhoen et al., 2008). The
AHR plays a critical role in balancing effector and regulatory immune responses (Quintana
et al., 2008; Veldhoen et al., 2008) and the extent and duration of AHR activation by AHR
ligands, such as PAHS, can lead to enhanced regulation or enhanced inflammation (Ehrlich
et al., 2018). In the current study, the OF of real-world PM samples enhanced Th17
differentiation and activated the AHR to different degrees. The enhanced Th17
differentiation observed after exposure to real-world PM samples containing PAHs was
concentration-dependent in that lower doses exhibited no observable effect and higher doses
significantly enhanced Th17 differentiation. This concentration dependence was true for
AHR activation as well. The loss of enhanced Th17 differentiation and AHR activation at
low doses in the real-world samples could be due to reduced level of PAHSs present in the
samples so the AHR is not being activated and Th17 differentiation is not enhanced.
Additionally, antagonistic or synergistic effects of other organic constituents in the real-
world samples could be inhibiting the PAHSs that are present from activating the AHR
(Libalova et al., 2014). PAHSs were identified as candidate components of PM that drive
enhanced Th17 differentiation because they are present in the OF of real-world PM samples
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at high levels compared to other AHR ligands and they exhibit high affinity for the AHR.
Differences in the specific PAHs present and the combination of PAHSs present led to
different potencies of enhanced Th17 differentiation as well as AHR activation. One
possibility is that only a subset of the PAHs measured are required to activate the AHR
sufficiently to shift the balance from a regulatory T cell response to an effector Th17
response, leading to enhanced Th17 differentiation. Another possibility is that the specific
PAH mixtures, with certain combinations of individual PAHs can have synergistic effects
and shift the balance towards Th17 differentiation. It has been shown that the genotoxic
effects of individual PAHs can be inhibited by other organic compounds adhered to PM
suggesting other components present in the PM may have synergistic or antagonistic effects
on the responses elicited by specific components (Libalova et al., 2014). We have previously
published that benzo[ A]fluoranthene enhanced Th17 differentiation in and AHR-dependent
manner (van Voorhis et al., 2013) and others have shown that priority PAHSs, including
benzo[ 4] fluoranthene, were the principal contributors to AHR-mediated activity (Andrysik
et al., 2011). The mixtures may also alter the ability of cytochrome p450 enzymes,
downstream targets of AHR, to metabolize PAHSs present in the PM sample, which could
affect the immune response of that mixture as well as other PAHs.

5. Conclusions

A major goal of the current study was to address the longstanding gap in knowledge as to
whether all PM behaves the same and should be regulated by mass or if individual chemical
constituents should be considered. Currently, in the United States and worldwide, PM is
regulated by total mass as a function of aerodynamic size, ignoring individual particle
characteristics and components (Organization, W.H., 2006). The World Health Organization
regulates PM based on total mass instead of fractions or constituents because scientific
evidence that any one property or constituent of PM is responsible for adverse health effects
has not been found (Organization, W.H., 2006). The current study demonstrates that not all
PM is the same and individual components such as PAHSs likely contribute to the observed
biologic effect by activating the AHR and enhancing pro-inflammatory Th17 cells. Further
studies need to be conducted looking at the levels of AHR activation and pro-inflammatory
effects of PAHSs in human cells to assess which specific PAHs are most toxic to humans
considering differences in AHR activation, since humans harbor a lower affinity AHR
compared to C57BL/6 J mice and CYP metabolism to account for metabolic differences in
humans. Certain exposures may be more pathologic than others, depending on the specific
composition of each sample and the biologic endpoint. The specific exposures and
components that increase the risk of inflammation may be different than those that increase
the risk of cancer and other human pathologies. This suggests that further efforts to reduce
disease derived from PM should pursue more targeted strategies focused on reducing
specific sources that emit certain constituents, rather than focusing on total mass.
Additionally, efforts to reduce PM in the context of protecting human health should
explicitly include efforts to reduce specific PAHs that exacerbate human disease.
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Fig. 1. Riverside enhanced Th17 differentiation and activated the AHR in vitro.
Naive CD4" T cells were isolated from WT (C57BL/6 J) mice and cultured under Th17

conditions. At time 0, cells were exposed to a dose-response (8 doses) of Riverside or DCM/
DMSO solvent control and cultured for 3 days. (A) Riverside exposure did not cause
significant cell death, however at the 10 ug/mL OC concentration there was a significant
reduction in percent live cells for solvent (n = 4). (B) Representative flow plots of WT
percent of live cells at 10.0 pg/mL OF, measured as percent live cells of total CD4 cells. (C)
Representative flow plots of WT Th17 differentiation measured by the percent of IL-17
positive cells at dose 5 pg/mL OC. (D) Riverside enhanced Th17 differentiation at the two
highest doses tested, measured by the percent of 1L-17 positive cells (n = 4). (E) Riverside
increased the total production of IL-17 after the 3-day culture at 5 pg/mL OC (n = 3). (F)
There was no significant difference in IL-17 mRNA between Riverside treatment and
solvent control (n = 2). (G) Riverside significantly upregulated CYP1 A1 mRNA at 10 and 5
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pg/mL OC (n = 3). (H) There was a significant difference in the percent of CD4 + TCRp+
cells that proliferated, measured by K167 expression, between Riverside and solvent control.
Results are mean = SEM. Significant differences among groups (p < 0.05) are indicated by
an asterisk. Abbreviations: DCM/DMSO, methylene chloride/dimethyl sulfoxide; OC,
organic carbon; OF, organic fraction.
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Fig. 2. Barley straw smoke enhanced Th17 differentiation and activated the AHR in vitro.
Naive CD4" T cells were isolated from WT (C57BL/6 J) mice and cultured under Th17

conditions. At time 0, cells were exposed to a dose-response (8 doses) of Barley straw
smoke or DCM/DMSO solvent control and cultured for 3 days. (A) Barley straw exposure
caused significant cell death at 10 and 5 pg/mL OC measured by the percent live cells of
total CD4 cells (n = 3). These doses were subsequently excluded from further analysis (B)
Representative flow plots of WT percent of live cells at 10.0 pg/mL OF (top) and 5 pg/mL
OC (bottom) (C) Representative flow plots of WT Th17 differentiation measured by the
percent of IL-17 positive cells at dose 1 ug/mL OC. (D) Barley straw smoke enhanced Th17
differentiation at 1, 0.1, and 0.01 ug/mL OC, measured by the percent of IL-17 positive cells
(n = 3). (E) Barley straw smoke increased the total production of IL-17 after the 3-day
culture at 1 and 0.1 pg/mL OC (n = 3). (F) There was no significant difference in IL-17
MRNA between Barley straw smoke treatment and solvent control (n = 3). (G) Barley straw
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significantly upregulated CYP1 A1 mRNA at 1 pg/mL OC (n = 3). (H) There was no
significant difference in percent of proliferating cells, measured by K167 expression,
between Barley straw smoke and solvent control. Results are mean £ SEM. Significant
differences among groups (p < 0.05) are indicated by an asterisk. Abbreviations: DCM/
DMSO, methylene chloride/dimethyl sulfoxide ;OC, organic carbon; OF, organic fraction.
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Fig. 3. Motor oil had no effect on Th17 differentiation or AHR activation in vitro.
Naive CD4* T cells were isolated from WT (C57BL/6 J) mice and cultured under Th17

conditions. At time 0, cells were exposed to a dose-response (8 doses) of Motor oil or DCM/
DMSO solvent control and cultured for 3 days. (A) Motor oil exposure did not cause
significant cell death, however at the 10 ug/mL OC concentration there was a significant
reduction in percent live cells for solvent (n = 4). (B) Representative flow plots of WT
percent of live cells at 10.0 pg/mL OF, measured as percent live cells of total CD4 cells. (C)
Representative flow plots of WT Th17 differentiation measured by the percent of IL-17
positive cells at dose 5 pg/mL OC. (D) Motor oil did not significantly enhance Th17
differentiation at any dose tested compared to solvent control (n = 3). (E) Motor oil did not
significantly increase the total production of IL-17 after the 3-day culture (n = 3). (F) There
was no significant difference in IL-17 mRNA between Motor oil treatment and solvent
control (n = 2). (G) There was no significant difference in CYP1 A1 mRNA expression
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between Motor oil treatment and solvent control at any dose tested (n = 2). (H) There was a
significant difference in the percent of CD4 + TCRpB+ cells that proliferated and IL-17
positive cells that proliferated, measured by KI67 expression in those populations, between
solvent and control. Results are mean + SEM. Significant differences among groups (p <
0.05) are indicated by an asterisk. Abbreviations: DCM/DMSO, methylene chloride/
dimethyl sulfoxide; OC, organic carbon; OF, organic fraction.
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Fig. 4. Pine wood smoke enhanced Th17 differentiation in vitro.
Naive CD4" T cells were isolated from WT (C57BL/6 J) mice and cultured under Th17

conditions. At time 0, cells were exposed to a dose-response (8 doses) of Pine smoke or
DCM/DMSO solvent control and cultured for 3 days. (A) There was no significant
difference in percent live cells between Pine wood smoke treated and solvent treated cells (n
= 2). (B) Representative flow plots of WT percent of live cells at 5 ug/mL OF, measured as
percent live cells of total CD4 cells. (C) Representative flow plots of WT Th17
differentiation measured by the percent of IL-17 positive cells at the 10 pg/mL OC
concentration. (D) Pine wood smoke enhanced Th17 at 10 pg/mL OC, measured by the
percent of 1L-17 positive cells (n = 2). (E) There was a significant difference in the percent
of IL-17 positive cells that proliferated, measured by K167 expression, between Pine wood
smoke and control. Results are mean + SEM. Significant differences among groups (p <
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0.05) are indicated by an asterisk. Abbreviations: DCM/DMSO, methylene chloride/
dimethyl sulfoxide ;OC, organic carbon; OF, organic fraction.
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Fig. 5. Comparing extent of Th17 differentiation and AHR activation by real-world PM samples.
Naive CD4" T cells were isolated from WT (C57BL/6 J) mice and cultured under Th17

conditions. At time 0, cells were exposed to a dose-response (8 doses) of Riverside, Barley
straw smoke, Motor oil, Pine wood smoke, or DCM/DMSO solvent control and cultured for
3 days. For panels A-D treatments with real-world samples were normalized to DCM/
DMSO solvent controls. (A) A significant difference in the % IL-17 positive cells was
observed between Barley straw smoke and Motor oil at 1.0 pg/mL. (B) There was a
significant difference in the level of IL-17 protein between Riverside and Barley straw
smoke at 10 pg/mL, however Barley straw smoke exhibited significant cell death at the 10
pg/mL concentration. (C) There was no significant difference between IL-17mRNA levels of
real-world samples (D) or CYP1 A1 mRNA levels. However, Barley straw smoke trended to
have higher levels compared to Riverside or Motor oil. (E) A non-linear regression was fit to
the raw flow cytometry data. In addition to the real-world samples tested, three standard
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reference materials (SRMs) 1649b, 1650b, and 2975 were used tested in the Th17
differentiation assay and included in the dose response. The percent IL-17 positive cell data
was normalized to set the largest mean in each data set as 100%. Abbreviations: DCM/
DMSO, methylene chloride/dimethyl sulfoxide ;SRM, standard reference material; IL,
interleukin; CYP, cytochrome P450; PAHSs, polycyclic aromatic hydrocarbons.
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Fig. 6. PAH profiles based of PAHs present in PM samples.
The PAH concentrations are represented are PAH concentrations present in the 10 ug/mL

OC concentration used. The PAHs were measured in each sample using GC/MS. (A-G)
PAH profiles of the nanograms of 15 PAHs, most of which are U.S. EPA priority PAHSs,
present in each sample at the 10 pg/mL OC concentration tested. Abbreviations: EPA,
Environmental Protection Agency; PAH, polycyclic aromatic hydrocarbon; OC, organic
carbon.
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