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Abstract

The exposome provides a framework for understanding elucidation of an uncharacterized
molecular mechanism conferring enhanced susceptibility of macrophage membranes to bacterial
infection after exposure to the environmental contaminant benzo(a)pyrene, [B(a)P]. The
fundamental requirement in activation of macrophage effector functions is the binding of
immunoglobulins to Fc receptors. FcyRIla (CD32a), a member of the Fc family of
immunoreceptors with low affinity for immunoglobulin G, has been reported to bind preferentially
to 1gG within lipid rafts. Previous research suggested that exposure to B(a)P suppressed
macrophage effector functions but the molecular mechanisms remained elusive. The goal of this
study was to elucidate the mechanism(s) of B(a)P-exposure induced suppression of macrophage
function by examining the resultant effects of exposure-induced insult on CD32-lipid raft
interactions in the regulation of 1gG binding to CD32. The results demonstrate that exposure of

Corresponding author: Darryl B. Hood, Ph.D., Division of Environmental Health Sciences, College of Public Health; Department of
Neuroscience, College of Medicine, The Ohio State University, Columbus, OH USA. Phone (614) 247-4941, FAX: (614) 292-4053,
hood.188@osu.edu.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

Conflicts of Interest: The authors declare no conflict of interest.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Clark et al. Page 2

macrophages to B(a)P alters their lipid raft integrity by decreasing membrane cholesterol 25%
while increasing CD32 into non-lipid raft fractions. This robust diminution in membrane
cholesterol and 30% exclusion of CD32 from lipid rafts causes a significant reduction in CD32-
mediated 1gG binding to suppress essential macrophage effector functions. Such exposures across
the lifespan would have the potential to induce an immunosuppressive endophenotypes in
vulnerable populations.
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INTRODUCTION

Recently we proposed the Public Health Exposome (Juarez et al., 2014) as an opportunity
for establishing a translational framework, applying transdisciplinary tools, and developing
an evidence base for health disparities research, practice, policy, community engagement,
and research training. At a recent meeting of the “Exposome” Symposium to Explore the
Intersection of Environmental Exposure and Disease” at Duke University (April, 3, 2015),
consensus emerged that there is a single exposome comprised of both internal and external
environments, pathways, and mechanisms. This paper adheres to this new consensus.

The Exposome paradigm is grounded in systems theory (von Bertalanffy, 2003) and a life
cycle approach (Bornstein, 1989). It provides a conceptual framework that can be used to
identify and compare relationships between differential levels of exposure at critical life
stages, personal health outcomes, and health disparities at a population level. The resulting
relationships can be compared across space, place, and time. It allows for the generation and
testing of hypotheses about exposure pathways and the mechanisms through which
exogenous and endogenous exposures result in poor personal health outcomes and
population level health disparities. An exposome approach enables the identification of at-
risk persons and health populations experiencing disparate health outcomes. Ultimately, this
approach will enable opportunities for enhancing genomic, clinical, and public health
interpretations and interventions along an exposure pathway continuum.

Application of our concept by the exposure science community will promote advances in: 1)
individual exposure characterization; 2) community-level, environmental, epidemiological
cohort studies; 3) health disparities research; 4) community-based participatory research
(CBPR) methods; 5) research at the intersection of the eco-system and human health; and 6)
training of a new cadre of emerging transdisciplinary scholars. The full benefit of the Public
Health Exposome framework will be realized when two environmental health research
trajectory vectors converge at the level of population studies indicated by the upper right
quadrant in Figure 1 (below). With this article we present our rationale for this trajectory, by
means of an exemplar based on physiological dysregulation (e.g., immune response)
representing knowledge gained (on a continuum) from basic science research.

Currently, there are significant resources being devoted to ascertaining the mechanism by
which environmental contaminant exposure during the critical developmental windows
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afford an enhanced susceptibility to bacterial infection in infants and young children.
(Claude et al., 2012) It is well known that the PAH family of global environmental
contaminants targets and suppresses virtually every component of cell-mediated and
humoral immune response systems.(Braun et al., 1998; Li et al., 2002; Sarkar et al., 2012;
Stevens et al., 2009; van Grevenynghe et al., 2003; Ramesh et al., 2011) The mechanism(s)
by which PAH's modulate this apparent immunosuppression is poorly understood, and
previous studies used animal models to evaluate possible mechanistic links. Data from
animal studies suggest that AhR ligands such as B(a)P and 2, 3, 7, 8, tetrachloro, dibenzo-p-
dioxin (TCDD) suppress immunity by their ability to compromise virtually every stage of
lymphocyte development, activation, and effector function (Allan and Sherr, 2010; van
Grevenynghe et al., 2005).

The plasma membrane constitutes the first cellular barrier encountered by xenobiotics.
Xenobiotics such as B(a)P are usually both hydrophobic and lipophilic, which allows them
to accumulate within the plasma membrane and exert an “analgesic” effect. Lipid rafts, also
called detergent resistant membranes (DRMs), are unique plasma membrane compartments
that are highly enriched in cholesterol, sphingolipids, and phospholipids containing saturated
fatty acids. They play an important role in many cellular functions. A wide array of
receptors constitutively reside within or associate with lipid rafts. These receptors bind to
antibodies to induce signaling events that regulate many cell responses. Previous studies
suggest that this binding activity depends on intact lipid rafts (Simons and Toomre, 2000).
One family of immunoreceptors, the Fcy receptors (FcyR), constitutively reside within lipid
rafts where they bind to IgG molecules, and initiate signaling events that regulate defense
responses (Beekman et al., 2008).

Fcy receptors are widely expressed throughout the hematopoietic system. Innate immune
effector cells, such as monocytes, macrophages, dendritic cells and basophils, express
activating and inhibitory FcyRs (Nimmerjahn and Ravetch, 2008). Traditionally, FcyR
families are categorized according to the receptor's affinity for specific 1gG subclasses and
the signaling pathway they trigger. Human FcyRIIA (CD32) is a receptor with a low to
medium affinity for IgG molecules and is one of two FcyRs that can transduce activating
signaling pathways autonomously (Ravetch and Bolland, 2001). Bearing an immunoreceptor
tyrosine based activating motif (ITAM) on its cytoplasmic domain, the ITAM confers on
CD32 the ability to initiate signaling events that regulate cellular responses including
phagocytosis, respiratory burst and cytokine production.

Macrophages are cells of the innate immune system that constitute the first line of defense
against many infectious diseases. Mature macrophages function in promoting the clearance
of invading microorganisms by respiratory burst activity, phagocytosis, then excretion. It has
been previously demonstrated in macrophages that CD32a-lipid raft interactions are
essential for efficient signaling events and that toxicants such as MBCD (depletes membrane
cholesterol), nystatin (binds cholesterol) and C3 and C6 ceramides disrupt binding by
altering lipid raft integrity (Bournazos et al., 2009). To date there is some evidence for PAH
exposure-induced suppression of both monocyte differentiation into macrophages and/or
dendritic cells (Laupeze et al., 2002) as well as effector functions (Braun et al., 1998).
However, the molecular level mechanism for this suppression remains elusive.
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B(a)P is the archetypical member in the family PAHs. We hypothesized that the mechanism
for B(a)P exposure-induced suppression of macrophage effector functions occur via
disruption of lipid raft architecture thereby causing a decrease in CD32a within lipid rafts.
To investigate this hypothesis as shown in Fig. 2A, we determined the cellular location of
CD32a in the presence and absence of 1gG, and examined the effect of B(a)P, MBCD, and
nystatin on CD32a-1gG binding. Fig. 2B depicts our immunotoxicological interrogation of
the effects of B(a)P exposure on lipid raft cholesterol concentration and the resulting
accumulation of B(a)P metabolites within lipid rafts. The results demonstrate that in the
absence of IgG, CD32a is mostly found outside lipid rafts and subsequently translocates to
lipid rafts in the presence of 1gG (Fig. 2A). As indicated in Fig. 2B, our results suggest that
exposure to B(a)P significantly suppresses CD32a association with lipid rafts as compared to
controls, leading to reduced 1gGCD32a binding. Collectively, these findings suggest that
intact lipid rafts are paramount for IgGCD32a binding and effector function signaling. These
findings also support a role for B(a)P exposure in developmental immunotoxicity in that
these exposures have the capacity to result in suppression of macrophage effector function
by disrupting lipid raft integrity resulting in reduced 1gG-CD32a binding and exposure-
induced immunosuppressive endophenotypes leading to disparate health outcomes observed
in vulnerable populations.

2. MATERIALS AND METHODS

2.1 Chemicals and Reagents

PE anti-human CD32 antibody, the mouse 1gG2b isotype control, Human M-CSF, CD68-
FITC, and the CD86-Alexa-Fluor antibodies were purchased from BioLegend (San Diego,
CA). Benzo(a)pyrene [B(a)P] powder, Trypan blue, dimethyl sulfoxide (DMSO),
dihydrorhodamine 123, and protease/phosphatase inhibitors were obtained from Sigma-
Aldrich (St. Louis, MO). FITC-Dextran (M, 40,000 kDa) was purchased from Molecular
Probes/Invitrogen (Carlsbad, CA). Phorbol 12-myristate 13-acetate (PMA) and Cholera
Toxin Subunit B Hrp-conjugated ab (CTR) were purchased from Abcam Biochemicals
(Cambridge, MA). Specific antibodies to CD11b-PE, CD14-FITC, CD64, CD71-FITC,
control IG1K and FITC were purchased from eBioscience (San Diego, CA). CD45 and
CD59 were purchased from Santa Cruz Biotechnology (Dallas, TX). Amplex Red
Cholesterol Assays and Anti-Human IgG(y)-FITC conjugate ab were obtained from
Invitrogen (Carlsbad, CA). Human IgG complexes (human heat-aggregated 1gG; hHAIgG)
were formed by incubating monomeric human 1gG for 20 min at 63°C and centrifuged at
14,000 x g to removed precipitates.

2.2 Cultures of human CD14+ monocytes and generation of monocyte derived
macrophages

Fresh human CD14+ monocytes were obtained from AllCells (Alameda, CA) and were
cultured in RPMI 1640 medium supplemented with 10% heat-inactivated FBS (HyClone),
100U/ penicillin, 100 U/mL streptomycin (GIBCO) in the presence of DMSO, B(a)P (1,5,
10uM) or MCSF (50U/mL) for 6 days to differentiate monocytes derived macrophages as
previously reported by (van Grevenynghe et al., 2003). Every three days the cells were
harvested and provided fresh media with M-CSF and/or B(a)P. Cell viability, morphological
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and phenotypic analysis were employed to identify macrophages. The cells were maintained
at 37°C in a 95% air and 5% CO, incubator.

2.3 Trypan Blue Exclusion Assay for cell viability

For Trypan Blue staining, 100 pL of monocytic cells were incubated for 5 min with an equal
volume of 0.4% (w/v) Trypan Blue solution prepared in deionized water. Cells were then
counted in a dual chambered hemacytometer on a light microscope. Viable and non-viable
cell counts were used to calculate percent viability. The cell viability for all experiments was
95% or better.

2.4 Flow Cytometry Staining and Analysis

FACS analysis of the cell surface expression of monocyte and macrophage phenotypic
exposome markers CD11b, CD32, CD64, CD68, CD71, and CD86 was performed in both
untreated and B(a)P treated monocyte cells. For this analysis monocytes were either
untreated or treated with B(a)P and/or M-CSF, for up to 6 days in RPMI 1640 supplemented
with 5 % FBS. As a positive control for differentiation, monocytes were treated with M-CSF
(50 U/mL) for 6 days under same conditions. The cells were then transferred to 96-well,
round bottom plates. The cells were pelleted, washed in PBS flow buffer (PBS+FBS), and
labeled with conjugated antibodies at optimal concentrations (determined by prior studies)
for 30 min on ice. The cells were washed twice with 200 uL of PBS flow buffer and fixed
with 2% paraformaldehyde. Fixed cells were stored in the dark at 4°C, acquired, and
analyzed within 3 days. Fifty-thousand events were acquired for each sample with a Guava
EasyCyte Flow Cytometer (Millipore) and analyzed by FlowJo 10 software. Populations of
monocytic cells were gated, as described previously (Thurmond and Gasiewicz, 2000).
Immune complex binding was assessed based on a previously described assay (Hart et al.,
2004) that measures binding of aggregated 1gG to CD32, a low-affinity receptor via multiple
binding sites that generate high-avidity interactions. Cells were incubated with human heat
aggregate 1gG complexes (hHAIgG) for 45 min on ice. The binding kinetics of IgG-CD32
was also measured following MBCD treatment (20mM). Cells were incubated with the
corresponding hHAIgG for 45 min on ice. Cells were resuspended in 200 uL of wash buffer
and fixed with 2% paraformaldehyde.

2.5 Phagocytosis determination assay

In order to assess the effects of B(a)P exposure of monocyte phagocytic functions, cells were
cultured in complete RPMI 1640 supplemented with or without B(a)P (1, 5 or 10uM) and
M-CSF (50 U/mL) for 6 days. After 6 days the cells were washed, incubated with 1 mg/mL
FITC-dextran for 1 hr at 37°C. Cellular uptake of FITC-dextran was monitored by flow
cytometry. A negative control was performed in parallel by incubating cells with FITC-
dextran at 4°C. Flow cytometric data was analyzed as indicated above. Data is expressed as
mean fluorescent intensity. Phagocytic Uptake profiles for Staphylococcus aureus and
Escherichia coli uptake was determined by plating 1 x 10* monocytic cells on 35mm
MatTek dishes in the absence or presence of M-CSF and/or B(a)P for 6 days. Cells were
washed with cold PBS then incubated with CD68, and 50 mg/mL of S. aureus or E. coli
bioparticles FITC-conjugate for 30 min. Phagocytosis was recorded on a Nikon confocal
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microscope using Nikon imaging software elements advanced research. Twenty cells (ROIs)
were selected and the intensity profile for each of the selected cells was analyzed.

2.6 Respiratory burst activity detection

. Respiratory burst activity detection was performed using the reactive oxygen intermediate-
sensitive probe dihydrorhodamine 123. For this assay, CD14+ monocytes were either
untreated or treated with B(a)P (1, 5 or 10ug) and/or M-CSF (50 U/mL) for 6 days in
complete RPMI medium. Monocytes treated with M-CSF (50 U/mL) in complete RPMI
served as positive control for differentiation. After incubation, cells were pelleted, washed
and pre-stimulated for 30 min with 100 ng/mL PMA to trigger oxidative burst. After
washing, cells were incubated with 5 pg/mL dihydrorhodamine 123 for 45 min at 37°C.
Rhodamine 123 fluorescence in intact cells, formed by the action of reactive oxygen
intermediates such as hydrogen peroxide, was then measured by flow cytometry. Data were
expressed as fluorescence arbitrary units, or percentage fluorescent cells, as appropriate for
comparison.

2.7 DRM fractionation and Dot blot analysis

DRM domain fractionation was performed as previously described (Popik and Alce, 2004)
using well-validated protocols and all procedures were conducted at 4°C. Following
stimulation of cells (1 x 10 ) with 19G complexes (hHAIgG), cells were washed with ice-
cold PBS, incubated for 10 min with TNE buffer (50 mM Tris, 150 mM NaCl, and 2 mM
EDTA (pH 7.5) at 4°C. A cocktail of protease and phosphatase inhibitors were added to the
TNE buffer to inhibit endogenous protease and phosphatase activity. Cells were then
homogenized and cell homogenates were incubated on ice for an additional 5 min, before
the addition of Triton X-100 (0.25% v/v final concentration). Lysates were incubated for 30
min on ice and the supernatant (500 pul) was added to 500 pl of 80% sucrose density gradient
medium was applied to the bottom of pre-chilled 14 mL ultracentrifuge tubes (Ultra-Clear;
Beckman Coulter). On top, sucrose solutions at concentrations of 38% and 5% were
sequentially layered. Samples were centrifuged at 36,000 x g for 18 hr at 4°C in an
ultracentrifuge using a SW-41 rotor (Beckman Coulter). After centrifugation, nine (1mL)
fractions were collected. Dot immunoassays were performed as described previously
(Nguyen and Hildreth, 2000) Briefly, 200 pl portions of each fraction diluted 1 to 10 in PBS
(2 x 10° cell equivalents) were added to wells of a Bio-Dot apparatus (Bio-Rad, Hercules,
Calif.), gently suctioned onto nitrocellulose membranes, and allowed to air dry. These
membranes were cut into strips and stored at —20°C in plastic bags. Before blotting, strips
were blocked with 5% nonfat milk powder in TBST (10 mM Tris-HCI, pH 7.5; 100 mM
NaCl; 0.1% Tween 20) for 1 hr at room temperature. Strips were then incubated with CD59
(a raft protein), CD45 (a non-raft protein) or CD32 antibody in TBST-0.5% milk powder for
2 hr and washed 10 min three times with TBST, followed by incubation with LI-COR
(Lincoln, Nebraska) goat anti-human secondary Ab (1:1000) for 2 hr. The strips were then
washed five times, visualized via LI-COR visualization system and band intensity was
quantified using Image J (NIH) analyzed the bands.
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2.8 Extraction, identification and quantitation of benzo(a)pyrene metabolites

Following the collection of fractions from the discontinuous sucrose density gradient, the
samples were prepared by the technique as detailed in Myers et al. (2011). Lysed cell
samples from control, M-CSF and B(a)P + M-CSF-exposed regimes were processed for
analysis of B(a)P metabolites by liquid-liquid extraction and reverse phase high-
performance liquid chromatography methods as described previously in Myers et al. (2011).

2.9 Liquid-liquid extraction (LLE)

500pL from each of the nine (ImL) sucrose gradient fractions were transferred to a 10 mL
Corning screw cap tube. A volume of 1 mL HPLC grade water was added, followed by 3
mL of methanol and 1.5 mL of chloroform. The tubes were stirred vortexed for 60 sec and
then centrifuged at 5,000 x g for 20 min. After centrifugation, the organic and aqueous
layers were separated. The organic layer was carefully retrieved into another tube. The tube
with the aqueous layer was subjected to a second extraction with water, methanol and
chloroform as mentioned above. The organic layer was retrieved again. Organic phases from
both extractions were combined and dried under a steady stream of nitrogen N». The residue
was reconstituted in 300 pL of methanol, passed through Acrodisc filters (0.45 um; 25 mm
diameter; Gelman Sciences, Ann Arbor, MI) to remove particulates. A volume of 30 pL was
injected onto HPLC. The lyophilized culture medium was reconstituted in 1 mL of sucrose-
TKM buffer, subjected to LLE as mentioned above. After extraction, the samples were
prepared for HPLC analysis.

2.10 HPLC analysis

B(a)P and its metabolites from the sucrose gradient fractions were resolved by a HPLC
Model 1200 (Agilent Technologies, Wilmington, DE) equipped with a UV and fluorescence
detector. The chromatograph was operated through a ChemStation (Agilent Technologies)
for instrument control, data acquisition and analyses. 50 L of samples were injected onto a
Cjg reverse phase column (ODS Pinnacle Il, PAH column 4 pm, 250 x 2.1 mm; Restek
Corporation, Bellefonte, PA). The column (temperature 33°C) was eluted for 45 min at a
flow-rate of 1 mL/min with a ternary gradient of water: methanol: ethanol (40: 40: 20%) for
20 min, followed by the same gradient at a ratio of 30: 46: 24 for 10 min, 100% methanol
for 10 min and returning to the initial gradient of 40:40:20 for 5 min. The excitation and
emission wavelengths for the detector were 244 and 410 nm respectively. Benzo(a)pyrene
metabolite standards were purchased from the National Cancer Institute Chemical
Carcinogen Repository (Midwest Research Institute, Kansas City, MO). As B(a)P and its
metabolite standards are potential carcinogens/mutagens, they were handled in accordance
with NIH guidelines (NIH, 1981). Identification of the metabolites was accomplished by
comparing retention times and peak areas of the samples with that of standards.

2.11 Confocal immunofluorescence microscopy

CD32 and Ctxp immunolabeling was performed using previously described protocols.
Briefly, monocytes were grown on sterile glass coverslips for 6 days (37°C; 5% CO,) before
immunolabeling. Cells were washed twice with ice-cold PBS and incubated with hrp-
conjugated AF555 Ctxp (1:1000) and CD32-PE Ab (1:1000) and for 45 min. The cells were
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then washed three times with ice-cold PBS and fixed with 3.7% PFA for 15 min. To prevent
endocytosis and ensure the plasma membranes of the cells were stained, all Ctxp staining
was performed on ice. The specificity of CtxB for the GM1 ganglioside was validated by dot
blot analysis of monocyte cell lysates. Cells were then washed with ice-cold PBS and
incubated with anti-human 1gG-FITC for 30 min. Coverslips were mounted on slides with 7
pL of prolong gold mounting media and were visualized (60 oil-immersion objective) using
a Nikon laser scanning confocal microscope , and digital images were prepared using the
Nikon Imaging Elements Advanced Research Software. For the quantification of CD32-
GM1 co-localization, images from at least 20 cells obtained from random fields were
analyzed using the Nikon imaging software previously mentioned. Co-localization is
expressed as the percentage of pixels from the CD32 channel co-localizing with pixels from
the GM1 channel. For phagocytosis uptake profiles of E. coli or S. aureus covered
bioparticles, monocytic cells were cultured and generated as previously explained but the
protocol was adapted as follows: 1 x 104 CD14+ monocytic cells were plated in 35mM non-
coated MatTek dishes (MaTek Corporation, Ashland, MA) and grown for 6 days in the
absence or presence of M-CSF and/or 1, 5 or 10uM B(a)P. The cells were washed with cold
PBS, and 50mg/mL of either E. coli or S. aureus covered FITC-conjugated bioparticles were
added to each dish and allowed to incubate for 45 min. The rate of uptake was recorded by
Nikon confocal microscope the quantification of FITC intensity of the gram positive or gram
negative bioparticles in at least 20 cells selected from random fields was determined by
Nikon imaging software elements advanced research.

2.12 Statistical analysis

Unless otherwise noted, results from multiple experiments are presented as +SE. All
comparisons were conducted via a one or two-way ANOVA followed by Bonferroni posthoc
analysis. Values of p < 0.05 were considered to be statistically significant. When necessary,
multiple comparisons of means was used to determine differences at p<0.05. This was
accomplished by analysis of variance (ANOVA) and subsequent analysis using Tukey's
honest significant difference (HSD) test at p<0.05.

3. RESULTS AND DISCUSSION

3.1 B(a)P exposure inhibits the differentiation of M-CSF treated blood monocytes into
macrophages

To determine the effects of exposure to B(a)P on peripheral blood monocyte differentiation,
monocytes were cultured with M-CSF in the presence or absence of 1uM, 5 uM and 10 pM
B(a)P. As previously reported (Bournazos et al., 2009; van Grevenynghe et al., 2003)
monocytes differentiated into large, adherent macrophages in the presence of M-CSF.
However, upon exposure to B(a)P the differentiated monocytes displayed a large nucleus
devoid of features associated with normal morphology (Fig. 3A). When cultured in the
presence of 10 uM B(a)P, the number of adherent cells was markedly reduced and
undifferentiated cells tended to appear smaller than those in the untreated cell cultures. A
trypan blue exclusion assay (Fig. 3B) determined that exposure to B(a)P did not significantly
decrease cell viability. The percentage of apoptotic cells in both unexposed monocytic
cultures and B(a)P exposed monocytic cultures remained at or below 8%.
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3.2 Phenotypic exposome analysis of macrophages following exposure to B(a)P

To interrogate B(a)P exposure effects on cell surface marker expression, we analyzed the
levels of CD11b, CD14, CD68 and CD71 in monocytic cells cultured with M-CSF in the
presence or absence of B(a)P for 6-days. First, we analyzed the levels of CD11b, a well-
established macrophage marker, in untreated and B(a)P exposed cell cultures in the presence
of M-CSF for 6 days (Garcia-Garcia et al., 2007; van Grevenynghe et al., 2003). Consistent
with previous investigations, untreated monocytic cell cultures expressed low levels of
CD11b but in the presence of M-CSF for 6 days, levels of CD11b increased 2-fold. When
cultured in 10uM B(a)P for 6 days, CD11b levels returned to levels seen in untreated
monocytic cell cultures (Fig. 3C). This same pattern was also seen with other surface
markers including CD14 and CD71. CD14 is a monocyte surface marker usually expressed
at high levels in undifferentiated cells and low levels in differentiated cells (Linch et al.,
1984). The level of surface marker expression is not always consistent with previous studies
as is the case with CD14 expression levels in the current study. In M-CSF treated monocytic
cell cultures, CD14 levels increased. In the presence of 10uM B(a)P, however, levels
returned to those seen in the untreated cell cultures. The expression levels of CD71, another
well known macrophage marker, in unexposed and B(a)P exposed cells cultured in the
presence or absence of M-CSF for 6 days. Following a similar pattern seen with CD11b
expression, CD71 levels were low in untreated cell cultures, then increased 2-fold in cells
cultured in the presence of M-CSF for 6 days, and in the presence of M-CSF and 10uM
B(a)P for 6 days decreased back to levels seen in untreated monocytic cells cultures (n =5, p
< 0.05, when compared to untreated cells) (Table 1).

3.3 B(a)P exposure suppresses macrophage functional indices

An assessment of whether the effects of B(a)P exposure during M-CSF stimulation were
functionally significant was undertaken. Untreated monocytic cells displayed basal levels of
phagocytic ability but significantly increased when monocytic cells were cultured with M-
CSF for 6 days (Fig. 4A and 4B). When cultured for 6 days in the presence of M-CSF and
either 1uM, 5uM, or 10uM B(a)P, phagocytosis of FITC-dextran fluorescent microspheres
was significantly suppressed when compared to the untreated cells (Fig. 4A and 4B). During
the phagocytosis analysis, the cells were also incubated with CD68, a macrophage surface
marker, to quantify the number of differentiated macrophages in the cell culture performing
phagocytosis (Fig. 4B). As seen in Fig. 4B, there was a dose-dependent, statistically
significant reduction in the expression of CD68 in monocytic cell cultures treated with M-
CSF and B(a)P for 6 days.

The effects of B(a)P exposure on the respiratory burst activity of M-CSF stimulated cells
and untreated cells were analyzed by exposing the cells to PMA to trigger reactive oxygen
species production. Cells then were incubated with dihydrorhodamine-123, a fluorescent
reactive oxygen intermediate species indicator and CD68, a macrophage surface marker.
Although 1uM and 5uM B(a)P reduced phagocytosis, only 10uM B(a)P exposure was found
to reduce significantly respiratory burst activity following PMA treatment when compared to
the unexposed, non PMA-stimulated cells (Fig. 5A and 5B). In monocytic cells cultured in
the presence of M-CSF and/or B(a)P, there was no significant difference in reactive oxygen
species levels of PMA-stimulated non PMA-stimulated cells (Fig. 5B). It is important to
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note that in the untreated cell cultures, there was a basal level of reactive oxygen species
production.

3.4 Exposure to B(a)P suppresses uptake of gram-negative coated bioparticles

To investigate the effects of B(a)P exposure on the process of phagocytosis in S. aureus
(gram-positive) and E. coli (gram-negative) bacteria, cells were cultured and prepared as
previously mentioned in Materials and Methods. Briefly, 1 x 104 cells were plated in 35mm
MatTek dishes, and cultured with M-CSF for 6 days in the presence or absence of 1uM,
5uM or 10puM B(a)P. Cells were harvested, washed with cold PBS, and then incubated with
1 x 108 fluorescent bioparticles/mL for 45 min. A phagocytic rate of uptake profile was
generated as a recording on a Nikon confocal microscope. As seen in Fig. 6A and Fig. 6B,
binding and uptake of bacteria coated bioparticles began after 10-15 min of incubation, as
previously reported (Rana et al., 2014). While untreated cells exhibited a basal level
phagocytosis, in cells treated with MCSF, there was a significant increase in S. aureus
uptake. In cultures co-treated with M-CSF and 10uM B(a)P for 6 days, there were little to no
effects on S. aureus bioparticle uptake (phagocytosis), as levels were similar to those of
monocytic cells treated with only M-CSF (Fig. 6A). In contrast, co-treatment of cells with
M-CSF and 10uM B(a)P suppressed the uptake of E. coli covered bioparticles (Fig. 6B).

3.5 B(a)P exposure disrupts homeostasis in macrophage membranes

After documenting the suppressive effects attributed to B(a)P exposure on M-CSF
stimulated monocytic cell differentiation and functional indices, it was important to
investigate potential suppression mechanisms. Other studies have also documented that
CD32A (FcyRIIA) CD64 and CD16 associate with lipid rafts upon binding to 1gG to initiate
macrophage effector functions and that intact rafts are required for CD32-1gG binding and
viral/bacterial invasion (Beekman et al., 2008; Bournazos et al., 2009; Bruhns, 2012; Olsson
and Sundler, 2006; Sanchez-Mejorada and Rosales, 1998). The literature supports an
argument that the effects of B(a)P exposure alter cell membrane lipid cholesterol levels and
fluidity (Gorria et al., 2006; Ng et al., 1998; Tekpli et al., 2010).

To discern the ability of B(a)P exposure to impact lipid raft homeostasis and CD32-1gG
complex binding, we determined the levels of 1gG co-localization with lipid rafts and IgG
complex binding to CD32. Monocytic cells were cultured with or without M-CSF or co-
treated with M-CSF and B(a)P for 6 days. Cells were incubated with 10ug/mL hHAIgG and
CD32 expression and IgG binding were assessed by flow cytometry. As can be seen in Fig.
7A, the CD32 expression and IgG binding in monocytic cell cultures stimulated with M-CSF
are easily quantified. To verify previous reports that IgG binds to CD32 within lipid rafts, 1
x 10% monocytic cells were plated in 35mm MatTek dishes and cultured. Cells were stained
with cholera toxin subunit B-FITC labeled (CTaB) and 10pug/mL 1gG. The association of
IgG with lipid rafts was determined by confocal immunofluorescence microscopy (Fig. 7B).
As evident in Fig. 7B, when compared to the untreated monocytic cell cultures, 10uM B(a)P
exposure reduces colocalization of 1gG with the ganglioside GM1, a well-established lipid
raft marker. To interrogate further IgG-CD32 binding, cells were grown as previously
described and quantified by flow cytometry analysis. Again, when compared to the untreated
cells, the co-treatment of M-CSF and 10uM B(a)P was found to be effective in suppressing
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IgG-CD32 binding in monocytic cells (Fig. 7C). IgG-CD32 binding also was assessed after
monocytic cells were cultured, harvested and treated with either 10mM MBCD (depletes
membrane cholesterol) or 30pg/mL nystatin (increases membrane cholesterol). A
statistically significant decrease in the 1gG binding of cells treated with B(a)P, MBCD, or
nystatin was observed as compared to the control (Fig.7D). It should be noted that although
disruption of lipid rafts with B(a)P or MBCD had no effect on CD32 expression, we did
observe an effect on CD32 distribution.

As reported by Bournazos et al. (2009), CD32 translocation to lipid rafts is associated with
efficient 1gG binding. They found that at rest, in the absence of IgG, CD32 resides
predominantly in non-raft fractions but in the presence of 10ug/mL of hHAIgG, CD32 is
redistributed to the lipid raft fractions. We investigated the effects of 10uM B(a)P exposure
on this important event. Toward this end, monocytic cells were co-treated with 10uM and M-
CSF, the then cells were lysed and placed in a discontinuous sucrose gradient and
centrifuged for 18 h to fractionate the lipid rafts. Ten 1ml fractions were collected, the DRM
fractions were determined by CD59 staining, a lipid raft marker, and analyzed for CD32
expression in the absence or presence of IgG. The fractions were also analyzed by liquid-
liquid extraction and HPLC to quantify B(a)P and metabolites. As seen in Fig 8A, CD59
staining on the representative dot blot verified fractions 1-4 as non-raft fractions and
fractions 6-7 as raft fractions. The dot blot was also stained against CD32 in the absence or
presence of 1gG. The results of the ImageJ software analysis on the dot blot indicated that in
the presence of 1gG, a higher percentage of CD32 is found within the lipid raft fractions as
compared to the percentage of CD32 in the non-raft fractions. In the absence of 1gG, there is
a reduced quantity of CD32 found in raft fractions; in the presence of 1gG, CD32 also is
distributed at higher amounts in the non-raft fractions when compared to CD32 distribution
in non-raft fraction in the presence of 1gG (Fig. 8B). The 1ml fractions collected from the
sucrose gradient were then analyzed for cholesterol content, B(a)P and its metabolites. A
cholesterol oxidase assay measured the amount of cholesterol in each fraction and
determined that fractions 5-8 contained the highest amount of cholesterol (Fig. 8C). As
expected, fractions obtained from cells treated with MBCD were found to have very low
levels of cholesterol. After the fractions were analyzed to verify lipid raft fractions, they
were to analyzed for B(a)P metabolite content (Fig 8D) and quantified for CD32 expression
and cholesterol content. The highest quantities of B(a)P and metabolites were found within
the lipid raft fractions. It was interesting to note that the lipid raft fractions of cells co-treated
with M-CSF and either 1, 5, or 10uM B(a)P contained the highest amount of cholesterol and
B(a)P metabolites, indicating a possible relationship between B(a)P and cholesterol.

Based on the totality of the experimental evidence, we propose a mechanism for B(a)P
exposure-induced suppression of macrophage effector function (Fig. 2). Suppression of
macrophage effector functions occurs via disruption of lipid raft architecture to cause a
decrease in CD32a within lipid rafts. As shown in Fig. 2A, we determined the cellular
location of CD32a in the presence and absence of 1gG, and examined the effect of B(a)P,
MBCD, and nystatin on CD32a-1gG binding. Fig. 2B depicts such an interrogation of the
effects of exposure to B(a)P on lipid raft cholesterol concentration and the resulting
accumulation of B(a)P metabolites within lipid rafts. Our results demonstrate that in the
absence of IgG, CD32a is mostly found outside lipid rafts and subsequently translocates to
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lipid rafts in the presence of 1gG (Fig. 2A). As indicated in Fig. 2B, the results suggest that
exposure to B(a)P significantly suppresses CD32a association with lipid rafts as compared to
controls, leading to reduced 1gG-CD32a binding. Collectively, these findings suggest that
intact lipid rafts are paramount for IgG-CD32a binding and effector function signaling, and
point to a possible deleterious role for B(a)P in developmental immunotoxicological
processes.

Our proposed mechanism shown in Figure 2 is in agreement with an obligatory aryl
hydrocarbon receptor (AhR) mediated mechanism due to our B(a)P-exposure based
experimental model system (Baba et al., 2012). The effects reported in the present report are
considered to be downstream of AhR and are supported by recent studies presenting data
demonstrating that the aryl hydrocarbon receptor (AhR) protects against bacterial infection
by promoting macrophage survival and reactive oxygen species production. Results reported
in the article by Kimura et al. (2014) support the contention that the AhR is crucial for a
variety of immune responses. These authors explored the relationship between AhR and
infection with the intracellular bacteria Listeria monocytogenes (LM) that admittedly is not
well understood. Their data demonstrate that in response to bacterial infection, the AhR was
required for clearance of the bacteria as a result of promoting macrophage survival and
reactive oxygen species generation. While the results show that AhR-deficient mice were
more susceptible to listeriosis, absence of the AhR receptor seemed to enhance listeriosis
growth. Upregulation of pro-inflammatory cytokines was increased in AhR-deficient
macrophages infected with LM despite enhanced susceptibility to LM infection. The Kimura
et al. (2014) studies demonstrate that AhR protects against macrophage cell death induced
by LM infection through the induction of the apoptosis inhibitor of macrophages, that
promotes macrophage survival in the setting of LM infection. The data also showed that
AhR promotes ROS production for bacterial clearance. In summary the Kimura et al. (2014)
study demonstrates that AhR is essential to the resistance against bacterial infection by
promoting macrophage survival and ROS production. In the present study and as depicted in
Figure 2, AhR activation via B(a)P exposure was shown suppress macrophage functional
indices and suppress uptake of gram-negative coated bioparticles.

Our mechanistic findings align with the results of a recent, 10-year retrospective cohort
study that examined whether proximity to a major roadway and traffic density around the
home during pregnancy was associated with risk of early life respiratory infection in a pre-
birth cohort in the Boston area(Rice et al., 2015). In that study, addresses for 1,263 mother-
child pairs were geo-coded subsequent to enroliment during the first trimester of pregnancy
in a study known as “Project Viva” that was conducted from 1992-2002. The distance from
home to nearest major roadway and traffic density were calculated within a 100 m buffer
around participant's homes. Respiratory infection was defined as maternal report of at least
one doctor-diagnosed pneumonia, bronchiolitis, croup, or other respiratory infection from
birth until the early childhood visit (median age 3.3). A relative risk regression model was
used to adjust for potential confounders and to estimate associations between traffic
exposures and risk of respiratory infection. The study found that distance to roadway during
pregnancy was associated with risk of respiratory infection. In fully adjusted models, relative
risks (95% CI) for respiratory infection were: 1.30 (1.08, 1.55) for <100 m, 1.15 (0.93, 1.41)
for 100 to <200 m, and 0.95 (0.84, 1.07) for 200 to <1,000 m compared with living =1,000
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m away from a major roadway. Strikingly, each interquartile range increase in distance to
roadway was associated with an 8% (95% CI 0.87, 0.98) lower risk, and each interquartile
range increase in traffic density was associated with a 5% (95% CI 0.98, 1.13) higher risk of
respiratory infection. These findings are the first to suggest that living close to a major
roadway during pregnancy may predispose the developing lung to infection in early life.
(Rice et al., 2015)

Similar evidence was found for the contribution of outdoor air pollution as a risk factor for
tuberculosis (TB). A cross sectional study in Los Angeles hypothesized that individuals who
reside near elevated pollutant exposures are likely to have a greater burden of disease — as
evidenced by sputum smear-positive TB. Single factorial models yielded a significant
correlation of smear-positive status and residential exposure to PM, 5. In that study,
residential distance to freeways and major arterial roads did not yield an association. This
correlative report represented the first link to ambient pollution exposure as a risk factor for
TB. Furthermore, PM,, 5 has the potential to impact TB lubg pathology as evidenced by the
linkage of fine particulate matter levels and smear-positive TB. (Jassal et al., 2013)

4. CONCLUSION

These findings validate research trajectory 1 of the Public Health Exposome in the area of
physiologic disruption (e.g. immune response) representing translational knowledge gained
(on a continuum) from basic science research. Specifically, they demonstrate the critical role
of exposure to traffic related air pollution (including PAHS) across gestation and an
immunotoxicological molecular level mechanism that is particularly relevant during critical
windows of development. They suggest that exposure to traffic related air pollution during
gestation has the capacity to result in suppression of macrophage effector function by
disrupting lipid raft integrity to result in reduced 1gG-CD32a binding, inducing an
immunosuppressive endophenotype that can lead to disparate health outcomes in vulnerable
populations across the lifespan.

Since, B(a)P is the archaetypical member in the family of PAHSs these data demonstrate a
critical role for exposure to a key component of traffic related air pollution and its relevance
to occupational exposure settings such as firefighting, coke oven, graphite electrode, and
aluminum manufacturing industries, oil well and petroleum drilling operations, jet fuel
handling and refuse burning etc. Our findings will also have implications for the “human
toxome” studies (Bouhifd et al., 2015; Bouhifd et al., 2014). Data from our in vitro studies
set a foundation upon which to build high-throughput cell-based assays that can be of
fundamental use in testing the immunosuppressive potential of air-borne combustion
toxicants such as PAHs. From a risk-assessment perspective, the signature responses or
fingerprints for each class of immunosuppressive toxicant might be used as a repository for
prioritization of chemicals to predict human toxicity.
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Highlights

The exposome provides a framework for understanding uncharacterized
molecular mechanisms

The goal was to elucidate the mechanism(s) of suppression of macrophage
function.

Exposure alters lipid raft integrity, decreases cholesterol and increases non-
raft CD32

Suggests exposures across the lifespan might induce immunosuppressive
endo-phenotypes
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Application of the public health exposome in environmental health research
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Figure 2.
Proposed mechanism for B(a)P exposure-induced suppression of macrophage effector

function. Suppression of macrophage effector functions (Panel B) occurs via disruption of
lipid raft architecture to cause an effective decrease in CD32a (FCyRII) within lipid rafts.
We determined the cellular location of CD32a in the presence and absence of 1gG, and
examined the effect of B(a)P, MBCD, and nystatin on CD32a-1gG binding. Fig. 2B versus
Fig 2A depicts such an interrogation of the effects of exposure to B(a)P to deplete lipid raft
cholesterol concentration and the resulting accumulation of B(a)P metabolites (see Figure
8D) within lipid rafts. As is shown in Fig 2B the results demonstrate that in the absence of
1gG, CD32a is mostly found outside lipid rafts and subsequently translocates to lipid rafts
when in the presence of IgG (Fig. 2A). As indicated in Fig. 2B, the results suggest that
exposure to B(a)P significantly suppresses CD32a association with lipid rafts as compared to
controls, leading to reduced IgG-CD32a binding. Collectively our findings suggest that
intact lipid rafts are paramount for IgG-CD32a binding and effector function signaling.
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Figure 3.
B(a)P exposure inhibits the differentiation of MCSF stimulated blood monocytes into

macrophages. (A) Purified human blood monocytes were cultured with MCSF in the
absence or presence of 10 uM B(a)P for 6 days. Images of the cells were taken by confocal
scanning laser microscopy. (B) Cell viability was assessed by trypan blue exclusion assay.
(C) The cultured monocytic cells were then stained with mAbs against CD11b, CD14 or
CD71. Controls were DMSO (0.01%) treated. The cells were analyzed by flow cytometry
and the representative histograms from three individual experiments are as shown.
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Figure 4.
B(a)P exposure decreases macrophage phagocytic activity. (A) Representative flow

cytometry histograms from phagocytosis of fluorescent latex microspheres (1Img/mL) by
purified human blood monocytic cells treated in the absence or presence of MCSF and 10
UM B(a)P for 6 days. Monocytic cells were incubated at 4°C or 37°C for 45 min with
fluorescent latex microspheres and phagocytosis was quantified by flow cytometry.
Monocytic cells incubated with microspheres at 37°C were also incubated with CD68, a
macrophage marker, and quantified by flow cytometry. (B) Quantification of phagocytic
activity at 4°C and 37°C. Results presented are values = SE from at least five independent
experiments. (*, p < 0.05) compared to DMSO-treated cells.
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Figure 5.
B(a)P exposure decreases macrophage respiratory burst activity. (A) Representative flow

cytometry histograms for PMA-stimulated respiratory burst activity in monocytic cells
cultured in the absence or presence of M-CSF and/or 10uM B(a)P for 6 days. Cells were
pre-stimulated with PMA for 45 min, then incubated with dihydrorhodamine 123 for 45 min.
(B) The quantification of reactive oxygen species intermediate production and cells
expressing CD68 when cultured in the absence or presence of M-CSF, 1, 5 or 10uM B(a)P
and stimulated with or without PMA. Results presented are + SE from at least five
independent experiments. (*, p < 0.05) compared to untreated cells.
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B(a)P exposure suppresses uptake of E. coli bioparticles. (A) and (B) Representative

confocal histogram uptake profiles for blood monocytes plated on 35mm MatTek dishes, and

cultured with MCSF in the absence or presence of B(a)P (10 pM for 6 days). Cells were

incubated with E. coli or S. aureus FITC-conjugated bioparticles (50 mg/mL for 45 min) and
phagocytic rate of uptake profiles were recorded by confocal microscope. Twenty cells were

selected and the uptake profile for each was analyzed. (A) Representative uptake profiles
from E. coli covered bioparticles and (B) S. aureus covered bioparticles. Results presented
are values + SE from at least five independent experiments. (*, p < 0.05) compared to
DMSO-treated cells.
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Figure 7.
B(a)P exposure disrupts lipid raft homeostasis. (A) Quantification of IgG complex binding

to CD32 in untreated CD14™ monocytic cells. Cells were incubated with human heat
aggregated 1gG (hHAIgG-10ug/mL) for 30 min, then stained for CD32a. (B) Representative
confocal immunofluorescence micrographs of monocytic cells treated with 1gG
(hHAIgG-10ug/mL) for 30 min, stained for ganglioside 1 (GM1-a marker for lipid raft
domains) with CTaB-AF555 (Red) and for CD32-PE (Green) mean fluorescent intensity
was determined by nikon imaging software. Cells were prepared and analyzed as described
in Materials and Methods. (C) Representative flow cytometry histograms of IgG and CD32
expression in monocytic cells exposed to MCSF or MCSF+B(a)P. The cells were incubated
with hHAIgG-FITC conjugated (10pg/mL) for 30 mins, then stained for CD32-PE. (D)
Measurement of 1gG complex binding to CD32 in monocytic cells exposed to either B(a)P
(10pM), MBCD (10 mM 15 min at 37°C), or nystatin (30ug/mL for 15 min at 37°C). Results
presented the mean (xSE) from at least three independent experiments (*, p <0.05)
compared with untreated control cells.
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Figure 8.

B(a)P exposure results in decreased IgG-CD32 binding within lipid raft regions. Cells were
prepared and analyzed as described in Methods. (A) DRM fractionation and analysis of
CD32 distribution in monocytic cells treated with M-CSF and 10 uM B(a)P for 6 days.
Following treatment of cells with 10 g/mL hHAIgG to determine receptor localization
following IgG complex binding. CD59 was used as a marker for DRM fractions. (B)
Quantification of CD32 band intensities present in each fraction (Image J software). (C)
After cells were cultured and fractionated as described in Methods, the subsequent 1 mL
fractions were analyzed for cholesterol content by cholesterol oxidase assay. (D) In parallel,
the 1 mL fractions were analyzed by liquid-liquid extraction and HPLC analysis to measure

B(a)P metabolite concentration.
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Phenotypic analysis of human blood monocytic cells cultured in the absence or presence of B(a)P

Table 1

Surface Marker

DMSO B(a)P (10 uM)

CD11b (n=7)
CD14 (n=7)
CD68 (n=7)
CD71 (n=7)
CD86 (n=7)

4514 +162.6  394.8+229.5
13.7+33 121+54

213.7+96.2 151+76.5
86.2+55.4 10.5+16
84.2+10.1 121.9+8.1
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