Journal of Translational Autoimmunity 5 (2022) 100177

Contents lists available at ScienceDirect

»2
J LOF
Translational
Autoimmunity

Journal of Translational Autoimmunity

FI. SEVIER

journal homepage: www.sciencedirect.com/journal/journal-of-translational-autoimmunity

Effect of polycyclic aromatic hydrocarbons on immunity

Yang-yiyi Yu®", Hui Jin®>%"", Qianjin Lu®">>%%"

 Department of Dermatology, Hunan Key Laboratory of Medical Epigenomics, The Second Xiangya Hospital, Central South University, Changsha, China

b Research Unit of Key Technologies of Immune-related Skin Diseases Diagnosis and Treatment, Chinese Academy of Medical Sciences (2019RU027), Changsha, China
¢ Institute of Dermatology, Chinese Acadenty of Medical Sciences and Peking Union Medical College, Nanjing, China

d Key Laboratory of Basic and Translational Research on I Mediated Skin Di: Chinese Academy of Medical Sciences, Nanjing, China

¢ Jiangsu Key Laboratory of Molecular Biology for Skin Diseases and STIs, Nanjing, Jiangsu, 210042, China

ARTICLE INFO ABSTRACT

Keywords: Nearly a quarter of the total number of deaths in the world are caused by unhealthy living or working envi-

Immumt}’ . ronments. Therefore, we consider it significant to introduce the effect of a widely distributed component of air/

EOIYC}}T]IC aromatic hydrocarbons water/food-source contaminants, polycyclic aromatic hydrocarbons (PAHs), on the human body, especially on
ymphocytes

immunity in this review. PAHs are a large class of organic compounds containing two or more benzene rings.
PAH exposure could occur in most people through breath, smoke, food, and direct skin contact, resulting in both
cellular immunosuppression and humoral immunosuppression. PAHs usually lead to the exacerbation of auto-
immune diseases by regulating the balance of T helper cell 17 and regulatory T cells, and promoting type 2
immunity. However, the receptor of PAHs, aryl hydrocarbon receptor (AhR), appears to exhibit duality in the
immune response, which seems to explain some seemingly opposite experimental results. In addition, PAH
exposure was also able to exacerbate allergic reactions and regulate monocytes to a certain extent. The specific
regulation mechanisms of immune system include the assistance of AhR, the activation of the CYP-ROS axis, the
recruitment of intracellular calcium, and some epigenetic mechanisms. This review aims to summarize our
current understanding on the impact of PAHs in the immune system and some related diseases such as cancer,
autoimmune diseases (rheumatoid arthritis, type 1 diabetes, multiple sclerosis, and systemic lupus erythema-
tosus), and allergic diseases (asthma and atopic dermatitis). Finally, we also propose future research directions
for the prevention or treatment on environmental induced diseases.

Autoimmune diseases

1. Introduction in 2017, including more than 60 000 children aged under 5 who died of

lower respiratory infections caused by second-hand smoke [2]. Simi-

In recent years, the role of environmental pollution on human health
has attracted enhanced interest globally. World Health Organization
(WHO) estimated that 12.6 million people died due to unhealthy living
or working environments in 2012 worldwide, among which almost half
of the deaths were attributed to non-communicable diseases caused by
air pollution [1]. This data accounted for nearly a quarter of the total
number of deaths in the world. Environmental risk factors such as
air/water/soil pollution, chemical hazards, climate change, and ultra-
violet radiation have caused more than 100 diseases and injuries [1].
About smoking, WHO has reported that tobacco killed 3.3 million users
and people exposed to second-hand smoke from lung-related conditions

larly, Tobacco use and secondhand smoke exposure are also reported as
major causes of cardiovascular disease, contributing to approximately
10% of all cardiovascular deaths globally [3]. Air pollution is one of the
major environmental health risk factors, causing almost four to nine
million deaths worldwide, especially with the increased human expo-
sure to a major component of air pollution, particulate matter (PM) [4,
5]. Many epidemiological studies have shown that high levels of air
pollution, in particular, PM, would be harmful to human health,
including inducing or worsening autoimmune diseases [6-8]. Due to its
small particle size and large specific surface area, PM2.5 (PM between
0.1 and 2.5 mm) becomes a hotbed for toxic substances [9], of which
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polycyclic aromatic hydrocarbons (PAHs) [10] are one of the most
important substances. In addition to air, PAHs are also present in
pollutant water, soil, animals, and plants.

2. What are PAHs

PAHs consist of over 100 different organic compounds containing at
least two fused or condensed benzene rings in various configurations
produced by incomplete combustion of organic matters [11]. PAHs
could enter the air mainly through the release of volcanoes, forest fires,
coal burning, and automobile exhaust, and enter the water through
discharges from industrial and wastewater treatment plants (Fig. 1)
[12]. PAHs in the air exist in the gas phase or are adsorbed into the
airborne particulate matter. Generally, low-weight PAH with two, three,
or four rings tend to exist in the vapor phase and are considered less
toxic, but they could react with other air pollutants to produce more
toxic substances [13,14]. High-weight PAHs with more than three rings
do not vaporize, so they mainly occur in the particulate phase in the air
[15]. In addition, the concentration of PAHs in the vapor phase increases
in high-temperature, generally in summer or tropical regions, while in
winter or arctic regions, the particular PAHs dominates [16,17]. Espe-
cially in winter, high levels of PAHs were also observed in urban areas or
densely populated areas [18]. With the circulation of air and water,
PAHs will also appear in soil, animals, and plants (Fig. 1) [19].

The general population is exposed to PAHs mainly from polluted air
from the environment, tobacco smoke, fireplace smoke, or consuming
food contaminated with PAHs [20] (Fig. 1). Individuals may also be
exposed to PAHs from contaminated soil through ingestion or direct skin
contact (Fig. 1) [21]. Occupational exposure may occur when workers
breathe exhaust fumes (Fig. 1). Therefore, most people would frequently
be exposed to PAHs in different ways not limited to breathing. Luckily,
there has existed a widely used urinary biomarker for assessing PAH
exposure in human beings, 1-Hydroxypyrene [22-25].
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3. How PAHs influence the human body

The influence of PAHs on human body was mainly associated with
the concentration and toxicity of PAHs, plus the degree and route of
exposure (e.g., the length of time and e.g., inhalation or dermal contact)
[20]. The carcinogenicity, teratogenicity, and genetic toxicity of PAHs
have been thoroughly discussed [26]. Therefore, this review focuses on
the impact of PAHs on human immune functions.

Since the skin and respiratory tracts are constantly in contact with
various pollutants at the main barrier surfaces, PAHs tend to be
concentrated in the skin and bronchial epithelial cells (Fig. 2) [27,28].
Due to the high lipophilicity of PAHs, they can easily penetrate the
epithelial barrier, accumulate and retain with the lipids, which leads to
the chronic activation of aryl hydrocarbon receptor (AhR) (Fig. 2) [29,
30].

PAH is one of the relatively less potent AhR ligands, compared with
some other PM components such as 2,3,7,8-tetrachlorodibenzo-p-dioxin
(TCDD) and dioxin-like compounds [31]. AhR, the cellular target of
PAH, is a ligand-activated transcription factor [32]. AhR signaling is
needed in both adaptive and innate immune cells at their key check-
points. The “PM-PAH-AhR” chain has been directly studied in recent
years, that is, PM adsorbed PAHs trigger AhR-dependent cellular
changes [33]. The properties of PMs depending on PAH content and the
interaction of air pollution with AhR signaling in target tissues will ul-
timately define the toxicity of pollutants. Targets of AhR genes generally
include xenobiotic metabolic phase I and II enzymes, such as cyto-
chrome P450 (CYP), nicotinamide adenine dinucleotide phosphate
(NADPH), and UDP-glucuronosyltransferase 1A6, along with other
signaling pathways such as nuclearfactor-xB (NF-kB), Jagged 1 (Jagl),
nuclear factor erythroid 2-related factor 2 (NRF2), estrogen receptor
signaling, etc. [34,35].

PAH exposure would lead to reactive oxygen species (ROS) forma-
tion and the oxidative damage. One possible pathway is the AhR-
dependent CYP induction, including CYP1A1, CYP1A2, and CYP1B1
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Fig. 1. Pathways of human exposure to polycyclic aromatic hydrocarbons (PAHs).
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PAHs enter the air primarily through volcanic eruptions, forest fires, coal burning, and automobile exhaust, and enter into the water through emissions from industry
and sewage treatment plants, where they may sink to the seafloor. Airborne PAHs can exist in the gas phase or be adsorbed in suspended particulates in the air. PAHs

also appear in soil, plants, and animals as the air and water circulate.

PAHs in these environments can all contact humans in a variety of ways, including breathing the environmental and indoor polluted air, smoking or inhaling smoke
from fireplaces, eating foods that contain PAHs, and direct exposure to contaminated soil. Occupational exposures can also occur when workers inhale exhaust fumes.
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Fig. 2. The mechanisms of polycyclic aromatic hydrocarbons on human immune cells.

PAHs contact mainly with the skin and respiratory tract, and tend to be concentrated in the skin and bronchial epithelial cells. Due to the high lipophilicity of PAHs,
they readily penetrate the epithelial barrier, accumulate slowly in fat, and eventually persist for a long time.

In general, AhR signaling is needed in both adaptive and innate immune cells, in addition to different intracellular mechanisms, including cytochrome P450 (CYP)-
reactive oxygen species (ROS) axis and intracellular calcium mobilization. The study of epigenetic mechanisms has also become increasingly diverse.

(1) PAHs can induce Th17 differentiation. The possible intracellular mechanisms include the Ahr-Jagl-Notch signaling pathway and the involvement of the
glycogenesis regulator Hif-1a. The secretion of Th17 cytokines, including IL-17 and IL-22, was also increased. Th17 cells can be transformed by AhR into type 1 T
regulatory (Tr1) cells that produce the immunosuppressive cytokine IL-10. Conversely, in Tr1 cells, IL-27 was able to increase the AhR expression through a Stat3-
driven mechanism.

(2) PAH exposure is associated with impaired Treg function, downregulation of Foxp3, and increased methylation in the Foxp3 promoter region. PM2.5 promotes the
expression of Gotl, resulting in hypermethylation of the Foxp3 locus, thereby inhibiting Treg differentiation. Changes in miR223 were also associated with lower
Treg levels.

(3) PAHs lead to increased expression of Th2-related markers and elevated levels of secreted IL-4 and IL-13. PAHs induce oxidative stress pathways that generate
ROS. ROS production may also be caused by increased expression of p40phox, a member of the membrane NADPH oxidase complex.

(4) PM up-regulated the level of CYP 1A1, thereby affecting the activation of human monocytes. CXCL8 production was induced, as was IL-1f secretion by monocytes
and activated macrophages.

(5) Exposure to PAHs results in enhanced mast cell signaling, degranulation, mediator and cytokine release, and allergic responses in vivo. Increased expression of

several endoplasmic reticulum stress-related markers was also observed.

[36]. It was experimentally confirmed that AhR-dependent induction of
CYP1A is a main source of ROS formation in TCDD-treated liver cells
[37]. Taking an example of oxidative damage, skin exposure to PAHs
leads to the formation of ROS, contributing to the development of in-
flammatory skin diseases. ROS formation can affect epidermal barrier
function directly by interfering with keratinocyte differentiation and
indirectly by stimulating MAPK signaling and downstream nuclear
factor-kB (NF-kB) and AP-1 transcription factors in keratinocytes to
induce proinflammatory enzymes and cytokines [38,39].

The AhR signaling pathway also regulates the antioxidant responses.
NRF2 is a transcription factor that protects against oxidative stress
through binding to antioxidant response elements that induce anti-
oxidative enzymes. Both AhR and NRF2 signaling pathways respond to
environmental and endogenous stressors. Recent studies suggested the
junctions and cross-regulations between the two pathways provided an
integrated response to environmental stressors [40]. The activation of
NRF2 was recently shown after treatment with TCDD and diesel emis-
sion samples [41]. Furthermore, NRF2-dependent mechanisms may be
involved in dioxin-induced chloracne, a hallmark skin disease specific
and sensitive to dioxin exposure [42]. Treatment of epidermal kerati-
nocytes with the antifungal agent ketoconazole induces nuclear trans-
location of NRF2 and downstream quinone oxidoreductase (a member of
NADPH family) expression in an AhR-dependent manner [43]. Studies
on PAH-induced immunotoxicity in fish have suggested different intra-
cellular mechanisms, such as PAH metabolism of (CYP), binding to AhR,
and mobilization of intracellular calcium [44]. An individual PAH,

benzo[alpyrene was able to upregulate intracellular calcium in lym-
phocytes and monocytes, possibly through the CYP 1A1 metabolic
signaling. Meanwhile, PAHs can also upregulate intracellular calcium
without CYP 1Al. Increased intracellular calcium concentrations of
immunocytes may lead to changes in the expression of immune markers
and thus changes in immune status [45].

Immuno-suppression was indicated to be the most common effect
after PAH exposure and was suggested to be a mechanism of PAH-
induced cancer and the increased sensitivity of individuals to the
development of infectious diseases [46]. The decrease in humoral im-
munity is due to the modification of leukocyte membranes caused by
activated lipid peroxidation (LPO), a process that ROS targets cell
membranes and induces autocatalytic oxidation, which could also lead
to decreased activity of lymphocyte enzymes and reduced number of
spleen cells [47,48]. PAHs were observed to reduce the number of
splenic B lymphocytes, inhibit antibody production, and decrease the
number of antigen-specific responder B cells [49,50]. For cellular im-
munity, exposure to PAHs may cause thymus atrophy, because contin-
uous aryl hydrocarbon receptor (AhR) activation could affect the
proliferation of thymocytes, thereby decreasing T lymphocytes in the
thymus. This process is likely to be mediated by the premature migration
of CD4°CD8 double-negative T cells from the thymus to the peripheral
lymphoid organs [51] and the induction of AhR-dependent transcription
factor KLF2 [52]. In total, PAHs can affect T cells, B cells, mast cells,
monocytes, dendritic cells, and macrophages with, at least partly,
different mechanisms (Fig. 2).



Y.-y. Yu et al
3.1. The overall process on T cells

Recently, PAH exposure was found to be associated with the inhi-
bition of T cell proliferation and the dose-dependent inhibition of IL-2,
IL-10, IL-17A, and IFNy secretion (Table 1) [53]. From the peripheral
blood mononuclear cells (PBMC) of almost 200 men who participated in
Health Effects of Arsenic Longitudinal Study (HEALS) in Bangladesh,
Lauer et al. [54] found that PAH adducts were inversely correlated with
T and T memory cell phenotypes. Additionally, at higher levels of
PAH-DNA adducts, the percentage of Th cells decreased significantly; at
lower levels, the percentages of Thl and Th2 cell populations first
decreased and then increased. A non-monotonic decrease in the per-
centage of T helper 17 (Th17) cells with PAH adducts was also observed
(Table 1). AhR is expressed in nearly all CD4* T cells, most in Th17, type
1 regulatory T cells (Tr1), and regulatory T cells (Treg), relatively less in
Th1 and Th2 [55,56]. O’Driscoll et al. hypothesized that the degree and
duration of AhR activation process would have a dual effect on T cell
response and the subsequent CYP enzymes, resulting in the inhibition or
enhancement of autoimmunity [57]. This explained why some AhR li-
gands were able to improve autoimmune diseases, while others aggra-
vated diseases. To support this viewpoint, there was an experiment
showing that the degree and duration of AhR activation, rather than
ligand-specific responses, could affect the observed immune status [58].
In this experiment using the graft-versus-host disease model, when AhR
was activated to the normalized TCDD CYP 1A1 mRNA induction levels,
all tested AhR ligands improved disease; when AhR was exposed to
lower levels of AhR ligands, Th17 cells increased, leading to disease
deterioration. This experiment has challenged the conventional idea
that AhR regulates the differentiation of Thl7 and Treg in a
ligand-specific manner, that is, exogenous ligands (e.g., PAHs) promote
immunosuppression, while endogenous ligands (e.g., FICZ) facilitate
Th17 response, thereby intensifying immune response [55,59].

3.2. PAHs enhance autoimmunity by upregulating Th17 cells

Specific to Th17, early in 2013, either individual PAH or mixtures
containing PAHs were proved to enhance Th17 differentiation (Table 1)
[60]. Later, AhR ligands such as PAHs contained in cigarette smoke were
shown to exacerbate arthritis and increase Th17 cells in animal models
[61]. O’Driscoll et al. found that environmental PM samples enhanced
Th17 differentiation in an AHR-dependent manner [62]. The same team
also demonstrated the synthetic PAH mixture that existed in PM of

Table 1
The effects of PAHs on T cell populations and monocytes.
cell type General trends  proportion cellular activities® iconic
in PBMC molecule
T cells (in dual effect | proliferation: (-) 1L-2/10/
total) 17A, IFN-y
Th17 (+) at low- l differentiation: (+)  IL-17
dose of PAHs proliferation: (+)
() at high-
dose of PAHs
Trl +) differentiation: (+) 1L-10
Treg ) - inhibition (-) Foxp3
Thl /(" non- - IL-10, IFN-
monotonic g
Th2 +) non- CCRS, IL-
monotonic 4/13/19
monocytes +) ) Activated IL-1b

Abbreviations: PAH, polycyclic aromatic hydrocarbon; PBMC, peripheral blood
mononuclear cells; IL, interleukin; IFN, interferon; Th17, T helper 17 cells; Tr1,
type 1 regulatory T cells; Treg, regulatory T cells; Th1, T helper 1 cells; Th2, T
helper 2 cells.

@ Effects of PAHs at pathogenic doses on cell proliferation or differentiation.

b Due to the relatively less AhR on Thi, high-dose PAHs may activate Thl
responses. However, some cytokines (IFN-g) are increased and some (IL-10) are
decreased.
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natural environment enhanced Th1l7 differentiation through AHR
and/or CYP metabolism [63]. Similarly, some kinds of synthetic PAH
mixtures were found to enhance Th17 differentiation only without CYP
enzymes, indicating that inhibiting the CYP enzymes could prevent the
decomposition of some active ingredients (Fig. 2) [63].

PM2.5 in the city was shown to trigger Th17 cell polarization
mediated by dendritic cell (DC) activation in an AhR-dependent manner
[64]. PM2.5 activated the AhR and elevated levels of inflammatory
markers related to enhanced DC activation, differentiating naive T cells
into Th17 [64]. This effect of DC-mediated IL-17 elevation and enhanced
autoimmune/allergic responses has also been demonstrated in
PM-treated mice [65]. In vivo, the secretion of Th17 cytokines (including
IL-17) depends on the activation of AhR signaling cascade in DCs by
PAHs. For instance, components of the Notch pathway including Jagl
are targets of PM in human monocytes and murine dendritic cells. Af-
terward, the binding of activated AhR to the promoter of Jagl could
activate the subsequent Ahr-Jagl-Notch signaling pathway and increase
the release of Th17 cytokines, thereby enhancing autoimmunity (Fig. 2)
[65]. Intracellular deletion of AhR prevented PM-mediated increase of
IL-17 and the exacerbation of allergic response, re-emphasizing the
critical role of DCs and AhR [66]. Interestingly, a recent study has
suggested that the production of IL-17 may also be regulated by the AhR
in epithelial cells through innate lymphoid cells (ILCs) [67]. Addition-
ally, the increase in IL-22 levels was also observed both in mice [59] and
in humans [68].

Free radicals associated with combustion-generated particles were
recently reported to activate AhR and induce Th17 cytokines, resulting
in Th17 polarization and IL-17-related pneumonia, that is, the ROS-
mediated Th17 polarization is partially activated by AhR [69]. Given
that AhR can be regulated by a distal NF-kB-binding element located on
AhR gene promoter [70], Vogel et al. speculated that ROS induced AhR
expression through NF-kB signaling [33].

3.3. PAHs regulate the balance of Th17 and regulatory T cells

It has been reported that PAH exposure was related to impaired Treg
function [71], Foxp3 downregulation [72], and the increasing methyl-
ation of Foxp3 promoter region (Table 1) [73]. The regulation of Treg
and Th17 balance is critical in environmentally induced autoimmune
diseases. A recent in vivo study using AhR-deficient mice found that
PM2.5 exposure led to an increase in Th17 differentiation and a decrease
in Treg differentiation, depending on AhR but not related to the
antigen-presenting cells [74]. Higher IL-17 and relatively lower Foxp3
levels in mice CD4" T cells reflected a T cell/AhR dependent dysregu-
lated balance between Th17 and Treg cells [74]. Furthermore, the au-
thors found that in PM2.5-stimulated Th17 cells, both the expression
levels of enzymes in the glycolytic pathway and the glycolytic rate were
upregulated. Specifically, the regulatory factor of glycogenesis, Hif-1a,
was observed to have a positive effect on Th17 differentiation. Whereas,
Hif-1a seemed not to affect Treg differentiation, though Hif-1a in Treg
could also be induced by PM2.5. This may indicate different AhR
regulating mechanisms in Th17 versus Treg cells. Epigenetically, PM2.5
promoted Gotl expression through the combination of AhR and its
promotor, leading to hypermethylation in the Foxp3 locus, as to inhibit
Treg differentiation (Fig. 2) [74]. However, PM2.5 contains other
non-PAH substances, so it still needs further exploration about the
mechanism of how PAHs influence Treg cells. A significant increase in
methylation of Foxp3 in Tregs and the subsequent decrease in Foxp3
expression levels were observed at multiple PAHs exposure time win-
dows, as well as the sustainability of this effect [73]. Exposure to to-
bacco smoke in pregnant women has also been reported to be associated
with miR223 in pregnant women and cord blood (Fig. 2) [75]. The
changes in these miRNAs are thought to be related to lower Treg levels
[75].

AhR was interestingly able to transform the established Th17 cells
into Type 1 T regulatory (Tr1) cells (FOXP3~CD4" T cells) that produce
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immunosuppressive cytokine IL-10 in allergic rhinitis (Fig. 2) [76,77].
Activin-A was also observed to co-opt the IRF4 and AhR signaling in
CD4™ T cells, giving rise to the production of Tr1-like cells, which could
restrain allergic reactions in a humanized mouse model [78]. It has also
been proven that in Trl cells, IL-27 was able to boost their AhR
expression through a Stat3-driven mechanism to prevent autoimmune
disease [79] (Table 1).

3.4. The effect of AhR on monocyte fate

From the PBMC of almost 200 men who participated in HEALS in
Bangladesh, CD14" monocytes and CD14" CD16" cells (non-classical or
intermediate monocytes) tended to increase non-monotonously after
arsenic and PAHs exposure, with elevated IL-1b secretion in monocytes
and activated macrophages (Fig. 2) [54,80]. Similarly, Den Hartigh et al.
studied the effect of PM on human monocyte activation and concluded
that PM exposure upregulated CYP 1Al levels, while inhibition of AhR
downregulated the expression of CYP 1Al and inflammation reactions
(Fig. 2) [81].

Macrophages have been indicated to be the main target of ultrafine
particles in mouse lungs [82]. In the presence of local pneumonia,
exposure of pulmonary macrophages to PAHs was likely to trigger the
release of pro-inflammatory mediators into the circulation, which may
result in a subsequent systemic inflammatory response, further exacer-
bating local pneumonia [83]. Likewise, in human macrophages, Benzo
(a)pyrene (B(a)P) induced the production of CXCL8 by binding AhR to
the CXCL8 promoter, thereby triggering the expression of neutrophil
chemotactic factor (Fig. 2) [84]. These observations support that mac-
rophages activated by air pollutants in an AhR-dependent manner are
associated with neutrophilia and airway remodeling, which may be one
of the mechanisms of the pathogenesis of severe asthma.

Regarding whether human monocytes differentiate into DCs or
macrophages, AhR activation was amazingly found to promote mono-
cytes to be directed towards DCs instead of macrophages though both
DC and macrophages express AhR, indicating that AhR may be the
determinant of the fate of monocytes under the stimulation of micro-
environmental factors [85].

3.5. PAHs promote type 2 immunity and allergic reactions

In the same study mentioned in the section about the influence of
PAHs on Treg, PAHs exposure was also found to upregulate Th2 type
inflammation and downregulate certain Thl-related immune cytokines
(IL-10), but elevate other Thl-related immune cytokines (IFN-g) [73].
Additionally, this study firstly showed an increase of Th2-related
marker, CCR8 expression on CD4" T cells after PAH exposure [73].
The observed increased expression of IL-4 and IL-13 [73], the main
pro-inflammatory cytokines released by Th2 cells, are closely associated
with atopic diseases because of their critical roles in B cell-induced IgE
production [86,87]. In asthma patients, IL-19 has been identified as one
of the most highly upregulated genes with PAH exposure [88], which
has been shown to induce Th2 cytokines production [89].

Oxidative stress was suggested to affect the Th1/Th2 bias [90]. AhR
ligands including PAHs were reported to induce the oxidative stress
pathway, in which PAHs were metabolically activated by CYP to form
reactive species, subsequently generating ROS [91-93]. These reactive
metabolites modulate both pro- and anti-inflammatory signaling path-
ways [83]. The production of ROS may also be caused by the increased
expression of p40phox, a member of the membrane NADPH oxidase
complex (Fig. 2) [94]. Increased Th2 secretion was observed in the
Dermatophagoides farina 1-sensitized mice co-exposed with B(a)P
through the AhR-ROS axis [95]. In C3H/HEJ mice administered intra-
tracheally (ovalbumin and/or B(a)P), low-dose B(a)P exposure was
observed to enhance allergic airway inflammation partly by promoting
Th2 response, while high-dose B(a)P may activate both Th1l and Th2
responses [96].
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Exposure to PAHs in vivo may also further affect the differentiation of
B cells and T helper cells by biasing the immune response toward Th2-
specific distribution, conducive to the production of B cell-induced IgE
and eosinophils [97]. A classic experiment showed that pyrene, an in-
dividual PAH, enhanced the allergic IgE response in mice [98], indi-
cating PAHs can also stimulate inflammation responses through IgE and
enhance allergic reactions [99]. However, early studies also demon-
strated that treatment of bone marrow cultures with PAH would lead to
apoptosis of pre-B and pro/pre-B cells [100], and that B(a)P could
significantly inhibit the proliferation of activated human B cells at low
doses (10’7 M) [101]. Still from the HEALS in Bangladesh, Burchiel et al.
found the association of smoking with the significant increase in the
percentage of CD19" B cells and activated B cells, but large PAHs, such
as B(a)P, are unlikely to be responsible for this phenomenon because B
cell activation was still detected after correction for these components
[102]. Hence, the studies researching relationships between PAHs and B
cells have still been rare and vague, we strongly suggest further explo-
ration on this proposition.

Exposure to B(a)P led to augmenting mast cell signaling, degranu-
lation, the release of mediators and cytokines, and allergic reactions
[103]. Two other studies also illustrated the importance of AhR ligands
in adjusting mast cell responses that AhR ligands could promote the
process of degranulation and IL-6 secretion [104,105]. Besides, AhR li-
gands were found to chronically alter cytokine gene expression, such as
IL-6, in activated mast cells [104]. After chronic treatment with AhR
agonists or antagonists, calcium influx and mast cell secretory responses
were enhanced or inhibited, respectively [104]. The
hypo-responsiveness of AhR-null mast cells to stimulation demonstrated
the key role of AhR signaling in maintaining homeostasis for mast cells
[103]. However, repeated exposure to FICZ instead inhibits MC
degranulation. In an in vivo passive systemic hypersensitivity model,
histamine release was exacerbated by a single dose of FICZ, but atten-
uated by repeated stimulation of AhR [105]. The mechanism of repeated
AhR activation “desensitization” in mast cells may have some relevance
to desensitization therapy in clinical practice [106]. To help delineate its
mechanism, Sibilano et al. [105] observed a transient increase in cAMP
production following a single exposure to FICZ, whose rapid increase is
necessary for degranulation of mast cells, whereas cAMP was no longer
upregulated after two exposures to FICZ. This suggested that inhibition
of AhR function may be due to direct inhibition of adenylate cyclase or
enhancement of phosphodiesterase. Besides, the expression of several
endoplasmic reticulum stress-related markers was observed to increase
after exposure of mast cells to AhR ligands [107]. Moreover, the
potentiation of PAHs and the ROS induced by AhR signaling in mast cells
can be partially inhibited by 5-lipoxygenase (5-LO) and COX1 inhibitors,
instead of COX2 inhibitors, indicating that eicosanoid metabolites may
play a functional role in amplifying the effects of PAHs [108].

3.6. Evasion of the immune surveillance in PAH-induced cancer

Early in 2008, the U.S. Environmental Protection Agency (USEPA)
classified seven PAH compounds as possible human carcinogens. Soon
later, “evasion of immune destruction” was considered a hallmark of
cancer [109,110]. Based on the preliminary correlation between the
carcinogenic and immunosuppressive potential of PAHs in animal
studies [111,112], we briefly reviewed the possible immune system
changes in PAH-induced cancers and concluded that the immunosup-
pressive function of certain PAHs may contribute to their
carcinogenicity.

B(a)P exposure could result in a variety of different effects in diverse
immune tissues, which may individually or collectively lead to reduced
immune surveillance or immunosuppression of cancer cells. Animal
experiments indicated that B(a)P could suppress the immune responses
to certain tumor cells [113]. After the consistency was reported between
carcinogenic and immunosuppressive chemicals (including PAHs) [111,
112], Zaccaria et al. further addressed the relationship between the
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carcinogenic and immunosuppressive potential of multiple PAHs [114].
For other carcinogenic PAHs, this relationship is recommended to be
further assessed through some immunosuppressive data directly related
to cancer immune monitoring, for example, natural killer cell-mediated
cytolysis. However, this kind of correlation does not reflect a causal
relationship between the immunotoxicity of PAHs and their capabilities
of causing tumors, nor does it show the similarity in the mechanism
between immunosuppression and carcinogenicity. This association is
only likely to indicate a common upstream event that leads to carcino-
genesis and immunosuppression of certain PAHs (for example, meta-
bolic activation).

In the study of Cyplal(—/—) mice [115], lack of CYP1Al in the
gastrointestinal tract was found to cause severe damage to the clearance
of B(a)P. A large amount of B(a)P reaches the bone marrow and other
distal immune tissues, leading to CYP1B1-mediated immunosuppres-
sion. In the case that when the daily oral B(a)P dose was 10 times lower,
the deletion of the Cyplal gene could cause gastrointestinal tract can-
cer. Removal of the two genes Cyplal and Cyplbl could prevent
CYP1B1l-mediated immunosuppression after taking high-dose B(a)P.
Low-dose B(a)P also did not cause gastrointestinal tract cancer but
resulted in squamous cell carcinoma of the preputial gland duct.
Therefore, these phenomena suggested that CYP1Al, as an enzyme,
would bring about oral B(a)P-induced immunosuppression when
deleted. When CYP1B1 is also missing, the serious impact of oral B(a)P
on the immune system would be reduced. Similarly, the cancer-induced
immune response gene Adamdec] related to B(a) P exposure was found
to be up-regulated by another PAH, dibenz[a,h]anthracene (DB(a, h)A),
prompting the similarity of B(a)P and DB(a, h)A in a sense [116]. In the
latest study of 2021, An individual PAH 7,12-dimethylbenzene[a]
anthracene (DMBA) was orally administered to wild-type female mice
treated with subcutaneous sustained-release medroxyprogesterone
(MPA) pellets. Breast cancer subsequently developed and many of its
associated immunobiological features appeared, including immune
surveillance evasion, infrequent immune infiltration, and immunosup-
pression, as well as great resistance to immune checkpoint blockers
targeting PD-1 [117]. It was previously demonstrated that DMBA-driven
mammary carcinomas in mice displayed features similar to human
hormone receptor (HR™") breast cancer (HR"BC) cells: enrichment with
activating PIK3CA mutations and loss of PTEN [118]. Mouse HR"BC cell
lines have showed their abilities to evade immune surveillance in their
hosts of origin, indicating their limited antigenic or adjuvant properties
to the immune system [119,120]. Similarly, this MPA/DMBA-driven
mammary carcinomas also displayed similar histological and tran-
scriptional features to human HRBC, which emerges by evading
lymphoid immune surveillance, is scarcely infiltrated by immune cells,
and displays markers of local immunosuppression [117].

3.7. The potential relationships between PAHs and autoimmune diseases

Rheumatoid arthritis(RA) could be defined as synovitis with tissue
damage resulting from the accumulation of inflammatory cells in joints
[121]. Analyzing data from the National Health and Nutrition Exami-
nation Survey (NHANES) (2003-2014), PAH metabolites in urine and
the interaction between PAH exposure and smoking have both been
found to be positively correlated with the prevalence of late-stage RA
[122]. In the subgroup analysis, the differences between RA and PAH
metabolites in the urine of youth, women, middle-aged, obese, smoking,
and drinking people were significant [123]. Additionally, the correla-
tions were not the same among these subgroups, depending on the
specific PAH metabolites [123]. However, more prospective studies are
still necessary to figure out the potential role of PAHs on RA. In animal
experiments, cigarette smoke containing PAHs was able to induce
arthritis and increase the level of Th17 cells [61]. In the contrast, the
AhR antagonist resveratrol attenuates the production of intestinal Treg
cells and the anti-articular effects of sinomenine in arthritic mice [124].

Type 1 diabetes (T1D) is an autoimmune disease mediated by the
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destruction of insulin-secreting pancreatic p cells [125]. Exposure to
2-aminoanthracene (2AA), an individual PAH, was recently considered
to be one of the factors that increase TID [126]. T1D development was
enhanced by 2AA [126]. O’Driscoll concluded in his review that PM
exposure may upregulate the incidence of T1D in children and worsen
diabetes in adults [57].

Multiple sclerosis (MS) is a central nervous system (CNS) demye-
linating inflammatory disease due to pathogenic T cells targeting myelin
[127]. There has established a strong link between the risk of MS hos-
pitalization or recurrence and PM;( concentration [128-131]. In animal
experiments, intranasal exposure to PM was found to increase T cell
differentiation through AhR, worsening the severity of experimental
autoimmune encephalomyelitis (EAE) [63]. The AhR pathway has been
identified as a new way for PM to decrease Th1 responses in the CNS so
as to reduce the severity of EAE [62]. Interestingly, there was an overall
decrease in circulating AhR agonists in patients with relapsing-remitting
MS, while there was an enhanced AhR agonist activity in patients with
acute CNS inflammation such as clinically isolated syndromes or active
MS [132]. The effect of laquinimod on alleviating MS is currently being
evaluated. Genes related to the AhR pathway were induced in both EAE
mice and naive mice treated with laquinimod, such as Cyplal And Ahrr.
Laquinimod treatment led to an increase in Treg and a decrease in
effector T cells through the AHR pathway in EAE [133]. In a landmark
study, bilayers of PAHs and single-wall carbon nanotubes were used for
the detection of MS from exhaled breath [134]. This cross-reactive array
has opened up a new field for the development of fast, cheap, and
non-invasive diagnostic tools for MS. It can also distinguish MS at
different stages and identify who will respond well to immunotherapy.

Systemic lupus erythematosus(SLE) is an autoimmune disease
involving multiple organs induced by abnormal autoimmune responses
of autoreactive T cells and autoantibodies to unknown autoantigens
[135]. When analyzing the aspect of the new onset of SLE, a recent
population-based cohort study conducted in Taiwan retrieved 682,208
individuals among the ages of 18-70 from the National Health Insurance
Research Database and used satellites to estimate air pollution concen-
tration from 2001 to 2010. It was found that the new diagnosis of SLE
was positively correlated with exposure to several air pollutants, such as
NO,, CO, and PM2.5 [136]. A meta-analysis on whether smoking in-
creases the risk of the onset of SLE combined the evaluation of the effects
of existing studies, showing an elevated risk caused by current smoking
to a certain extent, but no elevated risk caused by the previous smoking
[137]. Some studies also suggested that the risk of SLE disease activity
would be significantly increased after PM exposure [138,139]. In an
animal experiment, the enhanced AhR transcription signal was found to
be related to the disease activity of SLE. By regulating the activity of
AhR, The intensity of AhR signal related to disease progression and
course in SLE mouse model could be changed [140]. Interestingly, a
potential lupus-inducing drug, propranolol, induced stronger AhR acti-
vation in the peripheral blood mononuclear cells of SLE patients than of
the control group, and signs of AhR activation were also shown in skin
tissues related to lesion expression [141].

3.8. PAHs enhance allergic sensitization and aggravate allergic diseases

The Th2-type immune response that leads to tissue inflammation and
remodeling has been considered a potential mechanism of allergic dis-
eases [142]. A recent animal study has shown that PM enhances allergic
sensitization by increasing Th2-mediated inflammation, including the
recruitment of a large number of immune cells, mucosal material pro-
duction, IgE gene expression, and Th2 cytokine expression, in which the
PAH components specifically promote Th17 immune response through
AhR activation [143]. Likewise, exposure to 1-nitropyrene (an individ-
ual PAH) during pregnancy was found to increase the susceptibility of
offspring to allergic asthma [144].

In asthma, the immune response can be aggravated by PAH-activated
AhR upregulating the transcription of Jagl in alveolar macrophages,
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thereby increasing Th2/Th17 cytokines and suppressing Tregs [82].
High levels of Th17 may aggravate the severity of asthma, while Treg
cells are considered to be beneficial to asthma patients. In asthmatic
patients, the degree of FOXP3 methylation and the severity of functional
impairment in peripheral blood Treg cells are positively related to the
level of air pollution [71].

PAH exposure induces redox imbalance by activating AhR, finally
developing and exacerbating asthma. Elevated ROS, endoplasmic re-
ticulum stress, and mitochondrial dysfunction lead to the production of
metabolites (such as eicosanoids), lipid peroxidation, and protein
oxidation and/or nitrification. They can induce or amplify inflammatory
responses, or make cells more sensitive to subsequent pollutant/allergen
stimuli. In general, the PAH-ROS axis contributes to the exacerbation of
asthma in genetically susceptible individuals and individuals exposed to
pollutants with epigenetic modifications [108].

Transgenic mice that consistently express active AhR (AhR-CA mice)
exhibited phenotypes closely related to the features of human atopic
dermatitis, including pruritus hypersensitivity (allergic reaction), loss of
skin barrier function, and excessive activation of Th2 immune response
[145]. Interestingly, AD was described to be induced by air pollutants
through AhR [146]. However, it is worth noting that AhR-activated
drugs for the skin have been developed to treat AD. Recent phase 2
clinical trials of the AhR agonist tapinarof cream have shown encour-
aging preliminary results in AD [147,148]. In a phase IIb, double-blind,
vehicle-controlled study [147], 191/247 randomized subjects received
tapinarof cream 0.5%, 1%, or vehicle, once or twice daily for 12 weeks
with 4-week follow-up. Significant improvements were observed for
almost all outcome measures. In another double-blind, vehicle-con-
trolled, randomized, 6-arm trial [148] (1:1:1:1:1:1), the rates of treat-
ment success at week 12 were observed to be 53% (a concentration of
1% twice daily), 46% (a concentration of 1% once daily), 37% (a con-
centration of 0.5% twice daily), 34% (0.5% once daily), 24% (vehicle
twice daily), and 28% (vehicle once daily), respectively. This phenom-
enon could be explained by the antioxidant function of tapinarof, which
could upregulate epidermal differentiation complex molecules critical
for maintaining skin barrier function, including filaggrin, involucrin,
and keratin [149].

4. Conclusion

This review introduces the nature of PAH and its influence on the
human body, specifically elaborating on its effects on different immune
cells. In addition to the assistance of AhR, the activation of the CYP-ROS
axis, and the recruitment of intracellular calcium, the studies of PAHs
affecting the immune system through epigenetic mechanisms have also
become increasingly diverse in recent years. At present, the research
about effects on T cells has been relatively mature, while the research on
other immune cells such as B cells and monocytes still needs to be
further explored. The impacts of environmental pollution, especially
PAHs, on human diseases have received increasing attention in recent
years. Therefore, This review has also introduced the relationship be-
tween PAHs and several diseases such as cancer, autoimmune diseases
(RA, T1D, MS, and SLE), and allergic diseases (asthma and AD), We
recommend more research on the relationship between PAHs and the
immune system and immune-related diseases, and look forward to more
findings to prevent environmental pollution, or more specifically, the
role of PAHs in inducing or exacerbating these diseases.
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