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Abstract: In recent years, a significant increase in the frequency of disorders caused by air pollutants
has been observed. Here we asked whether transition metal-containing particulate matter (TMCPM),
a component of air pollution, has an effect on the activity of human CD4+ T cell subsets (Th1, Th2,
Th17, and Treg). Peripheral blood mononuclear cells (PBMC) from healthy donors were cultured
with or without NIST (SRM 1648a—standard urban particulate matter purchased from the National
Institute for Standards and Technology) and LAP (SRM 1648a particulate matter treated within
120 min with cold oxygen plasma) preparations of TMCPM, differing in organic compounds content.
Data show that TMCPM treatment increased the level of CD4+ cells positive for IFN-y and IL-17A,
specific for Th1l and Th17 cells, respectively. Moreover, a substantial decrease in frequency of Foxp3
positive CD4+ cells was observed in parallel. This effect was more pronounced for NIST particles,
containing more organic components, including endotoxin (LPS - lipopolysaccharide) and required
the presence of monocytes. Inactivation of LPS by treatment of TMCPM with polymyxin B reduced
the inflammatory response of monocytes and Th subsets but did not abolish this activity, suggesting
a role of their inorganic components. In conclusion, treatment of human PBMC with TMCPM skews
the balance of Th1/Th2 and Treg/Th17 cells, promoting polarization of CD4+ T cells into Th1 and Th17
subsets. This phenomenon requires activation of monocytes and depends on the organic and inorganic
fractions, including endotoxin content in TMCPM, as significantly higher inflammatory response
was observed for the NIST comparing to LAP. This observation may shed a new light on the role of
TMCPM in development and exacerbation of allergies, inflammatory, and autoimmune disorders.

Keywords: transition metal containing particulate matter; air pollution; CD4+ T cells; monocytes;
cytokines; endotoxin

1. Introduction

In recent years, an increase in air pollution has seriously impacted human’s health [1,2]. It has
been accepted that air pollutants, specifically respirable particulate matter (PM), in association with
genetic predispositions, environmental, and epigenetic factors promote initiation of inflammatory
reactions and development of allergy, inflammatory or autoimmune disorders [3-7]. Furthermore, the
exposure to PM is associated with increased risk of pulmonary and cardiovascular disease-related
morbidity, and mortality [8-11]. TMCPM (transition metal containing particulate matter) consists
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of the fine, ultrafine, and nanoparticles containing metals, such as iron (Fe), zinc (Zn), copper (Cu),
chromium (Cr), nickel (Ni), manganese (Mn), lead (Pb), and cadmium (Cd) [12-14]. Although transition
metals are required cofactors for many proteins that are critical for life, inhaled TMCPM can deposit
in different compartments in the respiratory tract and interact with epithelial and resident immune
cells. Usually, they reach the lower respiratory tract where they are mainly phagocytosed by alveolar
macrophages [15]. Smaller PM can penetrate the lower respiratory tract more efficiently and therefore
are more harmful to human'’s health. Part of them can also translocate from the lung to the blood
stream and interact with circulating leukocytes [16], including monocytes, which play a crucial role in
the early phases of the immune response, phagocytosing foreign material, presenting antigens to CD4+
T cells and inducing antigen-specific - adaptive immune response [17].

The human immune system is a sensitive target for air pollution and the optimal balance between
activation of different cells, including Th cell subsets (Th1/Th2 and Th17/Treg) is a key element
responsible for its homeostatic maintenance. Dysregulation of the Th1/Th2 ratio leads to excessive Thl
or Th2 cell activation, resulting in the development of inflammatory or autoimmune diseases often
associated with accumulation of Th1 cells or the induction of allergic diseases due to the accumulation
of Th2 cells, respectively. On the other hand, an elevated level of Th17 cells and peripheral Th17/Treg
imbalance is associated with the development of autoimmune diseases and may also contribute to the
pathogenesis of classically recognized Th2-mediated allergic disorders [18]. Although, the effect of the
immune cell exposure to PM has been well documented in many animal models [19,20], the influence
of TMCPM on human CD4+ T cells has been poorly defined. In this study, we investigated the effect of
TMCPM on the activity of peripheral blood CD4+ T cell subsets (Th), determined by the expression of
intracellular proteins, namely IFN-y, IL-4, IL-17A, and Foxp3, (markers for Th1, Th2, Th17, and Treg
cells, respectively), in vitro after exposure of PBMC to TMCPM preparations, differing in the content
of organic compounds. This work is a part of the APARIC project (Air Pollution versus Autoimmunity:
Role of multiphase aqueous Inorganic Chemistry) aimed to study the influence of transition metal
compounds as components of air pollutants on the induction of autoimmune disorders [21].

2. Materials and Methods

2.1. TMCPM Preparation

Two different preparations of TMCPM (transition metal containing particulate matter) were used
in the study: SRM 1648a—standard urban particulate matter (purchased from the National Institute for
Standards and Technology, Gaithersburg, MD, USA), designated as NIST, which is a conglomeration of
fine and ultrafine particles (mean particle diameter 5.85 um), containing ca. 13% of carbon, including
10.5% of organic carbon [22] and LAP-SRM 1648a particulate matter treated within 120 min with
cold oxygen plasma for the removal of organic compounds from the reference material. Samples of
LAP, with removed organic content (containing less than 2% of organic carbon, and less than 1% of
nitrogen) were prepared in the Department of Inorganic Chemistry, Jagiellonian University, Krakow,
Poland, as described previously [23]. Both preparations of TMCPM were weighted on a high precision
microbalance and freshly suspended in RPMI 1640 medium (Corning, Manassas, VA, USA) in sterile
conditions. Three final concentrations of TMCPM were experimentally established as non-cytotoxic
for PBMC (1 pg/mL, 10 pg/mL, 100 pg/mL) and used in further experiments.

2.2. Cell Isolation

ACDA-treated blood from healthy donors was purchased from the Regional Center of Blood
Donation and Blood Therapy in Krakow, Poland. Peripheral blood mononuclear cells (PBMC) were
isolated by standard Pancoll human (Panbiotech, Aidenbach, Germany) density gradient centrifugation,
washed and resuspended in RPMI 1640 medium (Corning), containing 10% heat-inactivated fetal
bovine serum (EURx, Gdarisk, Poland). Monocytes were separated from PBMCs by counter-current
centrifugal elutriation (JE-6B elutriation system equipped with a 5-mL Sanderson separation chamber;
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Beckmann-Coulter, Palo Alto, CA, USA), as described previously [24]. Cells were washed, resuspended
in RPMI 1640 medium supplemented with 2 mM of L-glutamine, 5% heat-inactivated fetal bovine
serum (EURX), and 25 pg/mL gentamycin (Sigma, St. Louis, MO, USA) (complete medium) and kept in
an ice bath until used. Purity of isolated monocytes was checked by flow cytometry using anti-CD14
antibody (BD Biosciences, Pharmingen, San Diego, CA, USA) and did not drop below 90%. For some
experiments, population of lymphocytes containing c.a. 80% of CD3-positive cells was isolated by
counter-current centrifugal elutriation from PBMCs.

2.3. Cell Culture and Immunostaining for Intracellular Proteins

PBMC were cultured at the density of 1 x 10%/mL in ultra-low-attachment tubes (Corning) in
complete RPMI 1640 medium, with or without TMCPM (LAP and NIST), at three concentration
1 pg/mL, 10 ug/mL, and 100 pg/mL. Cells were kept at 37 °C, 5% CO; in a humidified atmosphere. As a
positive control, cells were stimulated with 50 ng/mL PMA (phorbol 12-myristate 13-acetate; Sigma)
and 100 ng/mL of ionomycin (Sigma). In some experiments, in addition to PBMC, the lymphocyte
population was enriched in T cells (lymphocyte fractions from counter-current centrifugal elutriation)
or such T cells were added to monocytes (10:1 ratio), exposed to TMCPM pre-treated or not with
Polymyxin B (InvivoGen, San Diego, CA, USA) at the concentration 100 ng/mL were used. Cells were
treated and cultured in a similar manner as PBMC.

For intracellular detection of IFN-vy, IL-4, IL-17A, and FoxP3, to inhibit protein secretion, 2 uM
Golgi Stop (containing monensin; BD Biosciences) was added at the beginning of culture, as was
described previously [25]. After 5 h of culture (according to manufacturer’s instructions) the cells were
harvested, washed once in ice-cold PBS (phosphate-buffered saline; Corning) with 5% heat-inactivated
fetal bovine serum (EURx) and stained with the cocktail of fluorescently conjugated monoclonal
antibodies, specific for human CD4+, IFN-y (for Th1), IL-4 (for Th2), IL-17A (for Th17), and FoxP3
(for Treg), according to manufacturer instructions (Human Th1/Th2/Th17 and Human Th17/Treg
Phenotyping Kits, BD Biosciences). Expression of intracellular proteins (IFN-y, IL-4, IL-17A, and
FoxP3) was measured by 10-colour FACS Canto flow cytometer (BD Biosciences, Immunocytometry
Systems, San Jose, CA, USA) and analyzed using BD FACSDiva software version 8.0.1 (BD Biosciences).
Typically, 10,000 events for CD4+ cells were recorded. Percent value of the cells positive for IFN-y,
IL-4, IL-17A, and FoxP3 were quantified as the frequency measure of Thl, Th2, Th17, and Treg
cells, respectively.

2.4. Cytokine Detection by CBA

Monocytes at the density of 3 X 10° were cultured at 37 °C in a humidified 5% CO, atmosphere
in Ultra Low Attachment tubes in complete medium with or without TMCPM (LAP and NIST) at
the concentration 100 ng/mL. Monocytes stimulated with 400 U/mL of human recombinant IFN-y
(Sigma) and 100 ng/mL of LPS (lipopolysaccharide) from Salmonella abortus equi (Sigma) were
cultured simultaneously as a positive control. Supernatants from monocyte cultures were collected and
concentration of TNF-« was determined by Cytokine bead array (CBA, Human Inflammatory Cytokine
Kit; BD Biosciences), according to manufacturer’s instructions. Typically, data from 3600 events for
beads were acquired by a 10-colour FACSCanto flow cytometer (BD Biosciences) and analyzed using
FCAP Array v. 3.0 software (BD Biosciences).

2.5. Endotoxin Determination

Endotoxin (LPS) content in TMCPM (NIST and LAP) preparations and TMCPM treated with
Polymyxin B (InvivoGen) (100 ug/mL; 15 min room temp) was measured by a quantitative ELISA-like
heterogeneous enzymatic assay, using EndoLISA kit, according to manufacturer’s instructions (Hyglos
GmbH, Miinchen, Germany). TMCPM samples were resuspended in sterile PBS (Corning) and analyses
were performed at a temperature of 37 °C with automated microplate reader Infinite 200 Pro (Tecan,
Minnedorf, Switzerland). Endotoxin from Escherichia coli B0:55 (Sigma) was used as a standard.
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Measurements were repeated if the difference between sample duplicates exceeded 10%. Endotoxin
concentrations were expressed as EU/mL, based on the EndoLISA standard curve (four-parameter
logistic non-linear regression model) required by the test.

2.6. Statistics

Statistical analysis was performed by one-way ANOVA and t tests using PRISM GraphPad 6.01
software (GraphPad Software Inc., San Diego, CA, USA). Results were expressed as the mean =+
standard error of measurement (SEM). Statistical significance of differences between the groups was
considered at the following p values: * p < 0.01, ** p < 0.01, *** p < 0,001, **** p < 0.0001. Statistically
significant differences in treated groups compared to controls were determined using the Dunnett test.

3. Results

3.1. TMCPM Reduces the Expression Level of CD4 on the Surface of T Cells

Effect of TMCPM on the activity of human CD4+ T cell subsets was investigated after five hours
of healthy donor PBMCs exposure to NIST or LAP particles. The concentrations of NIST and LAP
used in the study were established experimentally in a range from 1-100 pug/mL, as used at higher
concentrations were cytotoxic (data not shown), confirming previous reports [22]. At first, we checked
weather TMCPM may affect the proportion of CD4+ T cells and the expression of CD4 on their surface,
as was documented for PMA and ionomycin [25-27], potent activators of T cells. For this purpose,
the population of lymphocytes was gated according to FSC/SSC parameters during FACS analysis
of PBMC and the expression of CD4 antigen (mean fluorescence intensity), as well as the percentage
of CD4+ cells, was analyzed. The results presented in Figure 1 show that the expression of the CD4
antigen on the surface of T lymphocytes decreased after cells exposition to TMCPM, similarly to the
group of cells stimulated with PMA + ionomycin (Figure 1A). This effect was dose-dependent (data not
shown), being most pronounced at the highest concentration (100 pug/mL) of NIST or LAP. However,
the exposure of PBMC to TMCPM did not significantly change the frequency (percent) of CD4+ T cells
(Figure 1B).
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Figure 1. Effect of TMCPM (NIST or LAP) on the level of expression of CD4 on the surface of
T cells and frequency of CD4+ T cells. PBMC were stimulated for 5 h with PMA + ionomycin or
with NIST or LAP particles, stained with anti-CD4-PerCP-Cy5.5 conjugated mAb and analyzed by
flow cytometry. (A) Histogram overlay shows fluorescence intensity (PerCP-Cy5.5) of CD4+ cells.
Grey histogram—fluorescence intensity of CD4+ cells in a control culture (without stimulation),
black histogram—fluorescence intensity of CD4+ cells in the samples stimulated either with PMA
(50 ng/mL) + ionomycin (100 ng/mL) (left), 100 ug/mL LAP (middle) or 100 pg/mL NIST (right). Note a
decreased expression of CD4 after stimulations of PBMC cells (decreased mean fluorescence intensity).
Representative data from one out of thirteen experiments performed are shown. (B) Mean + SEM
percentage values of CD4 positive lymphocytes in control cultures (without stimulation) and in the
groups stimulated either with PMA (50 ng/mL) + ionomycin (100 ng/mL) or LAP or NIST used at three
different concentrations (1 pg/mL, 10 pg/mL, 100 ng/mL), calculated from data obtained from thirteen
independent experiments (one-way ANOVA test).

3.2. TMCPM Activates CD4+ T Lymphocytes Depending on the Organic Compounds Content

Population of CD4+ T cells is composed of several subsets, mainly Th1, Th2, Th17, and Treg.
These populations were identified after the exposure of PBMC to TMCPM, according to the expression
of intracellular proteins, characteristic for each subset of IFN-y, IL-4, IL-17A, and FoxP3, respectively.
The exposure of PBMC to NIST or LAP caused an increase in the proportion of cells positive for IFN-y
and IL-17A (Figure 2).
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Figure 2. Flow cytometry analysis of intracellular proteins characteristic for specific Th subsets after
exposition of PBMC to TMCPM. (A) Gating strategy for CD4+ T cell identification. Lymphocytes were
defined according to FSC vs. SSC parameters from PBMC and then Th cells were gated according
to CD4 expression. (B) Dot plots (IFN-y-FITC vs. IL-4-APC; IL-17A-PE vs. FoxP3-APC) show CD4+
T cells positive for IFN-y, IL-4, IL-17A and FoxP3 in unstimulated control, cells stimulated with
PMA (50 ng/mL) + ionomycin (100 ng/mL) (positive control) or stimulated with NIST (100 pg/mL)
or LAP (100 pg/mL). Shown are data from one representative experiment out of thirteen performed.
The expression of intracellular proteins IEN-y, IL-4, IL-17A and FoxP3 was analyzed by flow cytometry
after the cells were staining with the cocktail of fluorescently conjugated monoclonal antibodies, specific
for IFN-y (Th1), IL-4 (Th2), IL-17A (Th17) and FoxP3 (Treg).

This effect was most pronounced for the highest concentration of NIST and LAP, when compared
to the unstimulated control group. Additionally, LAP used at the highest concentration did induce a
considerable percentage of IL-17A-positive CD4+ T cells, however, it did not reach such a high-level
(Figure 2). This observation suggests that the effect of TMCPM was strongly dependent on the organic
fraction component in the particle preparation, as significantly stronger immune response was detected
with the use of NIST. At this time point, no IL-4-producing cells was detected after exposure of PBMC to
TMCPM (Figures 2 and 3A), while stimulation of PBMC with NIST or LAP induced a dose dependent
decrease in the frequency of regulatory T cells, albeit with no statistical significance (data not shown).
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Figure 3. Effect of PBMC exposition to TMCPM (NIST and LAP) on the ratio of Th1/Th2 and Treg/Th17
T cells. PBMC were stimulated as described in Materials and methods and percentage of Th1, Th2,
Th17, and Treg cells was quantified as the frequency of cells positive for IFN-y, IL-4, IL-17A, and
FoxP3, respectively (A). The ratio of the frequency (%) of IFN-y positive to IL-4 positive CD4+ T cells
(Th1/Th2) (B) and FoxP3 positive to IL-17A positive CD4+ T cells (Treg/Th17) (C) was calculated. Data
are presented as mean + SEM from twelve independent experiments. Differences between the groups
were considered statistically significant at the following p values: * p < 0.1, ** p < 0.01, **** p < 0.0001.

3.3. TMCPM Exposure Is Skewing the Balance of Th1/Th2 and Treg/Th17 Subsets

It is accepted that the ratio between Th1/Th2 and Treg/Th17 subsets correlates with the functional
status of the immune system [28-31]. In our study, we compared these ratios in the groups of cells with
and without exposure to TMCPM. Figure 3B. shows a significant increase in the Th1/Th2 ratio after cell
exposure to highest concentration of NIST, being highly skewed into Th1 pattern. The exposure of
PBMC to LAP at highest concentration caused also an increase in Th1/Th2 ratio, albeit less pronounced.
Moreover, the cells exposed to NIST or LAP showed markedly lower Treg/Th17 ratio in comparison to
control, unexposed group. This was most pronounced for NIST, regardless of the particle concentration
used (Figure 3C).
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Taken together, exposure of PBMC to TMCPM (NIST or LAP) caused an increase in the frequency
of Th1 and Th17 cells, indicating changes in the polarization of the immune response.

3.4. Monocytes Activation Is Required for TMCPM Induced Polarization of Th1 and Th17 Immune Response

To answer whether T cells can directly respond to TMCPM, fractions containing lymphocytes
were collected during counter-current elutriation and such cell population, composed mainly of T
lymphocytes (80 to 90% of CD3-positive cells) [31], was incubated with the selected concentrations
of TMCPM. Thereafter intracellular expression of IFN-y, IL-4, IL-17A, and FoxP3 was detected in
CD4+ cells by flow cytometry and Th1/Th2 and Treg/Th17 ratios were calculated. The obtained data
(Figure 4) show that the expression of intracellular proteins, characteristic for each of CD4+ subset,
did not change significantly after TMCPM treatment, documenting that TMCPM did not directly affect
the composition of CD4+ T cells. This observation suggests that monocytes play a crucial role in the
induction of Th1 and Th17 immune response after TMCPM treatment.

(A)
positive cells [%]
Sample IFN-y IL-4 IL-17A Fox-P3
control 0.54 +0.38 0.55+0.50 0.82+0.55 5.79+1.60
PMA + lonomycin 3.96 +3.25 1.93+0.79 2.65+0.26 6.94 +2.76
NIST 100 0.65+0.45 0.70 £ 0.42 1.27 £ 0.51 411 +£1.71
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Figure 4. Effect of the exposition of T lymphocytes to TMCPM (NIST or LAP) on the Th1/Th2 and
Treg/Th17 ratios. T lymphocytes were stimulated with PMA (50 ng/mL) + ionomycin (100 ng/mL)
(positive control) or with NIST or LAP (100 pug/mL). Percentage of Thl, Th2, Th17, and Treg cells
was quantified as the frequency of cells positive for IFN-y, IL-4, IL-17A and FoxP3, respectively (A).
The frequency ratio (%) of IFN-y positive to IL-4 positive CD4+ T cells (Th1/Th2) (B) and FoxP3 positive
to IL-17A positive CD4+ T cells (Treg/Th17) (C), was calculated. Data are presented as the mean + SEM
from three independent experiments performed.
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With this in mind, in the next set of experiments, purified monocytes were incubated with TMCPM
in a similar manner, and production of pro-inflammatory cytokines TNF-«, IL-6, and IL-8, was detected
in the culture supernatants by CBA. The obtained data (Figure 5) show that monocytes directly respond
to TMCPM by production of cytokines, including TNF-«, IL-6, and IL-8.
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Figure 5. Effect of TMCPM (LAP or NIST) on cytokine production by purified human monocytes.
Monocytes were stimulated with LAP or NIST at three different concentrations (1 pg/mL, 10 pg/mL,
100 pg/mL). Concentrations of TNF-ot (A), IL-6 (B), and IL-8 (C) in culture supernatants were determined
by CBA. Data are presented as mean + SEM. The figure shows the results from three independent
experiments. Differences between the groups were considered statistically significant at the following
p values: *p < 0.1, ** p < 0.01, *** p < 0.001, **** p < 0.0001.

This effect was most significant for NIST particles, while, in the case of LAP, it was observed only
at the highest concentration, proving the importance of the organic compounds content in TMCPM.
The critical role of monocytes in the induction of Thl and Th17 immune response after TMCPM
challenge was further confirmed by co-incubation of purified monocytes exposed to TMCPM with
lymphocyte population enriched in T cells. In this setting, polarization of CD4+ T cells into Th1 and
Th17 by TMCPM exposure has been restored (Figure 6).
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Figure 6. Flow cytometry analysis of Th1l and Th17 subsets after co-incubation of purified monocytes
exposed to TMCPM with T lymphocytes. Dot plots (IFN-y-FITC vs. IL-17A-PE) show CD4+ T cells
positive for IFN-y and IL-17A in unstimulated control, cells stimulated with PMA (50 ng/mL) +
ionomycin (100 ng/mL) (positive control) and stimulated with NIST (100 pug/mL) or LAP (100 pg/mL).
Shown are data from one representative experiment out of six performed. The expression of intracellular
IFN-y and IL-17A was analyzed by flow cytometry after the cells were stained with the cocktail of

fluorescently conjugated monoclonal antibodies, specific for IEFN-y (Th1) and IL-17A (Th17).

3.5. Endotoxin Content Is Partially Responsible for Pro-Inflammatory Potency of TMCPM

The main organic candidate responsible for activation of human monocytes for pro-inflammatory
activity of TMCPM is endotoxin (LPS). In this regard, in the next step we performed analysis of the
endotoxin concentration in the suspensions of NIST and LAP particles. The obtained data (Table 1)
revealed that both preparations of TMCPM contain in their organic fraction also endotoxin 1.75 EU/mL
and 0.40 EU/mL (at the highest dose) for NIST and LAP, respectively. However, pre-treatment of TMCPM
with polymyxin B decreased endotoxin content to 0.10 EU/mL in NIST and to 0.00 EU/mL in LAP.

Table 1. Endotoxin concentration (EU/mL) in TMCPM (NIST and LAP) preparations with or without

polymyxin B pre-treatment.

Sample LPS [EU/ml]

Polymyxin B
100 [pg/mL]

E. coli

[ng/mL] LPS0.5 5.50 0.00

TMCPM

NIST100 1.75 0.10

[ug/mL]
LAP 100 0.40 0.00
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TMCPM samples were resuspended in sterile PBS and endotoxin (LPS) concentration in NIST
and LAP preparations was measured by a quantitative ELISA-like heterogeneous enzymatic assay.
Endotoxin was neutralized by the pre-treatment of TMCPM for 15 min. with polymyxin B (100 pug/mL).

To further analyze the role of endotoxin content in TMCPM on the activity of CD4+ T cells we
examined how the treatment of NIST and LAP with polymyxin B, a potent inhibitor of LPS activity,
affects the Th1/Th2 and Treg/Th17 balance. To this end we analyzed the response of T lymphocytes,
PBMC and T lymphocytes with monocytes added (10%) after stimulation with TMCPM treated with

polymyxin B. The obtained results are presented in Figures 7 and 8, respectively.
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Figure 7. Effect of the exposition of T lymphocytes (A,B), PBMC (C,D) and T lymphocytes with
monocytes added (E,F) to TMCPM (NIST or LAP) pre-treated with polymyxin B on the Th1/Th2
ratio. Cells were stimulated as described in “Materials and Methods” with PMA (50 ng/mL) +
ionomycin (100 ng/mL) (positive control) or with NIST or LAP (100 pg/mL) pre-treated with polymyxin
B (100 pg/mL). (A,C,E) Percentage of Th1, Th2, Th17, and Treg cells was quantified as the frequency
of cells positive for IFN-y, IL-4, IL-17A, and FoxP3, respectively. (B,D,F) The frequency ratio (%) of
IFN-vy positive to IL-4 positive CD4+ T cells (Th1/Th2) was calculated. Data are presented as mean +
SEM from four independent experiments performed. Differences between the groups were considered
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Figure 8. Effect of the exposition of T lymphocytes (A,B), PBMC (C,D) and T lymphocytes with
monocytes added (E,F) to TMCPM (NIST or LAP) pre-treated with polymyxin B (100 ug/mL) on the
Treg/Th17 ratio. Cells were stimulated as described in “Materials and Methods” with PMA (50 ng/mL)
+ ionomycin (100 ng/mL) (positive control) and with NIST or LAP (100 pg/mL) pre-treated with
Polymyxin B (100 pg/mL). (A,C,E) Percentage of Th1, Th2, Th17, and Treg cells was quantified as the
frequency of cells positive for IFN-y, IL-4, IL-17A and FoxP3, respectively. (B,D,F) The ratio of the
frequency (%) of FoxP3 positive to IL-17A positive CD4+ T cells (Treg/Th17) was calculated. The data
are presented as mean + SEM from four independent experiments performed. Differences between
the groups were considered statistically significant at the following p values: * p < 0.1, ** p < 0.01,
***p <0.001.
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These results clearly document that polymyxin B treatment, although almost completely eliminated
LPS activity in NIST (0.1 EU/mL) and completely in LAP preparation (0.0 EU/mL) does not abrogate
activation of Th1 and Th17 subsets in PBMC and in a co-culture of T cells with monocytes stimulated with
such TMCPM. This data implicates, that in addition to relevance of organic compounds (including LPS),
also the role of inorganic components of TMCPM in the activation of Th subsets. It is worth mentioning
that treatment of TMCPM by polymyxin B itself caused an increase in IFN-y production by T cells,
observed especially in a positive control group (PMA+ionomycin), albeit with no statistical significance.

3.6. Both Organic and Inorganic Components of TMCPM Might Be Responsible for Activation of Monocytes
and Propagation of Inflammatory Response

Next, to check how monocytes respond to stimulation with TMCPM treated with polymyxin
B we analyzed TNF« production and secretion by monocytes after stimulation with NIST and LAP,
previously treated or not for LPS elimination. The data presented in Figure 9 clearly document
that treatment of TMCPM with polymyxin B does not completely abolish activation of monocytes
and production/secretion of pro-inflammatory TNFw, suggesting the important contribution in this
phenomenon of inorganic components.

TNF-
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Figure 9. Effect of LPS inactivation in TMCPM (NIST and LAP) on TNFa production by purified human
monocytes. Monocytes were stimulated for four hours with NIST or LAP (100 ug/mL) with or without
pre-treatment with polymyxin B (100 ug/mL). Percentage values of TNF-« positive monocytes (A) was
analyzed by flow cytometry after the cells were stained with fluorescently conjugated monoclonal
antibodies. Concentration of TNF-o (B) in culture supernatants were determined by CBA. Data
are presented as mean + SEM. The figure shows the results from three independent experiments.
Differences between the groups were considered statistically significant at the following p values:
*p<0.1,*p<0.01,**p <0.001.

4. Discussion

The growing list of evidence has documented the connection between concentration of fine
particulate matter in the air and initiation, development or exacerbation of allergies, inflammatory
and autoimmune disorders [3,4]. In this report, we assessed the effect of two preparations of TMCPM,
namely NIST and LAP, differing in content of organic compounds, on the activity of human CD4+
T cell subsets. This was determined by the expression of intracellular proteins (IFN-y, IL-4, IL-17A,
and Foxp3) characteristic for specific CD4+ T lymphocyte subpopulations (Th1, Th2, Th17, and Treg,
respectively). In addition, the ratios of Th1/Th2 and Treg/Th17 cells after the treatment of PBMC with
different concentrations of TMCPM were analyzed, as the optimal balance of Thl to Th2 and Th17 to
Treg is a key element responsible for maintaining homeostasis in the immune system. The obtained
data suggest that exposition of PBMC to TMCPM induces strong polarization of CD4+ T cells into
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Th1 and Th17 subsets. This was shown by increase in the proportion of IFN-y and IL-17A producing
cells, with concomitant decrease of the level of Treg cells. In a similar study, Ma et al. also observed
increased Th1 and Th17-like cytokine secretion after exposure of PBMC to particulate matter 2.5 um [32].
The main difference between Ma’s and our study is the size and composition of the PM. Contrary to
our study, where the standard reference urban air PM (SRM 1648a) was used, in the cited work the
exact composition of the dust was not specified. Even though the final output of PBMC exposition to
PM was the same—an increase in Th1 and Th17 immune response. It seems, that although the size and
composition of the PM samples used in different studies may vary significantly, finally they lead to
induction of the inflammatory reactions, albeit with different intensity. In keeping, it was documented,
that the exposition of mice to ultrafine particles (less than 0.1 pm) elevates the frequency of Thl cells
in circulation and reduces the level of Treg cells in the lungs [33]. Moreover, Zhang et al. described
the increased ratio of Th17/Treg after the exposition of rats to smoke, suggesting its potential role in
pathogenesis of smoke inhalation-induced acute lung injury [34], while the results from similar study
in mice link Th17/Treg cells imbalance with pathogenesis of cigarette induced emphysema [35].

It is worth mentioning that, although generally similar pattern of Th1 and Th17 cell activation
have been observed for both preparations of TMCPM used in our study, we have noticed that NIST
particles were much more potent in stimulation of T cells, as significantly higher production of IFN-y
and IL-17A was observed for the original NIST preparation compared to LAP. In keeping, recently
Mikrut et al., using the same preparations of TMCPM showed that the organic fraction from NIST
was mostly responsible for singlet oxygen photogeneration when compared with LAP particles [23].
In another study, Gawda et al. showed that the urban particulate matter SRM 1648a induced in vitro
a dose-dependent production of pro-inflammatory cytokines (TNF-«, IL-6, IL-12p40) by murine
macrophages [22]. Interestingly, under the same conditions, LAP particles were not able to stimulate
macrophages, however the cells primed with NIST or LAP showed a strong pro-inflammatory response
upon LPS challenge. These observations document important role of organic components content in a
pro-inflammatory action of TMCPM.

Of note, in our in vitro settings the described phenomenon was observed only when a whole
population of PBMC had been used or purified monocytes exposed to TMCPM had been added to T
lymphocytes, as the exposition of T lymphocytes only to TMCPM had no effect on the CD4+ subsets
polarization. This implicates a crucial role of monocytes in activation of CD4+ T cells by TMCPM.
Indeed, in our experimental settings monocytes stimulated with TMCPM produced high amounts of
pro-inflammatory cytokines, depending on the organic compounds content in TMCPM preparations.
Additionally, in Ma’s study, the increase in IFN-y, IL-10, IL-17, and IL-21 production after the exposure
to particulate matter 2.5 um required the presence of cells of monocyte origin, as CD4+ and CD8+ T
cells treated with PM2.5 in the absence of macrophages did not present higher IFN-y, IL-10, or IL-21
expression [32]. Moreover, recently Castafieda et al. observed similar pattern, where activation of
mouse dendritic cells after PM treatment was crucial for differentiation of naive CD4 T cells towards
Th17 subset [36]. All together, these observations implicate that monocytes and cells of their origin,
e.g., macrophages/dendritic cells are the primary cells responding to PM. In respect to the organic
compounds, TLRs are natural candidates for their recognition and initiation of inflammatory response
of monocytes/macrophages to PM. Several other studies [37-41] already suggested the involvement of
endotoxin in promoting inflammation induced by PM. This was further supported by the effects of LPS
inhibitors polymyxin B and LPS-binding protein on the reduction of pro-inflammatory activity of PM
in vitro [42,43]. Although in our in vitro system endotoxin concentrations in TMCPM preparations
correlated with pro-inflammatory cytokine secretion by monocytes, this effect was not completely
abrogated by polymyxin B treatment. These data suggest that endotoxin, although present in TMCPM
compositions, may not be solely responsible for a robust cell activation. We cannot exclude other, yet
unknown, organic constituents within TMCPM, especially when several other insoluble or microbial
components have been implicated in the increased macrophage responsiveness to PM [38,43]. However,
our LAP preparation contained a very low amount of organic compounds, limiting their contribution
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in this phenomenon. It seems that endotoxin is partially responsible for pro-inflammatory potency of
TMCPM and its effect is further enhanced by inorganic components, including, e.g., transition metals,
triggering the Fenton’s reaction and generation of ROS (reactive oxygen intermediates) [44]. Actually,
our unpublished data confirm this scenario in monocytes (Gatuszka et al, in preparation).

In summary, our results indicate that treatment of human PBMC with TMCPM affects the
balance of Th1/Th2 and Treg/Th17 cells, promoting activity of Th1l and Th17 subsets. This effect is
strongly dependent on monocytes and the organic compounds, including LPS in TMCPM composition.
Polymyxin B treatment, however, does not completely abrogate activity of TMCPM to monocytes,
suggesting the role also for inorganic components of air pollutants. The obtained data suggest that
polarization of Th cells toward Thl and Th17 immune response is a potential mechanism promoting
development and progression of allergy, and inflammatory and autoimmune disorders in humans
after exposure to TMCPM.

5. Conclusions

In conclusion, results of the present study indicated that in vitro exposure of PBMC to TMCPM
stimulates the expression of IFN-y and IL-17A and decreases expression of FoxP3, promoting
pro-inflammatory activity of the Th1l and Th17 subsets. This effect depends on monocytes, organic
(including LPS) and inorganic compounds content in TMCPM. These findings support the hypothesis
that TMCPM may contribute to the development and exacerbation of allergies, and inflammatory and
autoimmune disorders.

Author Contributions: A.G. performed the experiments, analyzed data and wrote a draft of the manuscript; KW.,
M.S. (Malgorzata Stec), A.K. performed the experiments and analyzed data; M.S. (Maciej Siedlar) analyzed the
data and critically read the manuscript; and J.B. conceived the study, analyzed data and wrote the final version of
the manuscript. All authors have read and agreed to the published version of the manuscript.

Funding: This study was supported by grant from the National Science Centre (NCN) in Poland (grant APARIC
no. 2015/16/W/ST5/00005) and by H2020-MSCA-RISE-2016 project “CHARMED” no. 734684.

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

References

1. Liu, S.K; Cai, S.; Chen, Y. The effect of pollutional haze on pulmonary function. J. Thorac. Dis. 2016, 8,
E41-E56.

2. Valavanidis, A.; Fiotakis, K.; Vlachogianni, T. Airborne particulate matter and human health: Toxicological
assessment and importance of size and composition of particles for oxidative damage and carcinogenic
mechanisms. J. Environ. Sci. Health C Environ. Carcinog. Ecotoxicol. Rev. Part C 2008, 26, 339-362. [CrossRef]

3.  Ritz, S.A. Air pollution as a potential contributor to the “epidemic” of autoimmune disease. Med. Hypotheses
2010, 74, 110-117. [CrossRef]

4. Bateman, E.D.; Hurd, S.S.; Barnes, PJ.; Bousquet, ]J.; Drazen, ].M.; FitzGerald, ].M.; Gibson, P.; Ohta, K,;
O’Byrne, P; Pedersen, S.E.; et al. Global strategy for asthma management and prevention: GINA executive
summary. Eur. Respir. |. 2008, 31, 143-178. [CrossRef]

5. Gawda, A.; Majka, G.; Nowak, B.; Marcinkiewicz, J. Air pollution, oxidative stress, and exacerbation of
autoimmune diseases. Cent. Eur. J. Immunol. 2017, 42, 305-312. [CrossRef]

6. Ji, H,; Hershey, G K.K. Genetic and epigenetic influence on the response to environmental particulate matter.
J. Allergy Clin. Immunol. 2013, 129, 33-41. [CrossRef]

7. Buzea, C.; Pacheco, LI; Robbie, K. Nanomaterials and nanoparticles: Sources and toxicity. Biointerphases
2007, 2, MR17-MR71. [CrossRef]

8.  Gan, W.Q, FitzGerald, ] M.; Carlsten, C.; Sadatsafavi, M.; Brauer, M. Associations of ambient air pollution
with chronic obstructive pulmonary disease hospitalization and mortality. Am. J. Respir. Crit. Care Med.
2013, 187,721-727. [CrossRef]


http://dx.doi.org/10.1080/10590500802494538
http://dx.doi.org/10.1016/j.mehy.2009.07.033
http://dx.doi.org/10.1183/09031936.00138707
http://dx.doi.org/10.5114/ceji.2017.70975
http://dx.doi.org/10.1016/j.jaci.2011.11.008
http://dx.doi.org/10.1116/1.2815690
http://dx.doi.org/10.1164/rccm.201211-2004OC

Int. |. Environ. Res. Public Health 2020, 17, 1227 16 of 17

10.

11.

12.

13.
14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Brook, R.D.; Rajagopalan, S.; Pope, C.A.; Brook, J.R.; Bhatnagar, A.; Diez-Roux, A.V.; Holguin, E; Hong, Y.;
Luepker, R.V,; Mittleman, M. A ; et al. American Heart Association Council on Epidemiology and Prevention,
Council on the Kidney in Cardiovascular Disease, and Council on Nutrition, Physical Activity and Metabolism.
Particulate matter air pollution and cardiovascular disease: An update to the scientific statement from the
American Heart Association. Circulation 2010, 121, 2331-2378.

Ling, S.H.; van Eeden, S.F. Particulate matter air pollution exposure: Role in the development and exacerbation
of chronic obstructive pulmonary disease. Int. J. Chron. Obstr. Pulm. Dis. 2009, 4, 233-243. [CrossRef]
Pope, C.A.; Burnett, R.T.; Thun, M.J.; Calle, E.E.; Krewski, D.; Ito, K.; Thurstonet, G.D. Lung cancer,
cardiopulmonary mortality, and long-term exposure to fine particulate air pollution. JAMA 2002, 287,
1132-1141. [CrossRef]

Meng, Q.; Richmond-Bryant, J.; Lu, S.E.; Buckley, B.; Welsh, W.J.; Whitsel, E.A.; Hanna, A.; Yeatts, K.B.;
Warren, ].; Herring, A.H.; et al. Cardiovascular outcomes and the physical and chemical properties of metal
ions found in particulate matter air pollution: A QICAR study. Environ. Health Perspect. 2013, 121, 558-564.
[CrossRef]

Wright, R.O.; Baccarelli, A. Metals and neurotoxicology. J. Nutr. 2007, 137, 2809-2813. [CrossRef]

Shi, T.; Schins, R.P.; Knaapen, A.M.; Kuhlbusch, T.; Pitz, M.; Heinrich, J.; Borm, P.J. Hydroxyl radical
generation by electron paramagnetic resonance as a new method to monitor ambient particulate matter
composition. J. Environ. Monit. 2003, 5, 550-556. [CrossRef]

Sawyer, K.; Mundandhara, S.; Ghio, A.J.; Madden, M.C. The effects of ambient particulate matter on human
alveolar macrophage oxidative and inflammatory responses. J. Toxicol. Environ. Health A 2009, 73, 41-57.
[CrossRef]

Nemmar, A.; Hoet, PH.M.; Vanquickenborne, B.; Dinsdale, D.; Thomeer, M.; Hoylaerts, M.E,; Vanbilloen, H.;
Mortelmans, L.; Nemery, B. Passage of inhaled particles into the blood circulation in humans. Circulation
2002, 105, 411-414. [CrossRef]

Zembala, M.; Asherson, G.L. (Eds.) Human Monocytes, 1st ed.; Academic Press: London, UK, 1989.

Lee, FE.; Georas, SN.; Beck, L.A. IL-17: Important for host defense, autoimmunity, and allergy?
J. Investig. Dermatol. 2010, 130, 2540-2542.

Hou, T.; Liao, J.; Zhang, C.; Sun, C.; Li, X.; Wang, G. Elevated expression of miR-146, miR-139 and
miR-340 involved in regulating Th1/Th2 balance with acute exposure of fine particulate matter in mice.
Int. Immunopharmacol. 2018, 54, 68-77. [CrossRef]

Li, Y,; Dong, T.; Jiang, X.; Wang, C.; Zhang, Y.; Li, Y.; Zheng, G.; Li, X,; Bai, J.; Li, H. Chronic and low-level
particulate matter exposure can sustainably mediate lung damage and alter CD4 T cells during acute lung
injury. Mol. Immunol. 2019, 112, 51-58. [CrossRef]

Samek, L.; Furman, L.; Mikrut, M.; Regiel-Futyra, A.; Macyk, W.; Stochel, G.; van Eldik, R. Chemical
composition of submicron and fine particulate matter collected in Krakow, Poland. Consequences for the
APARIC project. Chemosphere 2017, 187, 430-439. [CrossRef]

Gawda, A.; Majka, G.; Nowak, B.; Sréttek, M.; Walczewska, M.; Marcinkiewicz, J. Air particulate matter SRM
1648a primes macrophages to hyperinflammatory response after LPS stimulation. Inflamm. Res. 2018, 67,
765-776. [CrossRef] [PubMed]

Mikrut, M.; Regiel-Futyra, A.; Samek, L.; Macyk, W.; Stochel, G.; van Eldik, R. Generation of hydroxyl
radicals and singlet oxygen by particulate matter and its inorganic components. Environ. Pollut. 2018, 238,
638-646. [CrossRef] [PubMed]

Baran, J.; Guzik, K.; Hryniewicz, W.; Ernst, M.; Flad, H.D.; Pryjma, J. Apoptosis of monocytes and prolonged
survival of granulocytes as a result of phagocytosis of bacteria. Infect. Immun. 1996, 64, 4242-4248. [CrossRef]
[PubMed]

Baran, J.; Kowalczyk, D.; Oz6g, M.; Zembala, M. Three-color flow cytometry detection of intracellular
cytokines in peripheral blood mononuclear cells: Comparative analysis of phorbol myristate
acetate-ionomycin and phytohemagglutinin stimulation. Clin. Diagn. Lab. Immunol. 2001, 8, 303-313.
[CrossRef] [PubMed]

Petersen, C.M.; Christensen, E.I; Andresen, B.S.; Moller, B.K. Internalization, lysosomal degradation and new
synthesis of surface membrane CD4 in phorbol ester-activated T-lymphocytes and U-937 cells. Exp. Cell Res.
1992, 201, 160-173. [CrossRef]


http://dx.doi.org/10.2147/COPD.S5098
http://dx.doi.org/10.1001/jama.287.9.1132
http://dx.doi.org/10.1289/ehp.1205793
http://dx.doi.org/10.1093/jn/137.12.2809
http://dx.doi.org/10.1039/b303928p
http://dx.doi.org/10.1080/15287390903248901
http://dx.doi.org/10.1161/hc0402.104118
http://dx.doi.org/10.1016/j.intimp.2017.10.003
http://dx.doi.org/10.1016/j.molimm.2019.04.033
http://dx.doi.org/10.1016/j.chemosphere.2017.08.090
http://dx.doi.org/10.1007/s00011-018-1165-4
http://www.ncbi.nlm.nih.gov/pubmed/29922853
http://dx.doi.org/10.1016/j.envpol.2018.03.068
http://www.ncbi.nlm.nih.gov/pubmed/29614473
http://dx.doi.org/10.1128/IAI.64.10.4242-4248.1996
http://www.ncbi.nlm.nih.gov/pubmed/8926095
http://dx.doi.org/10.1128/CDLI.8.2.303-313.2001
http://www.ncbi.nlm.nih.gov/pubmed/11238213
http://dx.doi.org/10.1016/0014-4827(92)90360-K

Int. |. Environ. Res. Public Health 2020, 17, 1227 17 of 17

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Moller, B.K.; Andresen, B.S.; Christensen, E.I; Petersen, C.M. Surface membrane CD4 turnover in phorbol
ester stimulated T-lymphocytes. Evidence of degradation and increased synthesis. FEBS Lett. 1990, 276,
59-62. [CrossRef]

Crane, 1.].; Forrester, ].V. Th1l and Th2 lymphocytes in autoimmune disease. Crit. Rev. Immunol. 2005, 25,
75-102. [CrossRef]

Charlton, B.; Lafferty, K.J. The Th1/Th2 balance in autoimmunity. Curr. Opin. Immunol. 1995, 7, 793-798.
[CrossRef]

Druet, P; Sheela, R.; Pelletier, L. Th1 and Th2 cells in autoimmunity. Clin. Exp. Immunol. 1995, 101, 9-12.
[CrossRef]

Pryjma, J.; Baran, J.; Ernst, M.; Woloszyn, M.; Flad, H.D. Altered antigen-presenting capacity of human
monocytes after phagocytosis of bacteria. Infect. Immun. 1994, 62, 1961-1967. [CrossRef]

Ma, Q.Y,; Huang, D.Y.; Zhang, H.J.; Wang, S.; Chen, X.F. Exposure to particulate matter 2.5 (PM2.5)
induced macrophage-dependent inflammation, characterized by increased Th1/Th17 cytokine secretion and
cytotoxicity. Int. Immunopharmacol. 2017, 50, 139-145. [CrossRef]

Li, G.; Cao, Y.;; Sun, Y,; Xu, R.; Zheng, Z.; Song, H. Ultrafine particles in the airway aggravated experimental
lung injury through impairment in Treg function. Biochem. Biophys. Res. Commun. 2016, 478, 494-500.
[CrossRef]

Zhang, F; Li, M.Y,; Lan, Y.T.; Wanga, C.B. Imbalance of Th17/Tregs in rats with smoke inhalation-induced
acute lung injury. Sci. Rep. 2016, 6, 21348. [CrossRef]

Duan, M.C,; Zhang, ].Q.; Liang, Y; Liu, G.N.; Xiao, J.; Tang, HJ.; Liang, Y. Infiltration of IL-17-Producing T
Cells and Treg Cells in a Mouse Model of Smoke-Induced Emphysema. Inflammation 2016, 39, 1334-1344.
[CrossRef]

Castafieda, A.R.; Pinkerton, K.E.; Bein, K.J.; Magania-Méndez, A.; Yang, H.T.; Ashwood, P.; Vogel, C.FA.
Ambient particulate matter activates the aryl hydrocarbon receptor in dendritic cells and enhances Th17
polarization. Toxicol. Lett. 2018, 292, 85-96. [CrossRef]

Becker, S.; Soukup, J.M.; Gilmour, M.L; Devlin, R.B. Stimulation of human and rat alveolar macrophages by
urban air particles: Effects on oxidant radical generation and cytokine production. Toxicol. Appl. Pharmacol.
1996, 141, 637-648. [CrossRef]

Becker, S.; Soukup, ].M.; Sioutas, C.; Cassee, ER. Response of human alveolar macrophages to ultrafine, fine,
and coarse urban air pollution particles. Exp. Lung Res. 2003, 29, 29—44. [CrossRef]

Dong, W.; Lewtas, ]J.; Luster, M. Role of endotoxin in tumor necrosis factor « expression from alveolar
macrophages treated with urban air particles. Exp. Lung Res. 1996, 22, 577-592. [CrossRef]

Long, C.M.; Suh, H.H.; Kobzik, L.; Catalano, PJ.; Ning, Y.Y.; Koutrakis, P. A pilot investigation of the relative
toxicity of indoor and outdoor fine particles: In vitro effects of endotoxin and other particulate properties.
Environ. Health Perspect. 2001, 109, 1019-1026. [CrossRef]

Schins, R.P; Lightbody, ].H.; Borm, PJ.; Shi, T.; Donaldson, K.; Stone, V. Inflammatory effects of coarse and
fine particulate matter in relation to chemical and biological constituents. Toxicol. Appl. Pharmacol. 2004, 195,
1-11. [CrossRef]

Monn, C.; Becker, S. Cytotoxicity and induction of proinflammatory cytokines from human monocytes
exposed to fine (PM2.5) and coarse particles (PM10—2.5) in outdoor and indoor air. Toxicol. Appl. Pharmacol.
1999, 155, 245-252. [CrossRef]

Soukup, ].M.; Becker, S. Human alveolar macrophage response to air pollution particles are associated with
insoluble components of coarse material, including particulate endotoxin. Toxicol. Appl. Pharmacol. 2001,
171, 20-26. [CrossRef]

Ghio, A.].; Carraway, M.S.; Madden, M.C. Composition of air pollution particles and oxidative stress in cells,
tissues, and living systems. J. Toxicol. Environ. Health B Crit. Rev. 2012, 15, 1-21. [CrossRef]

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1016/0014-5793(90)80506-E
http://dx.doi.org/10.1615/CritRevImmunol.v25.i2.10
http://dx.doi.org/10.1016/0952-7915(95)80050-6
http://dx.doi.org/10.1111/j.1365-2249.1995.tb06153.x
http://dx.doi.org/10.1128/IAI.62.5.1961-1967.1994
http://dx.doi.org/10.1016/j.intimp.2017.06.019
http://dx.doi.org/10.1016/j.bbrc.2016.05.059
http://dx.doi.org/10.1038/srep21348
http://dx.doi.org/10.1007/s10753-016-0365-8
http://dx.doi.org/10.1016/j.toxlet.2018.04.020
http://dx.doi.org/10.1006/taap.1996.0330
http://dx.doi.org/10.1080/01902140303762
http://dx.doi.org/10.3109/01902149609046043
http://dx.doi.org/10.1289/ehp.011091019
http://dx.doi.org/10.1016/j.taap.2003.10.002
http://dx.doi.org/10.1006/taap.1998.8591
http://dx.doi.org/10.1006/taap.2000.9096
http://dx.doi.org/10.1080/10937404.2012.632359
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	TMCPM Preparation 
	Cell Isolation 
	Cell Culture and Immunostaining for Intracellular Proteins 
	Cytokine Detection by CBA 
	Endotoxin Determination 
	Statistics 

	Results 
	TMCPM Reduces the Expression Level of CD4 on the Surface of T Cells 
	TMCPM Activates CD4+ T Lymphocytes Depending on the Organic Compounds Content 
	TMCPM Exposure Is Skewing the Balance of Th1/Th2 and Treg/Th17 Subsets 
	Monocytes Activation Is Required for TMCPM Induced Polarization of Th1 and Th17 Immune Response 
	Endotoxin Content Is Partially Responsible for Pro-Inflammatory Potency of TMCPM 
	Both Organic and Inorganic Components of TMCPM Might Be Responsible for Activation of Monocytes and Propagation of Inflammatory Response 

	Discussion 
	Conclusions 
	References

