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Abstract

There is limited evidence on the effects of environmental exposure to arsenic (As) on the
immune system in adults. In a population-based study, we have found that urinary As (UAs),
and its metabolites [inorganic As (InAs), monomethylated arsenicals (MMA*¥*%), and
dimethylated arsenicals (DMA*¥*%)] modulate or influence the number of T-helper 17
(Th17) cells and IL-17A cytokine production. In non-smoking women, we observed that UAs
and DMA*¥*® were associated with changes in Th17 cell numbers in a nonlinear fashion. In
smoking males, we found that UAs was associated with a significant decrease of Th17 cell
numbers. Similar association was observed among non-smoking males. Likewise, UAs,
DMA*3*® and MMA*¥*5 were associated with diminished production of IL-17A among non-
smoking males. When stratified by Vitamin D levels defined as sufficient (>20 ng/ml) and
insufficient (<20 ng/ml), we found a substancial decrease in Th17 cell numbers among
those with insufficient levels. Individuals with sufficient VitD levels demonstrated significant
inhibition of IL-17A production in non-smoking males. Collectively, we find that exposure to
As via drinking water is associated with alterations in Th17 numbers and IL-17A production,
and that these associations may be modified by Vitamin D status. Our findings have signifi-
cance for health outcomes associated with As exposure.

Introduction

Environmental exposure to As is a major global health problem as As is associated with cancer
[1], lung diseases [2], cardiovascular diseases, childhood neurodevelopment [3, 4], and diabe-
tes [5]. Some beneficial effects of As have also been reported including treating acute
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promyelocytic leukemia (APL), a type of acute myeloid leukemia (AML) [6-8]. However,
human population studies have shown evidence of As toxicity in peripheral blood leukocytes
obtained from adults and children exposed to As [9, 10], as well as from cord blood [11, 12].

Few studies address immune function using cell-based assays. Our labs find that As modu-
lates cell function and lymphocyte activation by examining ex vivo activated cryopreserved
PBMC T-cells [13, 14]. We previously found that As and environmental polycyclic aromatic
hydrocarbons (PAHs) modulate lymphocyte subsets and cytokines in male smokers and non-
smokers [14]. Recently we found that VitD plays a significant role in modulating the activation
and proliferation of T-cells in As-exposed PBMC obtained from non-smoking and smoking
men [15].

The purpose of this paper is to examine a specific subset of human T-helper (Th) cells for
potential toxicity produced by As exposure in vivo. Our previous studies show that Th cell sub-
sets are susceptible to As exposure [13]. Further, in vitro exposure of human T-cells to As
results in a decrease in IL-17A production [16]. Thus, it was of interest to determine if As-
altered IL-17A production and/or Th17 cell numbers could be identified following environ-
mental exposures to As in human populations.

We and others find a high incidence of VitD deficiency in Bangladesh [17]. Therefore, a
second goal of these studies was to follow-up on our observations that VitD may modulate As
immunotoxicity [15]. VitD deficiencies are associated with cancer and immunosuppression in
human populations [18]. Recently, there is interest in the role of VitD in autoimmune diseases
[19]. VitD insufficiency results in a failure in sending tolerogenic signals to T-cells and may
lead to inappropriate self-directed activation of immunity [20, 21]. At pharmacologic levels of
VitD, inhibition of T-cell activation via tolerogenic signaling is known resulting in VitD being
suggested as an immunotherapy for rheumatic diseases [22]. VitD level is also a potential
explanation for the sex bias for autoimmune diseases in women, as their VitD levels are lower
than men [23]. In the present studies, we examined the relationship between Th17 and IL-17A
and chronic As exposures, in adults and in those with insufficient and sufficient circulating
blood levels of VitD.

Methods
Study population

The study protocol was issued ethical clearance by the Bangladesh Medical Research Council
(BMRC) and approved by Columbia University’s Institutional Review Board (IRB). Consent
forms and recruitment materials were translated into Bengali and back translated into English.
A village health worker from the area was made available for any person unable to read the
informed consent or requiring explanation of procedures. Each participant provided either
verbal or written consent in the presence of a witness. The protocol for analyses of the biologi-
cal samples was also approved by the Health Science Center’s Human Research Review Com-
mittee (HRC HRRC) of the University of New Mexico.

A list of 2,197 potential participants was generated from the Health Effects of As Longitudi-
nal Study (HEALS) central database based on the following eligibility criteria [15]. Eligible par-
ticipants were healthy men and women between the ages of 35 and 65 years, regardless of
smoking status, and living in the study area of Araihazar, Bangladesh. Initial steps in the
recruitment process included a home visit by a field team. Upon the visit to the homes of
potential participants 492 were deemed ineligible due to death, migration out of the study
area, suffering from a serious or from multiple chronic illnesses, illness or symptoms related to
immune function disruption, taking medication(s) that might influence immune function, or
were not at home. Our field team also found that 803 individuals were using a different source
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of drinking water (tube well) from what they had reported at the time of initial recruitment to
the HEALS. Of the 902 eligible participants, 791 visited the study clinic; other eligible partici-
pants (19) missed their appointment. Blood and urine samples were collected from each par-
ticipant. We performed hematology tests to further exclude those with abnormalities; 25
samples were excluded due to: abnormal blood sugar levels, suffering from urinary tract infec-
tion, or lymphocytosis. Additionally, three samples were excluded at time of PBMC isolation
due to hemolysis and another three for low cell count and low viability. Thus, a total of 766
PBMC samples were shipped to University of New Mexico using dry nitrogen shippers. Upon
thawing of PBMC for T-cell subset and cytokine production assays, 147 samples were found to
have viabilities less than 80%. For T-cell subset analysis we were unable initiate cultures or ana-
lyze cell staining for 59 samples due to too few cells. Following flow cytometry analysis of T-
cell subsets, 323 samples were removed due to evidence of non-stimulation. The T-cell subset
analysis consisted of 237 samples which were analyzed for intracellular staining of IL-17A
(CD3+, CD4+, IFNy- and IL-17A+) and are reported as percent of the CD4 positive (CD4+)
gated cells. Of 619 PBMC thawed samples twelve lacked adequate cell numbers for establishing
cytokine assays therefore 607 samples were assayed for IL-17A cytokine production. As expo-
sure data was missing for one sample leaving resulting in 236 samples analyzed for T-cell sub-
sets and 606 samples for IL-17A cytokines.

Measurement of arsenic exposure

Urine samples (15 ml) were collected and frozen (-70°C) at the study clinic in Arajhazar,
Bangladesh and were sent to the Columbia University for assessment of As and As metabolite
content. Graphite furnace atomic-absorption spectrophotometry (GFAAS) as previously
described [13, 14] was used for the assessment. A colorimetric method based on the Jaffe reac-
tion, was used to quantify urinary creatinine which was to correct UAs and metabolites. All
the exposure measures, including total UAs and metabolites were expressed as pug/g of
creatinine.

Collection and cryopreservation of peripheral blood

Approximately 10 ml of blood was collected at the field clinic by technicians proficient in
blood collection. Detailed procedures [24] were followed for PBMC isolation, freezing, and
storage. Dry shippers (Cryoport, Irvine, CA) that maintain temperature at or below -150°C
were used to ship samples from Bangladesh to the United States. Upon arrival to our lab sam-
ples were stored in liquid nitrogen until thawed for testing. All samples were analyzed at the
end of the study and researchers were blinded to the exposure. As described previously [15],
samples were thawed quickly in a 37°C water bath, washed with warmed media, resuspended
in 3 ml fresh media and counted. Cell counts and viabilities were acquired with a Nexcelom
Cellometer Auto 2000 Cell Viability Counter using acridine orange and propidium iodide
(AO/PL; Nexcelom Bioscience, CS2-0106) according to manufacturer’s directions. Cells with
viabilities exceeding 80% were used for testing.

Intracellular marker staining and detection of TH17 T-cell subset

T-cell subsets were stained as previously described [13, 25] with fluorescence labeled antibod-
ies to intracellular cytokines IFNy, IL-17A, IL-4 and transcription factor FoxP3 in combina-
tion with cell surface markers following an overnight rest and subsequent 24hr activation of
the T-cell receptor, non-stimulated cells were run in parallel. Briefly, each sample was plated
into individual Petri dishes (non-growth coated) at 4x 10° cells in 3.5 ml complete media
[RPMI-HEPES Modified (Sigma R5886) + 10% heat inactivated FBS + 2 mM L-glutamine
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(Gibco, 25030-081) + 100 U /ml penicillin and 100 pg/ml streptomycin (Pen/Strep; Gibco,
15140-122)] and incubated overnight in a humidified, 5% CO,, 37°C incubator. Following
incubation, each sample was collected into a centrifuge tube, centrifuged, aspirated and resus-
pended in 720 pl complete media to yield approximately 5.6x10 ®cell/ml. Samples were then
plated at 1x10° cells/well into flat bottom cell culture plates that were previously coated with
0.5pg/ml (in DPBS’) anti- CD3 antibody (eBiosciences; Functional Grade Purified, clone
OKT3) or DPBS’ for non-stimulated samples. Anti- CD28 antibody (eBiosciences; Functional
Grade Purified clone CD28.2) was added to each well of the stimulated samples at a final con-
centration of 2 pg/ml (in DPBS") and plates were returned to the incubator for 24hr. Following
incubation, cytokine transport from the cell was inhibited by adding Brefeldin A to each well
at a final concentration of 10 pg/ml and returned to the incubator for an additional 4hr. Sam-
ples were collected into cluster tubes containing cold staining buffer [DPBS w/o Ca** or Mg**
+0.2% heat inactivated FBS + 0.09% sodium azide]. Samples were centrifuged for 10min at
4°C at approximately 240x g, buffer was poured off and cells were brought up in 50 ul Brilliant
Stain Buffer (BD Biosciences). A cocktail of cell surface markers (CD3, CD4, CD25, CD69,
CD45RO0, CD127 and a fixable viability stain) was added to each tube. Samples were incubated
for 20 min on ice, washed with cold stain buffer, then fixed and permeabilized (BD Pharmin-
gen Transcription Factor Buffer set (BD biosciences Cat. No. 562574) for 45 min on ice. Sam-
ples were washed twice with the wash buffer provided and resuspended in Brilliant Stain
Buffer (BD Biosciences). A cocktail of antibodies for intracellular staining of IFNy, IL-17A, IL-
4 and FoxP3 was added to each of the samples (BD Biosciences) and samples were incubated
on ice for 45min, then washed twice with the provided wash buffer and resuspended in 400 pl
stain buffer. Samples were covered to protect from light, held at 4°C overnight and analyzed
the next day on the LSR Fortessa flow cytometer and collected as flow cytometry standard
(FCS) data files. FlowJo software v10.6.2 was used to analyze FCS data. T-cell subsets were dis-
criminated using a gating strategy for sequential identification of the following: all cells, single
cells, live cells, CD3+, CD4+ and IL-17+ (IFNy-) cells. Cells were also evaluated for activation
by examining the CD69+ as well as the CD25+ cell populations. Upon analysis of CD69+, used
to indicate activation, 323 samples were removed from the Th17 study analysis based on indi-
cation by CD69 that the samples were not activated.

IL-17 A cytokine assay

As described in our previous work [14], cells were plated at 1x10” cells/well and stimulated as
outlined above using anti-CD3 immobilized on a 96 well cell culture plate in combination
with addition of solubilized anti-CD28 to the plated cells. Non-stimulated samples were run in
parallel DPBS’ replaced the anti-CD3 coating and media was substituted for anti-CD28. Plates
were incubated for 72hr after which, supernatants were collected from the wells and aliquoted
and stored at -80°C until they were assayed using Meso Scale Discovery (MSD) multiplex elec-
trochemiluminescence immunoassay for analysis. IL-17A was detected using a V-Plex, single
spot (Human) kit by MSD. Supernatants were thawed, centrifuged at 2000xg for 3min at 4°C
and then diluted 100-fold (two serial 10-fold dilutions) using complete media. Calibrator dilu-
tions were prepared with 4-fold dilutions following the kit instructions to create an 8-point
standard curve. For analytical purposes, samples were assigned a value of one-half the lower
detection limit for the assay if they fell below the fit curve or detection range of the instrument.

Measurement of 25-Hydroxyvitamine D (Vitamin D)

Sample serums were sent to the Department of Medicine in Columbia University’s Medical
Center for determination of VitD levels. 25-hydroxyvitamine D, the sum of 25-hydroxyvitamine
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D2 (25(OH)D,) and 25-hydroxyvitamine D (25(OH)D3), were assayed by Ultra-Performance
Liquid Chromatography- tandem mass spectrometry (LC-MS/MS) as described previously [15].
The level of sensitivity for LC-MS/MS assay was 1.0 ng/ml for both 25(OH)D, and 25(OH)D3.
Intra-day precision was 2.4% for 25(OH)D, and 3.5% for 25(OH)Dj. Inter-day precision was
8.1% for 25(OH)D, and 5.5% for 25(OH)D;. From the sample serums 25(OH)D, and 25(0OH)
D; were extracted using liquid-liquid extraction. Chromatographic separation was performed
on an Agilent Poroshell 120 EC-C18 column (3.0 x 50mm, 2.7 um) using a gradient of 70%-90%
methanol containing 0.1% formic acid. Multiple reaction monitoring (MRM) of the analyses
was performed with positive electrospray ionization with the following MRM transitions:
413->395 for 25(0OH)D,, 401->383 for 25(OH)D3 and 407->389 for d6-25(OH)Ds. Calibrators
were standardized against the NIST standards and the assay passed the proficiency testing of
international DEQAS. In the U.S. the normal reference range for vitamin 25(OH)D3 is 30-100
ng/mL [26].

Statistical analysis

As only 7 smoking women were enrolled, we eliminated them from the analysis. Thus, the
final dataset consisted of a total of 236 samples for T-cell subset (Th17) analysis and 606 sam-
ples for cytokine (IL-17A) analysis. We first calculated descriptive statistics for female and
male non-smokers, and male smokers. Group differences were assessed using the Kruskal-
Wallis test, with adjustment for pairwise multiple comparisons using Dunn’s Method, for
serum VitD, total UAs and UAs species (InAs, MMA™**>, and DMA***®), with all urinary
measures adjusted for urinary creatinine. Spearman correlation coefficients describe bivariate
associations among quantitative variables. To reduce the impact of extreme variables and
improve model fitting, we transformed the exposure variables with right skewed distributions
using logarithmic function.

Linear regression models estimated the associations between each exposure variable (i.e.
total urinary As and the urinary As metabolites) and the outcomes of Th17-cells and IL-17A
cytokine production, adjusting for age and body mass index (BMI). These models were devel-
oped in several steps. First, individual models were fit for female non-smokers, male non-
smokers and male smokers, all adjusting for age and BMI. In a second step, we added circulat-
ing serum VitD into the linear regression models. Third, to test for effect modification between
VitD status and UAs/UAs species, we divided Vit D concentrations into low/insufficient
serum levels (<20 ng/ml) and high/sufficient levels (>20 ng/ml). Separate models relating
UAs/UAs species to Th17 or IL 17A were fit for each Vit D stratum.

Finally, generalized additive models (GAM) were used to evaluate possible non-monotonic
relationships between UAs/UAs species and Th17 cell subset or IL-17A production. GAMs
allow for both a parametric component of exposure (which assesses a linear relationship) and
a non-parametric component, which assesses non-monotonicity. Based on the results of the
GAM models, we fit linear models for the immune parameter outcomes with the most parsi-
monious polynomials of the exposure variables to best describe the patterns of the associations.
SAS version 9.4 was used for statistical analysis.

Results
Characteristics of the study cohort

The study cohort was comprised of 614 men and women [15]. Peripheral blood mononuclear
cell (PBMC) samples from 236 participants were analyzed for the Th17 T-cell subset (Table 1),
and 606 PBMC samples from individuals were included for IL-17A cytokine analysis

(Table 2). The study cohort for Th17 cells and IL-17A cytokine production analyses were
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Table 1. Demographic of the study participants, urinary arsenic species and Th17 cells.

All samples Non-smoking Women Non-smoking Men Smoking Men
Th17 Mean (SD) Mean (SD) Mean (SD) Mean (SD)
Median (Range) Median (Range) Median (Range) Median (Range)
Demographic N =236 N =122 N=29 N =285
Age (years) 50.1 (7.0) 47.6 (6.6) 51.8 (6.6)** 53.0 (6.5)***
50(38-65) 46 (38-64) 51 (40-63) 54 (39-65)
Sex (%)
Women 52
BMI 23.0 (4.2) 24.2 (4.3) 22.1 (3.1) 21.7 (3.9)**
22.8 (14.3-39.7) 24.1(14.3-39.7) 21.8 (17.5-29.7) 21.1(16.0-33.1)
% of cohort 52 12 36
Average Arsenic Exposure Conc. (ug/g)
Urinary As 131.2 (137.9) 144.4 (148.7) 94.7 (81.0) 124.8 (135.6)
85 (15-827.2) 93.4 (17.6-783.7) 69.5 (15-357.1) 72.1 (22.1-827.2)
Inorganic As 13.5 (17.7) 13.3 (15.4) 11.1 (15.4) 14.6 (21.2)
7.5 (0-134.8) 8.4 (0-87.3) 6.7 (1.1-80.5) 6.8 (1.3-134.8)
MMA*®/* 16.7 (23.5) 16.3 (22.5) 12.6 (16.6) 18.9 (26.6)
8.3 (1.6-191.2) 8.2 (2-149.8) 8.0 (1.6-83.2) 9.9 (2.2-191.2)
DMA*®/*> 82.1(84.1) 93.3(96.8) 58.9 (45.5) 74.0 (71.7)
51.6 (109-508.9) 58.6 (16.6-508.9) 45.5 (10.9-205.8) 49.2 (14.3-414.0)
Th17 cells (%CD4+ cells) 0.631 (0.70) 0.681 (0.84) 0.568 (0.32) 0.583 (0.55)
0.440 (0-5.590) 0.450 (0.017-5.590) 0.520 (0.110-1.630) 0.400 (0-3.160)
Vitamin D (ng/ml) 23.1(7.3) 19.9 (5.6) 26.5 (8.8)*** 26.4 (7.0)***
22.0 (7.6-53.8) 19.6 (7.6-44.1) 24.5 (11.6-53.8) 25.8 (11.9-45.5)

Significance level
**p<0.001,
*p =001,

*p<0.05 Non-smoking women compared to Non-smoking men and to Smoking men.

Significance level
#p<0.001,

*p =0.02,
*p<0.05

Non-smoking men compared to Smoking men.

https://doi.org/10.1371/journal.pone.0266168.t001

comprised of approximately half (52%) non-smoking women. Non-smoking men (12%) and
smoking men (36%) made up the other half. Individuals were age 47-53 years with women
younger (48 yr) compared to males (52 yr). Women also had higher average BMIs (24) com-
pared to men (22). All participants had similar average UAs concentrations (124-144 ug/g cre-
atinine) except non-smoking men who tended to have lower, although not significantly
different, concentrations (95-105 ug/g creatinine). Non-smoking men also had lower average
concentrations of InAs (11 ug/g creatinine) as well as the MMA™**? (12 ug/g creatinine)
metabolite. All participants had similar average of Th17-cell numbers, (reported as %CD4+
cells) and IL-17A production. Men had significantly higher serum VitD levels (26 ng/ml) com-
pared to women (20 ng/ml). Overall, demographics of those included in this study of Th17-cell
subset and cytokine production compared to the demographics of the study cohort [15].
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Table 2. Demographic of the study participants, urinary arsenic species and IL-17A cytokine.

All samples Non-smoking Women Non-smoking Men Smoking Men
IL-17A cytokine Mean (SD) Mean (SD) Mean (SD) Mean (SD)
Median (Range) Median (Range) Median (Range) Median (Range)
Demographic N =606 N =311 N=381 N=214
Age (years) 50.0 (7.4) 47.4 (7.0) 51.8 (6.9)*** 53.0 (6.7)***
50 (35-65) 46.0 (35-64) 52 (37-65) 53.5 (38-65)
Sex(%)
Women 51
BMI 23.1 (4.1) 24.0 (4.3) 22.5(3.7)** 21.9 (3.7)***
22.7 (14.0-43.3) 23.6 (14.3-43.3) 22.2 (14.0-37.0) 21.2 (15.4-34.5)
% of Study Cohort 51.3 13.4 35.3
Average Arsenic Exposure Conc. (ug/g)
Urinary As 134.5 (141.7) 140.8 (134.4) 105.1 (103.0)** 136.6 (162.3)
89.3 (15.0-1640.4) 97.2 (17.6-783.8) 77.5 (15.0-668.9) 81.2 (15.6-1640.4)
Inorganic As 13.8 (17.8) 13.2 (15.3) 10.7 (13.5) 15.9 (22.0)*
7.7 (0-195.9) 7.5 (0-105.7) 6.7 (1.1-80.5) 8.2 (1.1-195.9)
MMA*¥*5 16.4 (24.0) 15.1 (20.1) 12.1 (14.8) 20.0 (30.6)*
8.3 (1.6-304.2) 7.9 (1.7-149.8) 7.8 (1.6-83.2) 9.2 (1.8-304.2)
DMA*®/*> 86.6 (91.2) 91.7 (87.9) 68.3 (60.7)** 86.0 (104.2)

56.8 (9.5-1136.4)

62.1 (9.6-508.9)

45.5 (9.5-334)

52.8 (12.1-1136.4)

IL-17A (pg/ml)

1987 (1703.7)

2087.4 (1797.8)

2025.9 (1476.6)

1826.9 (1637.7)

1536 (24-16623)

1598.5 (24-16623)

1679 (149-8206)

1311.5 (70-9576)

Vitamin D (ng/ml)

22.6 (7.4)

19.3 (5.9)

25.6 (7.2)***

26.4 (7.1)***

21.8 (5.9-53.8)

19 (5.9-44.1)

25.2 (11.2-53.8)

26.0 (11.9-50.6)

Significance level
**p<0.001,
*p =001,

*p<0.05 Non-smoking women compared to Non-smoking men and to Smoking men.

Significance level
#p<0.001,
*p =0.02,

#p<0.05 Non-smoking men compared to Smoking men.

https://doi.org/10.1371/journal.pone.0266168.t002

Effects of urinary arsenic and urinary arsenic species on the Th17 T-cell

subset

Multivariable regression analysis, adjusted for age and BMI, indicated that there were signifi-
cant inverse associations between UAs and DMA exposures and Th17-cells in all participants
and in smoking men (Table 3). When we evaluated the linearity of the relationships, we found
evidence of nonlinear relationships for the associations between total UAs and urinary DMA
and Th17 in non-smoking women. In this group, the best fitting model included the linear
term (on alog scale), and the quadratic and the cubic terms such that there was a strong posi-
tive linear association, a negative quadratic association and a small cubic association (Table 3).
In non-smoking males, there were inverse associations between UAs and DMA exposure and
Th17 cells; however, they were not statistically significant.
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Table 3. Association between urinary arsenic species and Th-17 cells and IL-17A cytokine production for all participants and by sex and smoking status.

All participants® Non-smoking Women Non-smoking Men Smoking Men

B (95% CI) p-value B (95% CI) p-value B (95% CI) p-value B (95% CI) p-value
Th17 (n=236) (n=123) (n=29) (n=86)
Urinary AsP© -0.15 (-0.30, -0.01) 0.04 14.0 (-0.445, 28.4) 0.06 -0.19 (-0.47, 0.09) 0.20 -0.22 (-0.46, 0.02) 0.08
Urinary As? -3.07 (-6.09, -0.0516) 0.05
Urinary As® 0.217 (.00924, 0.425) 0.04
Inorganic As b -0.09 (-0.22, 0.04) 0.18 -0.04 (-0.24, 0.16) 0.69 -0.16 (-0.39, 0.08) 0.20 -0.13 (-0.33,0.07) 0.21
MMA*¥+5? -0.09 (-0.22, 0.04) 0.16 -0.07 (-0.27,0.12) 0.46 -0.15 (-0.39, 0.09) 0.23 -0.09 (-0.30, 0.11) 0.39
DMA™*3/*5 be -0.14 (-0.29, 0.01) 0.06 18.3 (1.91, 34.7) 0.03 -0.19 (-0.49, 0.11) 0.23 -0.21 (-0.45, 0.03) 0.10
DMA™/+* @ -4.24 (-7.92, -0.555) 0.03
DMA™/**® 0.317 (0.0465, 0.587) 0.02
IL-17A cytokine (n =606) (n=311) (n=81) (n=214)
Urinary As® -0.10 (-0.19, -0.01) 0.03 -0.05 (-0.18, 0.07) 0.40 | -0.25 (-0.49, -0.01) 0.04 | -0.12 (-0.26,0.03) 0.13
Inorganic As -0.06 (-0.13, 0.02) 0.16 0.03 (-0.08, 0.13) 0.63 | -0.16(-0.36, 0.04) 0.13 | -0.10(-0.23,0.03) 0.12
MMA*¥+5b -0.09 (-0.17, -0.02) 0.02 -0.05 (-0.16, 0.06) 0.37 | -0.20 (-0.41, 0.02) 0.07 | -0.10 (-0.23,0.03) 0.12
DMA*/+3b -0.12 (-0.21, -0.03) 0.007 | -0.08 (-0.21, 0.04) 021 | -0.28 (-0.51, -0.05) 0.02 | -0.13 (-0.28,0.02) 0.1

? Excluding 7 smoking women
? Linear regression models were run separately for different arsenic exposure measures (log transformed) and adjusted for Age and BMI

¢ Based on analysis of splines, resulting in polynomial regressions (see text).

https://doi.org/10.1371/journal.pone.0266168.t003

Effects of urinary arsenic and urinary arsenic species on IL-17A cytokine
production

Multivariable regression analyses adjusted for age and BMI, showed statistically significant
inverse associations between UAs (p = 0.03), MMA***® (p = 0.02) and DMA**** (p = 0.007)
(Table 3) exposures and IL-17A cytokine production in all participants, mostly driven by asso-
ciations in non-smoking men.

Effects of urinary arsenic on the Th17 cells by VitD status

To further examine the associations between As exposure and Th17 cells by VitD, we stratified
VitD by low (<20 ng/ml) and high serum VitD (>20 ng/ml). Table 4 shows, that in both male
and females (all participants; n = 236), Th17 was inversely associated with UAs (p<0.05),
MMA*¥* (p = 0.07) and DMA***® (p<0.05) in the low VitD strata.

Effects of urinary arsenic and urinary arsenic on the IL-17A production
stratified by VitD

In the high VitD group, we found significant associations between urinary As and all metabo-
lites and IL-17A cytokine inhibition (Table 5). These associations were stronger and statisti-
cally significant in non-smoking men for UAs and DMA***>. In general, point estimates were
greater for men (regardless of smoking status) than for non-smoking women.

Discussion

Arsenic is a naturally occurring global environmental metal toxicant that is associated with sig-
nificant morbidity and mortality [27]. The immune system is an important target of As and
numerous diseases may be associated with altered innate and adaptive immunity. Host resis-
tance to infection and anti-tumor immunity is suppressed by exposure of human populations
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Table 4. Association between urinary arsenic species and Th17 cell subset stratified by low and high Vitamin D levels.

All participants (n = 236) Non-smoking Women (n = 123) Non-smoking Men (n = 29) Smoking Men (n = 86)
B (95% CI); p-value B (95% CI); p-value B (95% CI); p-value B (95% CI); p-value

Exposure® and VitD"
Urinary As
Low VitD -0.42 (-0.74, -0.10); 0.01 -0.39 (-0.80, 0.02); 0.07 -0.31 (-1.33,0.71); 0.59 -0.97 (-2.03, 0.10); 0.10
High VitD -0.03 (-0.18, 0.11); 0.64 0.02 (-0.20, 0.24); 0.88 -0.14 (-0.42, 0.14); 0.33 -0.07 (-0.31, 0.16); 0.55
InAs
Low VitD -0.20 (-0.46, -0.06); 0.14 -0.11 (-0.45, 0.22); 0.50 -0.18 (-1.01, 0.64); 0.69 -0.64 (-1.68, 0.41); 0.26
High VitD -0.03 (-0.16, 0.10); 0.69 0.02 (-0.20, 0.23); 0.89 -0.11 (-0.34, 0.12); 0.34 -0.02 (-0.22, 0.19); 0.87
MMA*3/+5
Low VitD -0.27 (-0.56, 0.02); 0.07 -0.24 (-0.62, 0.14); 0.22 -0.13 (-0.97, 0.70); 0.78 -0.62 (-1.80, 0.57); 0.33
High VitD -0.01 (-0.14, 0.11); 0.82 0.001 (-0.19, 0.19); 1.0 -0.17 (-0.40, 0.07); 0.18 0.01 (-0.18, 0.21); 0.90
DMA*3+5
Low VitD -0.37 (-0.69, -0.04); 0.03 -0.30 (-0.71, 0.11); 0.16 -0.35 (-1.36, 0.67); 0.55 -0.87 (-1.89, 0.16); 0.13
High VitD -0.03 (-0.18,0.11); 0.64 0.01 (-0.21, 0.24); 0.90 -0.13 (-0.44, 0.18); 0.42 -0.08 (-0.31,0.16); 0.53

“Linear regression models were run separately for each exposure measure (log transformed) adjusted for Age and BML
bVitD level: low/deficient <20 ng/ml; high/sufficient >20 ng/ml.

https://doi.org/10.1371/journal.pone.0266168.1004

to As. Immunosuppression may also be associated with cancers induced by As [28]. Arsenic

exists in both a pentavalent (+5) and trivalent (+3) inorganic state that is metabolized by arse-
nite-3-methyl transferase (As3MT) [29]. Metabolism of As to monomethylated arsenicals

(MMA***) and dimethylated arsenicals (DMA***?) play important roles of increasing clear-
ance of As [29]. However, the trivalent forms of MMA and DMA may also have more toxicity
than InAs [30, 31]. Arsenic metabolism varies from person to person [32] and is linked to dif-

ferences in susceptibility to diseases induced by As [33]. Additionally, there appear to be
important sex differences in the action of As in males and females that may differ by disease

Table 5. Association between urinary arsenic species and IL-17A cytokine production stratified by low and high Vitamin D levels.

All participants (n = 603) Non-smoking Women (n = 310) Non-smoking Men (n = 80)
B (95% CI); p-value B (95% CI); p-value B (95% CI); p-value

Exposure® and VitD"
Urinary As
Low VitD -0.03 (-0.16, 0.10); 0.63 -0.04 (-0.20. 0.12); 0.60 -0.18 (-0.59, 0.23); 0.40
High VitD -0.13 (-0.25, -0.01); 0.03 -0.06 (-0.25, 0.14); 0.58 -0.28 (-0.56, -0.01); 0.05
InAs
Low VitD 0.03 (-0.08, 0.13); 0.64 0.09 (-0.04, 0.22); 0.18 -0.14 (-0.48, 0.19); 0.41
High VitD -0.11 (-0.21, -0.001); 0.05 -0.05 (-0.23, 0.13); 0.57 -0.16 (-0.40, 0.08); 0.20
MMA*3+5
Low VitD -0.04 (-0.15, 0.07); 0.45 -0.02 (-1.36, 1.33); 0.78 -0.15 (-0.51, 0.21); 0.43
High VitD -0.12 (-0.22,-0.01); 0.03 -0.07 (-0.24, 0.11); 0.46 -0.21 (-0.46, 0.03); 0.09
DMA+3/+5
Low VitD -0.03 (-0.16, 0.10); 0.63 -0.05 (-0.21,0.11); 0.53 -0.12 (-0.53, 0.29); 0.57
High VitD -0.16 (-0.28, 0.05); 0.007 -0.10 (-0.30, 0.10); 0.34 -0.36 (-0.62, -0.10); 0.01

“Linear regression models were run separately for each exposure measure (log transformed) adjusted for Age and BMI.
bVitD level: low/deficient <20 ng/ml; high/sufficient >20 ng/ml.

https://doi.org/10.1371/journal.pone.0266168.t005

Smoking Men (n = 213)
B (95% CI); p-value

-0.01 (-0.30, 0.28); 0.95

-0.15 (-0.33, 0.02); 0.09

-0.07 (-0.32, 0.18); 0.60
-0.11 (-0.27, 0.05); 0.17

-0.06 (-0.30, 0.18); 0.60
-0.11 (-0.26, 0.04); 0.15

0.005 (-0.31, 0.32); 0.98
-0.16 (-0.34, 0.01); 0.07
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and organ system. Based on skin lesions/cancer [34, 35] and pulmonary disease [36], males
appear to be more sensitive to the toxicity of As than women. The reason for this increased
sensitivity is not clear, but may in part relate to metabolic, nutritional status and exposure dif-
ferences between the sexes.

The present studies were conducted to evaluate the effects of As on a population exposed
chronically to a large concentration range of As in drinking water, some with UAs concentra-
tions in excess of 1,000 ug/g creatinine. We have previously found that As exposures alter lym-
phoid subsets in the PBMC fraction and that ex vivo functional changes can be detected in cell
activation markers on B and T-cells, as well as cytokines produced by lymphocytes and mono-
cytes [14]. In these prior studies Th17 cells were increased by As. However, in the present stud-
ies we see an inverse association in males who smoke indicating Th17 cells were decreased by
As. We also show that the As mediated association is nonlinear in the non-smoking females.
The non-monotonic curves associated with As in non-smoking women indicates complex
exposure response relationships for Th17cells. Previous studies have shown that IL-17A and
Th17 cells are altered in males exposed to As as well as cigarette smoke [13]. However, we have
not previously examined female non-smokers and smokers exposed to As. In the present stud-
ies, we found that PBMC obtained from males contained fewer Th17 cells and less IL-17A in
cell supernatant following activation. However, this was not the case in PBMC from women.
Unfortunately, there were inadequate numbers of female smokers to directly compare male
and female smokers as well as smoking and nonsmoking females. In both males and female
non-smokers, we found that total UAs and DMA***® correlated with a decrease in Th17
cell amounts and IL-17A production. Thus, it appears that exposure to both inorganic and
organic forms of As in vivo are toxic to Th17 in PBMC. This is perhaps not surprising since
direct addition of As to PBMC in vitro was found to suppress IL-17A production by activated
T-cells [16].

Based on a recent study in which we showed that VitD is an important modifier of As
action on the immune system of males [15], we examined potential effect modification by
VitD status. We observed a weak correlation between UAs and circulating VitD. Here, we find
that Th17 cells were significantly decreased by UAs, MMA™***> and DMA**** in study partici-
pants who were deficient in VitD. This result is similar to our previous work on T -cell prolif-
eration (TCP) [15, 37]. Conversely, in participants with sufficient levels of VitD we observed
UAs, DMA"*3, and MMA™'*® exposures were associated with decreased IL-17A production,
most notably in the non-smoking males. These results suggest that adequate levels of VitD are
needed for arsenicals to interfere with cell signaling pathways required for IL-17A production.
VitD is known to modulate T-cell receptor (TCR) activation in human T cells [20]. VitD has
also been found to be immunomodulatory in a number of settings [38]. Therefore, As and/or
its metabolites may interact with VitD in unexpected ways, such as by modifying T-cell signal-
ing leading to T-cell tolerance or anergy that prevents IL-17A production, as As has been
shown to activate certain TCR pathways by increasing Lck and Fyn protein tyrosine kinases
(PTKs) required for T-cell signaling [39]. The mechanism responsible for signaling may be
due to oxidative stress-related inhibition of protein tyrosine phosphatases (PTPases) that
inhibit PTK activity. T-cells given excess signals via PTKs receive unbalanced signals and are
not capable of responding to antigen stimulation culminating in cytokine production such as
IL-17A. One of the limitations in this study is that we could only examine the role of VitD. It
would be interesting to include vitamins such as C and E in future studies, as Vitamin C has be
shown to be influential in IL17 production [40].

Human PBMCs treated with environmentally relevant doses of As™ in vitro show minimal
changes. However, it is the monomethyl metabolite of arsenite (MMA™) that seems to be
responsible for suppression of TCP [37]. In human studies, As exposure has been associated
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with alterations in immune function, including suppression of innate and adaptive immunity
[41, 42], perhaps leading to increased cancer [43], and increased upper airway infections [44].
Our studies have shown that As can elevate IL-1p [14], suggesting that As exposure induces a
proinflammatory state. Depending upon the dose, duration, and timing of exposure, As may
elevate certain immune biomarkers, including some human antibody subsets [45, 46] and
cytokines, including Th2-mediators- interleukin (IL)-4, IL-5, IL-13, and eotaxins [47]. Thus,
the effects of As on the human immune system in vivo is quite complex and its effects can also
depend on other environmental and nutritional conditions.

The consequences of As-induced inhibition of Th17 and IL-17A are unclear at this time.
IL-17A plays many roles in immunoregulation and has been associated with chronic inflam-
matory diseases and autoimmunity [48, 49]. Further long-term studies are needed to deter-
mine if As is associated with chronic inflammation or autoimmune conditions. It is unclear
why males are more susceptible to immune effects associated with the IL-17A axis. The role of
methylated As metabolites, and their mechanism of action needs to be further investigated as
well.

In summary, our studies show that UAs, MMA™**>, and DMA**** are associated with
decreased numbers of Th17 cells and inhibition of IL-17A production. IL-17A production is
more pronounced in PBMC obtained from exposed males than females, and particularly in
non-smoking males. The decrease in Th17 cells and suppression of IL-17A are differentially
modified by VitD, Th17 cell number is most affected at low or insufficient (<20 ng/ml) levels
of VitD, whereas, suppression of IL-17A production is most noted at sufficient (>20 ng/ml)
levels of VitD. These findings demonstrate that exposure-response relationships for arsenicals
on the immune system may depend on other co-factors and nutritional factors that can exert
complex outcomes on adaptive and innate immunity.

Author Contributions

Conceptualization: Faruque Parvez, Fredine T. Lauer, Pam Factor-Litvak, Mahbubul Eunus,
Mizanour Rahman, Golam Sarwar, Habibul Ahsan, Joseph H. Graziano, Scott W. Burchiel.

Data curation: Fredine T. Lauer, Pam Factor-Litvak.

Formal analysis: Faruque Parvez, Fredine T. Lauer, Pam Factor-Litvak, Tariqul Islam, Mah-
bubul Eunus, M. Abu Horayara, Scott W. Burchiel.

Funding acquisition: Faruque Parvez, Fredine T. Lauer, Habibul Ahsan, Scott W. Burchiel.

Investigation: Faruque Parvez, Fredine T. Lauer, Pam Factor-Litvak, Tariqul Islam, Mahbubul
Eunus, M. Abu Horayara, Mizanour Rahman, Golam Sarwar, Habibul Ahsan, Joseph H.
Graziano, Scott W. Burchiel.

Methodology: Faruque Parvez, Fredine T. Lauer, Tariqul Islam, Mahbubul Eunus, M. Abu
Horayara, Mizanour Rahman, Golam Sarwar, Joseph H. Graziano, Scott W. Burchiel.

Project administration: Faruque Parvez, Fredine T. Lauer, Tariqul Islam, Mahbubul Eunus,
M. Abu Horayara, Mizanour Rahman, Golam Sarwar, Habibul Ahsan, Joseph H. Graziano,
Scott W. Burchiel.

Resources: Faruque Parvez, Habibul Ahsan, Joseph H. Graziano, Scott W. Burchiel.

Supervision: Faruque Parvez, Fredine T. Lauer, Pam Factor-Litvak, Tariqul Islam, Mahbubul
Eunus, Joseph H. Graziano, Scott W. Burchiel.

Validation: Faruque Parvez, Scott W. Burchiel.

PLOS ONE | https://doi.org/10.1371/journal.pone.0266168  April 11, 2022 11/14


https://doi.org/10.1371/journal.pone.0266168

PLOS ONE

Arsenic modulates Th17 and IL-17A in HPBMC

Writing - original draft: Faruque Parvez, Fredine T. Lauer, Pam Factor-Litvak, Scott W.

Burchiel.

Writing - review & editing: Faruque Parvez, Fredine T. Lauer, Pam Factor-Litvak, Scott W.

Burchiel.

References

1.

10.

11.

12

13.

14.

15.

Smith AH, Hopenhayn-Rich C, Bates MN, Goeden HM, Hertz-Picciotto |, Duggan HM, et al. Cancer
risks from arsenic in drinking water. Environ Health Perspect. 1992; 97:259-67. Epub 1992/07/01.
https://doi.org/10.1289/ehp.9297259 PMID: 1396465

Argos M, Parvez F, Rahman M, Rakibuz-Zaman M, Ahmed A, Hore SK, et al. Arsenic and lung disease
mortality in bangladeshi adults. Epidemiology. 2014; 25(4):536—43. Epub 2014/05/08. https://doi.org/
10.1097/EDE.0000000000000106 PMID: 24802365.

Wasserman GA, Liu X, Parvez F, Chen Y, Factor-Litvak P, Lolacono NJ, et al. A cross-sectional study
of water arsenic exposure and intellectual function in adolescence in Araihazar, Bangladesh. Environ
Int. 2018; 118:304—13. Epub 2018/06/23. https://doi.org/10.1016/j.envint.2018.05.037 PMID:
29933234

Wasserman GA, Liu X, Parvez F, Factor-Litvak P, Kline J, Siddique AB, et al. Child Intelligence and
Reductions in Water Arsenic and Manganese: A Two-Year Follow-up Study in Bangladesh. Environ
Health Perspect. 2016; 124(7):1114-20. Epub 2015/12/30. https://doi.org/10.1289/ehp.1509974 PMID:
26713676

Kuo CC, Moon KA, Wang SL, Silbergeld E, Navas-Acien A. The Association of Arsenic Metabolism with
Cancer, Cardiovascular Disease, and Diabetes: A Systematic Review of the Epidemiological Evidence.
Environ Health Perspect. 2017; 125(8):087001. Epub 2017/08/11. https://doi.org/10.1289/EHP577
PMID: 28796632

Chen GQ, Shi XG, Tang W, Xiong SM, Zhu J, Cai X, et al. Use of arsenic trioxide (As203) in the treat-
ment of acute promyelocytic leukemia (APL): I. As203 exerts dose-dependent dual effects on APL
cells. Blood. 1997; 89(9):3345-53. Epub 1997/05/01. PMID: 9129041

Maimaitiyiming Y, Wang QQ, Yang C, Ogra Y, Lou Y, Smith CA, et al. Hyperthermia Selectively Desta-
bilizes Oncogenic Fusion Proteins. Blood Cancer Discov. 2021; 2(4):388—401. Epub 2021/10/19.
https://doi.org/10.1158/2643-3230.BCD-20-0188 PMID: 34661159

Rossello-Tortella M, Ferrer G, Esteller M. Epitranscriptomics in Hematopoiesis and Hematologic Malig-
nancies. Blood Cancer Discov. 2020; 1(1):26—31. Epub 2020/06/22. https://doi.org/10.1158/2643-3249.
BCD-20-0032 PMID: 34661141 conflicts of interest were disclosed by the other authors.

Biswas R, Ghosh P, Banerjee N, Das JK, Sau T, Banerjee A, et al. Analysis of T-cell proliferation and
cytokine secretion in the individuals exposed to arsenic. Hum Exp Toxicol. 2008; 27(5):381-6. Epub
2008/08/22. https://doi.org/10.1177/0960327108094607 PMID: 18715884.

Soto-Pena GA, Luna AL, Acosta-Saavedra L, Conde P, Lopez-Carrillo L, Cebrian ME, et al. Assess-
ment of lymphocyte subpopulations and cytokine secretion in children exposed to arsenic. FASEB J.
2006; 20(6):779-81. Epub 2006/02/08. https://doi.org/10.1096/fj.05-4860fje PMID: 16461332.

Nadeau KC, Li Z, Farzan S, Koestler D, Robbins D, Fei DL, et al. In utero arsenic exposure and fetal
immune repertoire in a US pregnancy cohort. Clin Immunol. 2014; 155(2):188—-97. Epub 2014/09/18.
https://doi.org/10.1016/j.clim.2014.09.004 PMID: 25229165

Nygaard UC, Li Z, Palys T, Jackson B, Subbiah M, Malipatlolla M, et al. Cord blood T cell subpopula-
tions and associations with maternal cadmium and arsenic exposures. PLoS One. 2017; 12(6):
e0179606. Epub 2017/07/01. https://doi.org/10.1371/journal.pone.0179606 PMID: 28662050

Lauer FT, Parvez F, Factor-Litvak P, Liu X, Santella RM, Islam T, et al. Changes in human peripheral
blood mononuclear cell (HPBMC) populations and T-cell subsets associated with arsenic and polycyclic
aromatic hydrocarbon exposures in a Bangladesh cohort. PloS one. 2019; 14(7):e0220451. Epub 2019/
08/01. https://doi.org/10.1371/journal.pone.0220451 PMID: 31365547.

Parvez F, Lauer FT, Factor-Litvak P, Liu X, Santella RM, Islam T, et al. Assessment of arsenic and poly-
cyclic aromatic hydrocarbon (PAH) exposures on immune function among males in Bangladesh. PLoS
One. 2019; 14(5):e0216662. Epub 2019/05/17. https://doi.org/10.1371/journal.pone.0216662 PMID:
31095595

Burchiel SW, Lauer FT, Factor-Litvak P, Liu X, Islam T, Eunus M, et al. Arsenic exposure associated T
cell proliferation, smoking, and vitamin D in Bangladeshi men and women. PLoS One. 2020; 15(6):
e0234965. Epub 2020/06/24. https://doi.org/10.1371/journal.pone.0234965 PMID: 32574193

PLOS ONE | https://doi.org/10.1371/journal.pone.0266168  April 11, 2022 12/14


https://doi.org/10.1289/ehp.9297259
http://www.ncbi.nlm.nih.gov/pubmed/1396465
https://doi.org/10.1097/EDE.0000000000000106
https://doi.org/10.1097/EDE.0000000000000106
http://www.ncbi.nlm.nih.gov/pubmed/24802365
https://doi.org/10.1016/j.envint.2018.05.037
http://www.ncbi.nlm.nih.gov/pubmed/29933234
https://doi.org/10.1289/ehp.1509974
http://www.ncbi.nlm.nih.gov/pubmed/26713676
https://doi.org/10.1289/EHP577
http://www.ncbi.nlm.nih.gov/pubmed/28796632
http://www.ncbi.nlm.nih.gov/pubmed/9129041
https://doi.org/10.1158/2643-3230.BCD-20-0188
http://www.ncbi.nlm.nih.gov/pubmed/34661159
https://doi.org/10.1158/2643-3249.BCD-20-0032
https://doi.org/10.1158/2643-3249.BCD-20-0032
http://www.ncbi.nlm.nih.gov/pubmed/34661141
https://doi.org/10.1177/0960327108094607
http://www.ncbi.nlm.nih.gov/pubmed/18715884
https://doi.org/10.1096/fj.05-4860fje
http://www.ncbi.nlm.nih.gov/pubmed/16461332
https://doi.org/10.1016/j.clim.2014.09.004
http://www.ncbi.nlm.nih.gov/pubmed/25229165
https://doi.org/10.1371/journal.pone.0179606
http://www.ncbi.nlm.nih.gov/pubmed/28662050
https://doi.org/10.1371/journal.pone.0220451
http://www.ncbi.nlm.nih.gov/pubmed/31365547
https://doi.org/10.1371/journal.pone.0216662
http://www.ncbi.nlm.nih.gov/pubmed/31095595
https://doi.org/10.1371/journal.pone.0234965
http://www.ncbi.nlm.nih.gov/pubmed/32574193
https://doi.org/10.1371/journal.pone.0266168

PLOS ONE

Arsenic modulates Th17 and IL-17A in HPBMC

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Morzadec C, Macoch M, Robineau M, Sparfel L, Fardel O, Vernhet L. Inorganic arsenic represses
interleukin-17A expression in human activated Th17 lymphocytes. Toxicol Appl Pharmacol. 2012;
262(3):217-22. Epub 2012/05/24. https://doi.org/10.1016/j.taap.2012.05.004 PMID: 22617429.

Islam A, Hasan M. N., Rahman K., Asaduzzaman M., Rahim M. A., Zaman S., et al. Vitamin D status in
Bangladeshi subjects: a laboratory based study. BIRDEM Medical Journal. 2019; 9(3):202-6. https:/
doi.org/https%3A//doi.org/10.3329/birdem.v9i3.43081

Feldman D, Krishnan AV, Swami S, Giovannucci E, Feldman BJ. The role of vitamin D in reducing can-
cer risk and progression. Nat Rev Cancer. 2014; 14(5):342-57. Epub 2014/04/08. https://doi.org/10.
1038/nrc3691 PMID: 24705652.

Murdaca G, Tonacci A, Negrini S, Greco M, Borro M, Puppo F, et al. Emerging role of vitamin D in
autoimmune diseases: An update on evidence and therapeutic implications. Autoimmun Rev. 2019;
18(9):102350. Epub 2019/07/20. https://doi.org/10.1016/j.autrev.2019.102350 PMID: 31323357.

von Essen MR, Kongsbak M, Schjerling P, Olgaard K, Odum N, Geisler C. Vitamin D controls T cell anti-
gen receptor signaling and activation of human T cells. Nat Immunol. 2010; 11(4):344-9. Epub 2010/
03/09. https://doi.org/10.1038/ni.1851 PMID: 20208539.

Kongsbak M, Levring TB, Geisler C, von Essen MR. The vitamin d receptor and T cell function. Front
Immunol. 2013; 4:148. Epub 2013/06/21. https://doi.org/10.3389/fimmu.2013.00148 PMID: 23785369

Zou J, Thornton C, Chambers ES, Rosser EC, Ciurtin C. Exploring the Evidence for an Immunomodula-
tory Role of Vitamin D in Juvenile and Adult Rheumatic Disease. Front Immunol. 2020; 11:616483.
Epub 2021/03/09. https://doi.org/10.3389/fimmu.2020.616483 PMID: 33679704

Dupuis ML, Pagano MT, Pierdominici M, Ortona E. The role of vitamin D in autoimmune diseases:
could sex make the difference? Biol Sex Differ. 2021; 12(1):12. Epub 2021/01/14. https://doi.org/10.
1186/s13293-021-00358-3 PMID: 33436077

Lauer FT, Denson JL, Burchiel SW. Isolation, Cryopreservation, and Immunophenotyping of Human
Peripheral Blood Mononuclear Cells. Curr Protoc Toxicol. 2017; 74:18 20 1-18 20 16. Epub 2017/11/
09. https://doi.org/10.1002/cptx.31 PMID: 29117436

Lauer FT, Denson JL, Beswick E, Burchiel SW. Intracellular Cytokine Detection by Flow Cytometry in
Surface Marker-Defined Human Peripheral Blood Mononuclear T Cells. Curr Protoc Toxicol. 2017;
73:18.9.1-.9.4. Epub 2017/08/05. https://doi.org/10.1002/cptx.26 PMID: 28777444

Holick MF, Binkley NC, Bischoff-Ferrari HA, Gordon CM, Hanley DA, Heaney RP, et al. Evaluation,
treatment, and prevention of vitamin D deficiency: an Endocrine Society clinical practice guideline. The
Journal of clinical endocrinology and metabolism. 2011; 96(7):1911-30. Epub 2011/06/08. https://doi.
org/10.1210/jc.2011-0385 PMID: 21646368.

Argos M, Kalra T, Rathouz PJ, Chen Y, Pierce B, Parvez F, et al. Arsenic exposure from drinking water,
and all-cause and chronic-disease mortalities in Bangladesh (HEALS): a prospective cohort study. Lan-
cet. 2010; 376(9737):252—8. Epub 2010/07/22. https://doi.org/10.1016/S0140-6736(10)60481-3 PMID:
20646756

Hong CH, Lee CH, Chen GS, Chang KL, Yu HS. STAT3-dependent VEGF production from keratino-
cytes abrogates dendritic cell activation and migration by arsenic: a plausible regional mechanism of
immunosuppression in arsenical cancers. Chem Biol Interact. 2015; 227:96—103. Epub 2015/01/07.
https://doi.org/10.1016/j.cbi.2014.12.030 PMID: 25559853.

Styblo M, Venkatratnam A, Fry RC, Thomas DJ. Origins, fate, and actions of methylated trivalent
metabolites of inorganic arsenic: progress and prospects. Arch Toxicol. 2021. Epub 2021/03/27. https://
doi.org/10.1007/s00204-021-03028-w PMID: 33768354.

Aposhian HV, Gurzau ES, Le XC, Gurzau A, Healy SM, Lu X, et al. Occurrence of monomethylarsonous
acid in urine of humans exposed to inorganic arsenic. Chem Res Toxicol. 2000; 13(8):693—7. Epub
2000/08/24. https://doi.org/10.1021/tx0001 140 PMID: 10956055.

Thomas DJ, Li J, Waters SB, Xing W, Adair BM, Drobna Z, et al. Arsenic (+3 oxidation state) methyl-
transferase and the methylation of arsenicals. Exp Biol Med (Maywood). 2007; 232(1):3—13. Epub
2007/01/05. PMID: 17202581

Saint-Jacques N, Parker L, Brown P, Dummer TJ. Arsenic in drinking water and urinary tract cancers: a
systematic review of 30 years of epidemiological evidence. Environ Health. 2014; 13:44. Epub 2014/06/
04. https://doi.org/10.1186/1476-069X-13-44 PMID: 24889821

Antonelli R, Shao K, Thomas DJ, Sams R 2nd, Cowden J. AS3MT, GSTO, and PNP polymorphisms:
impact on arsenic methylation and implications for disease susceptibility. Environ Res. 2014; 132:156—
67. Epub 2014/05/06. https://doi.org/10.1016/j.envres.2014.03.012 PMID: 24792412.

Watanabe C, Inaoka T, Kadono T, Nagano M, Nakamura S, Ushijima K, et al. Males in rural Bangla-
deshi communities are more susceptible to chronic arsenic poisoning than females: analyses based on
urinary arsenic. Environ Health Perspect. 2001; 109(12):1265-70. Epub 2001/12/19. https://doi.org/10.
1289/ehp.011091265 PMID: 11748034

PLOS ONE | https://doi.org/10.1371/journal.pone.0266168  April 11, 2022 13/14


https://doi.org/10.1016/j.taap.2012.05.004
http://www.ncbi.nlm.nih.gov/pubmed/22617429
https://doi.org/https%3A//doi.org/10.3329/birdem.v9i3.43081
https://doi.org/https%3A//doi.org/10.3329/birdem.v9i3.43081
https://doi.org/10.1038/nrc3691
https://doi.org/10.1038/nrc3691
http://www.ncbi.nlm.nih.gov/pubmed/24705652
https://doi.org/10.1016/j.autrev.2019.102350
http://www.ncbi.nlm.nih.gov/pubmed/31323357
https://doi.org/10.1038/ni.1851
http://www.ncbi.nlm.nih.gov/pubmed/20208539
https://doi.org/10.3389/fimmu.2013.00148
http://www.ncbi.nlm.nih.gov/pubmed/23785369
https://doi.org/10.3389/fimmu.2020.616483
http://www.ncbi.nlm.nih.gov/pubmed/33679704
https://doi.org/10.1186/s13293-021-00358-3
https://doi.org/10.1186/s13293-021-00358-3
http://www.ncbi.nlm.nih.gov/pubmed/33436077
https://doi.org/10.1002/cptx.31
http://www.ncbi.nlm.nih.gov/pubmed/29117436
https://doi.org/10.1002/cptx.26
http://www.ncbi.nlm.nih.gov/pubmed/28777444
https://doi.org/10.1210/jc.2011-0385
https://doi.org/10.1210/jc.2011-0385
http://www.ncbi.nlm.nih.gov/pubmed/21646368
https://doi.org/10.1016/S0140-6736%2810%2960481-3
http://www.ncbi.nlm.nih.gov/pubmed/20646756
https://doi.org/10.1016/j.cbi.2014.12.030
http://www.ncbi.nlm.nih.gov/pubmed/25559853
https://doi.org/10.1007/s00204-021-03028-w
https://doi.org/10.1007/s00204-021-03028-w
http://www.ncbi.nlm.nih.gov/pubmed/33768354
https://doi.org/10.1021/tx000114o
http://www.ncbi.nlm.nih.gov/pubmed/10956055
http://www.ncbi.nlm.nih.gov/pubmed/17202581
https://doi.org/10.1186/1476-069X-13-44
http://www.ncbi.nlm.nih.gov/pubmed/24889821
https://doi.org/10.1016/j.envres.2014.03.012
http://www.ncbi.nlm.nih.gov/pubmed/24792412
https://doi.org/10.1289/ehp.011091265
https://doi.org/10.1289/ehp.011091265
http://www.ncbi.nlm.nih.gov/pubmed/11748034
https://doi.org/10.1371/journal.pone.0266168

PLOS ONE

Arsenic modulates Th17 and IL-17A in HPBMC

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

49.

Rahman M, Vahter M, Sohel N, Yunus M, Wahed MA, Streatfield PK, et al. Arsenic exposure and age
and sex-specific risk for skin lesions: a population-based case-referent study in Bangladesh. Environ

Health Perspect. 2006; 114(12):1847-52. Epub 2006/12/23. https://doi.org/10.1289/ehp.9207 PMID:
17185274

Sanchez TR, Perzanowski M, Graziano JH. Inorganic arsenic and respiratory health, from early life
exposure to sex-specific effects: A systematic review. Environ Res. 2016; 147:537-55. Epub 2016/02/
20. https://doi.org/10.1016/j.envres.2016.02.009 PMID: 26891939

Burchiel SW, Lauer FT, Beswick EJ, Gandolfi AJ, Parvez F, Liu KJ, et al. Differential susceptibility of
human peripheral blood T cells to suppression by environmental levels of sodium arsenite and mono-
methylarsonous acid. PLoS One. 2014; 9(10):e109192. Epub 2014/10/02. https://doi.org/10.1371/
journal.pone.0109192 PMID: 25271956

Sassi F, Tamone C, D’Amelio P. Vitamin D: Nutrient, Hormone, and Immunomodulator. Nutrients.
2018; 10(11). Epub 2018/11/08. https://doi.org/10.3390/nu10111656 PMID: 30400332

Soto-Pena GA, Vega L. Arsenic interferes with the signaling transduction pathway of T cell receptor
activation by increasing basal and induced phosphorylation of Lck and Fyn in spleen cells. Toxicol Appl
Pharmacol. 2008; 230(2):216—26. Epub 2008/04/15. https://doi.org/10.1016/j.taap.2008.02.029 PMID:
18407307.

Song MH, Nair VS, Oh KI. Vitamin C enhances the expression of IL17 in a Jmjd2-dependent manner.
BMB Rep. 2017; 50(1):49-54. Epub 2016/12/10. https://doi.org/10.5483/bmbrep.2017.50.1.193 PMID:
27931518

Ahmed S, Moore SE, Kippler M, Gardner R, Hawlader MD, Wagatsuma Y, et al. Arsenic exposure and
cell-mediated immunity in pre-school children in rural bangladesh. Toxicol Sci. 2014; 141(1):166-75.
Epub 2014/06/14. https://doi.org/10.1093/toxsci/kfu113 PMID: 24924402.

Parvez F, Akhtar E, Khan L, Hag MA, Islam T, Ahmed D, et al. Exposure to low-dose arsenic in early life
alters innate immune function in children. J Immunotoxicol. 2019; 16(1):201-9. Epub 2019/11/11.
https://doi.org/10.1080/1547691X.2019.1657993 PMID: 31703545

Ahsan H, Chen Y, Parvez F, Argos M, Hussain Al, Momotaj H, et al. Health Effects of Arsenic Longitudi-
nal Study (HEALS): description of a multidisciplinary epidemiologic investigation. J Expo Sci Environ
Epidemiol. 2006; 16(2):191-205. Epub 2005/09/15. https://doi.org/10.1038/sj.jea.7500449 PMID:
16160703.

Ragib R, Ahmed S, Sultana R, Wagatsuma Y, Mondal D, Hoque AM, et al. Effects of in utero arsenic
exposure on child immunity and morbidity in rural Bangladesh. Toxicol Lett. 2009; 185(3):197-202.
Epub 2009/01/27. https://doi.org/10.1016/j.toxlet.2009.01.001 PMID: 19167470.

Ragib R, Ahmed S, Ahsan KB, Kippler M, Akhtar E, Roy AK, et al. Humoral Immunity in Arsenic-
Exposed Children in Rural Bangladesh: Total Immunoglobulins and Vaccine-Specific Antibodies. Envi-
ron Health Perspect. 2017; 125(6):067006. Epub 2017/06/29. https://doi.org/10.1289/EHP318 PMID:
28657894

Islam LN, Nabi AH, Rahman MM, Zahid MS. Association of respiratory complications and elevated
serum immunoglobulins with drinking water arsenic toxicity in human. J Environ Sci Health A Tox Haz-
ard Subst Environ Eng. 2007; 42(12):1807—14. Epub 2007/10/24. https://doi.org/10.1080/
10934520701566777 PMID: 17952781.

Rahman A, Islam MS, Tony SR, Siddique AE, Mondal V, Hosen Z, et al. T helper 2-driven immune dys-
function in chronic arsenic-exposed individuals and its link to the features of allergic asthma. Toxicol
Appl Pharmacol. 2021; 420:115532. Epub 2021/04/13. https://doi.org/10.1016/j.taap.2021.115532
PMID: 33845054.

Fragoulis GE, Siebert S, McInnes IB. Therapeutic Targeting of IL-17 and IL-23 Cytokines in Immune-
Mediated Diseases. Annu Rev Med. 2016; 67:337-53. Epub 2015/11/14. https://doi.org/10.1146/
annurev-med-051914-021944 PMID: 26565676.

Hung LY, Velichko S, Huang F, Thai P, Wu R. Regulation of airway innate and adaptive immune
responses: the IL-17 paradigm. Crit Rev Immunol. 2008; 28(4):269-79. Epub 2009/01/27. https://doi.
org/10.1615/critrevimmunol.v28.i4.10 PMID: 19166380.

PLOS ONE | https://doi.org/10.1371/journal.pone.0266168  April 11, 2022 14/14


https://doi.org/10.1289/ehp.9207
http://www.ncbi.nlm.nih.gov/pubmed/17185274
https://doi.org/10.1016/j.envres.2016.02.009
http://www.ncbi.nlm.nih.gov/pubmed/26891939
https://doi.org/10.1371/journal.pone.0109192
https://doi.org/10.1371/journal.pone.0109192
http://www.ncbi.nlm.nih.gov/pubmed/25271956
https://doi.org/10.3390/nu10111656
http://www.ncbi.nlm.nih.gov/pubmed/30400332
https://doi.org/10.1016/j.taap.2008.02.029
http://www.ncbi.nlm.nih.gov/pubmed/18407307
https://doi.org/10.5483/bmbrep.2017.50.1.193
http://www.ncbi.nlm.nih.gov/pubmed/27931518
https://doi.org/10.1093/toxsci/kfu113
http://www.ncbi.nlm.nih.gov/pubmed/24924402
https://doi.org/10.1080/1547691X.2019.1657993
http://www.ncbi.nlm.nih.gov/pubmed/31703545
https://doi.org/10.1038/sj.jea.7500449
http://www.ncbi.nlm.nih.gov/pubmed/16160703
https://doi.org/10.1016/j.toxlet.2009.01.001
http://www.ncbi.nlm.nih.gov/pubmed/19167470
https://doi.org/10.1289/EHP318
http://www.ncbi.nlm.nih.gov/pubmed/28657894
https://doi.org/10.1080/10934520701566777
https://doi.org/10.1080/10934520701566777
http://www.ncbi.nlm.nih.gov/pubmed/17952781
https://doi.org/10.1016/j.taap.2021.115532
http://www.ncbi.nlm.nih.gov/pubmed/33845054
https://doi.org/10.1146/annurev-med-051914-021944
https://doi.org/10.1146/annurev-med-051914-021944
http://www.ncbi.nlm.nih.gov/pubmed/26565676
https://doi.org/10.1615/critrevimmunol.v28.i4.10
https://doi.org/10.1615/critrevimmunol.v28.i4.10
http://www.ncbi.nlm.nih.gov/pubmed/19166380
https://doi.org/10.1371/journal.pone.0266168

