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Abstract

Arsenic has wide-ranging effects on human health and there is evidence that it alters the immune
response by influencing CD4+/CD8+ T cell ratios, IL-2 cytokine levels, and the expression of
immune-response genes. We investigated the impact of in utero environmental arsenic exposure
on immune development and function in newborns participating in a pregnancy cohort in New
Hampshire, U.S., where arsenic levels have exceeded the current EPA maximum contaminant
level of 10 pg/L. Our results showed that maternal urinary arsenic concentrations were inversely
related to absolute total CD45RA+ CD4+ cord blood CD69+ T cell counts (N=116, p=0.04) and
positively associated with CD45RA+ CD69- CD294+ cell counts (p=0.01). In placental samples
(N=70), higher in utero urinary arsenic concentrations were positively associated with expression
of IL1B (p=0.03). These data provide evidence that relatively low-level arsenic exposure in utero
may alter the fetal immune system and lead to immune dysregulation.
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1. Introduction

Arsenic has wide ranging human health effects, including its established role as a human
carcinogen and emerging data suggesting it enhances susceptibility to infection [1-4].
Arsenic has been shown to affect multiple aspects of immune function, such as T cell ratios
[5], IL-2 cytokine levels, and the expression of immune-response genes, including those
involved in T cell receptor signaling [6-8]. These arsenic-associated changes in lymphocyte
subsets and cytokine profiles could impact not only susceptibility to infection, but also risk
of atopic disorders.

T cells represent a subset of immune cells that play a key role in fighting infections, in
vaccine responses, and in promoting inflammation [9-13]. Once a T cell becomes activated,
T cell effector functions can initiate downstream events, such as the synthesis of antibodies
by B cells. CD4+ T cells play a role in the etiology and maintenance of immune diseases
such as allergies [14]. Different subsets of CD4+ T cells in the peripheral blood can be
further identified phenotypically by surface markers as memory (CD45R0O+) or naive
(CD45RA+), proliferating (Ki67+) or activated (CD69+), Th1 (IFN-vy containing) or Th2
(CD294+) by standard flow cytometry techniques [10, 12]. Another subset of T cells,
regulatory T cells (Treg, defined by CD4+ CD25hi CD127lo cells), usually increases in
response to inflammatory processes [9, 13]. T cells, especially Treg, have been shown to
influence pregnancy outcomes [15, 16] and are affected by environmental pollutants [11,
17].

Gestation is a critical period for immune development [18] and there is evidence that Th2-
skewed responses to common environmental allergens occur in newborns [19, 20]. Given
their limited exposure to antigens, most T cells in cord blood are presumed to be naive (i.e.,
CD45RA+) and can become activated during inflammation [15, 16]. However, circulating
neonatal T lymphocytes are fundamentally different from naive adult T cells and have
characteristics of recent thymic emigrants that are impaired in their acquisition of Thl
function [21]. Additionally, a high proportion of circulating neonatal T cells are
concurrently progressing through the cell cycle and have increased susceptibility to
apoptosis, as compared to those of adults [22]. While strong experimental evidence
demonstrates that arsenic exposure can alter immune function [8, 23], few human studies
have examined the effects of arsenic on T cells, and in particular, the developing T cell
repertoire of the neonate.

The prevalence of atopy and allergic diseases have increased dramatically in recent years
[24, 25], affecting up to 30% of the population in industrialized countries [12] and causing
substantial childhood morbidity, as well as social and medical costs. At the same time, infant
infections remain prevalent in the first year of life, even in developed countries [26, 27]. We
have established a pregnancy cohort comprised of individuals with exposures spanning the
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dose range of regulatory interest, (i.e., water arsenic 0-100 ug/L, with over 10% of the
cohort’s well water samples exceeding the US EPA standard of 10 ug/L arsenic in water).
As part of this cohort study, we investigated whether neonatal T cells are potential targets of
arsenic immunotoxicity by examining changes in immune cell profiles, T cell functionality
and gene expression measures.

2. Methods

2.1. Ethics Statement

Study protocols and materials were approved by both the Dartmouth Committee for the
Protection of Human Subjects and Stanford Administrative Panels on Human Subjects in
Medical Research. All subjects provided written informed consent to participate.

2.2. Study Subjects

Pregnant women who obtained their prenatal care at clinics in the New Hampshire area,
including regions with relatively high water arsenic levels identified by our earlier work
[28], were enrolled at 24—-28 weeks gestation beginning in 2009. T cell functions were
analyzed for 16 cord blood samples from the extremes of exposure: high arsenic (> 5 pg/L
arsenic in water, and >5 pg/L total urinary arsenic, n = 8) and low arsenic exposed women
(< 0.5 pg/L arsenic in water, and < 5 pg/L total urinary arsenic, n = 8). Immune profiling
was performed using cryopreserved lymphocytes from the first 116 of the 129 remaining
deliveries with available cord blood samples. Our study included pregnant women screened
for the following eligibility criteria at their first prenatal visit: (1) currently pregnant, (2) 18
to 45 years old, (3) receiving routine prenatal care at one of the study clinics, (4) living in a
household served by a private well (defined as a well serving fewer than 15 households or
25 individuals), (5) residing in the same place since their last menstrual period and using the
same water supply, and (6) not planning to move prior to delivery. As only a small fraction
of our study population is non-English speaking, we limited our recruitment to English
speaking women.

2.3. Data Collection

Women who consented were asked to complete a self-administered lifestyle and medical
history questionnaire that covered socio-demographic factors such as age, race/ethnicity (of
the mother and child’s father), and level of education. Women were asked about their
general health and medical history, reproductive history, as well as lifestyle and exposure
questions, including tobacco and alcohol use. Trained study staff also performed a structured
review of the prenatal and delivery medical records (maternal and infant) to document
pregnancy and delivery information.

2.4. Assessment of Arsenic Exposure

We ascertained information about each participant’s household water supply including type
of system (e.g., drilled versus dug well, or spring), use of water filters and the average
number of cups per day of water participants consumed (in food or drink) from their
household tap and other sources. Participants completed a diary of water, fish and seafood,
and rice intake for the three days prior to urine collection to aid the assessment of recent
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arsenic exposure measured in the urine samples. Upon enrollment, a maternal spot urine
sample was obtained in a pre-labeled 120 ml urine specimen container with 30 pL of 10 mM
diammonium diethyl dithiocarbamate (DDDC) to stabilize the arsenic species. Samples were
stored upright and maintained at 4°C and sent via courier to the Dartmouth coordinating
laboratory within 24 hours for pH testing, aliquoting and storage at —80°C. Samples of urine
were analyzed for individual arsenic species (inorganic arsenic [inAs, including arsenic I11
and arsenic V], monomethylarsonic acid [MMA V], dimethylarsinic acid [DMA V])
concentrations by ion chromatography coupled to inductively coupled plasma mass
spectrometry (ICP-MS) using standard approaches at the University of Arizona, as
previously described [29]. All sample preparations and analyses were carried out in a trace-
metal free HEPA-filtered-air environment with strict adherence to QA/QC procedures.
Detection limits (LOD) were 0.15, 0.1, 0.14 and 0.11 for arsenic Ill, arsenic VV, DMA V and
MMA V, respectively. In the 116 samples, there were 39.66%, 91.38%, 0% and 9.48%
below LOD, respectively. The values below LOD were imputed by LOD/sqrt(2) for
statistical analyses. Additionally, 101 of the 116 individuals (87%) urine samples were
analyzed for creatinine (Cayman’s Creatinine Assay Kit).

2.5. Cord Blood Collection, Cell Isolation/Flow Cytometry, and Suppression/Proliferation

Assays

At delivery, a physician or delivery room assistant at the hospital filled 8 ml CPT™ Cell
Preparation Tubes containing sodium citrate and a lymphocyte gradient, allowing blood to
drip into the collection tubes to maximize the collectable volume and minimize
contamination with bacteria and maternal cells. After collection, the cord blood was sent to
the hospital’s main laboratory or to the laboratory at Dartmouth and stored at 4°C until
processing. No later than 24 hours following collection, the lymphocytes were isolated
according to the manufacturer’s instructions using standard buoyant density centrifugation
methods. Following centrifugation, plasma was harvested, aliquoted and frozen at -80°C.
Peripheral blood mononuclear cells (PBMCs) were isolated by pipette, washed with PBS
and cryopreserved (—120°C) using freezing media at a controlled rate of 1°C per minute.
This procedure demonstrates approximately 90% viability after thawing [11] and has high
reproducibility in our laboratory [30] and other laboratories [31].

Cord blood lymphocytes were shipped frozen (on dry ice) to the Stanford laboratory using a
courier service or next morning overnight postal service where samples were processed and
stored at —80°C according to published procedures [11, 32]. Flow cytometric staining was
performed on cord blood samples using an LSRII digital flow cytometer (BD Biosciences)
with 4 lasers (405,488, 535, 633 nm), 2 light scatter detectors (yielding forward and side
scatter data), and 18 fluorescent detectors for analysis. A phenotyping method was used with
colors of fluorescently conjugated antibodies (LSRII; BD Biosciences) for the following
CDA4+ T cell-surface markers: CD294+ (Th2 surface marker) [33], CD294-, CD45R0O+
(surface memory T cell marker) and CD45RA+ (surface naive T cell marker) (Stanford
Human Immune Monitoring Center). Data was acquired with DiVa software (BD
Biosciences) and analyzed with FlowJo software (Treestar, Ashland, Ore). A calibration
procedure was performed with a standard set of multicolor fluorescence beads in order to
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standardize signal output by the cytometer prior to each session. Absolute cell numbers were
determined by using the complete PBMC count per ml (Stanford Clinical Laboratories).

To explore the relationship between arsenic exposure and T cell function, we analyzed 16
cord blood samples selected from the extremes of exposure: high arsenic (> 5 pg/L arsenic
in water, and >5 pg/L total urinary arsenic, n = 8) and low arsenic exposed women (< 0.5
ug/L arsenic in water, and < 5 ug/L total urinary arsenic, n = 8). Treg and Teff cells were
separated (CD4+CD25hiCD127lo=Treg and CD4+CD25lo=Teff) by FACS Aria (BD
Biosciences, San Jose, CA). Treg suppression assays were conducted in round-bottom 96-
well microtiter plates using Miltenyi Kits for cell isolation, according to previously published
methods [32]. A fixed number of each type of live cells were used per well: Teff (20,000
cells), Treg (20,000 cells), and irradiated, CD3+ depleted antigen-presenting cells (APCs)
(200,000 cells). We added autologous CD4+CD25- conventional T cells, and autologous-
irradiated CD3-depleted peripheral blood mononuclear cells with or without autologous
Treg to test three parameters for each sample: 1) Treg-cell anergy (Treg cell alone with
APC) as an assay control; (2) Treg-cell suppression (Treg cell: Treg and Teff cells at 1:1
ratios with APC); and (3) T cell proliferation (Teff cell with APC). StemSep human CD3+ T
cell depletion (StemCell Technologies) was used to deplete APCs of T cells, followed by
irradiation with 40 Gy, and anti-CD3 mAb (clone HIT3a at 5.0 mg/ml) was then added to all
wells. T cells were cultured for 7 days at 37°C in a 5% CO,-humidified atmosphere. 1.0

mCi 3H-thymidine was added to each well 16 hours before the end of incubation, followed
by plate harvesting using a Tomtec cell harvester. A Perkin Elmer scintillation counter was
used to determine proliferation by 3H-thymidine incorporation. The percentage of Teff cell
proliferation was measured by using standard published thymidine incorporation methods,
and the percentage of Treg cell function was determined as follows: (Teff cell proliferation —
Teff cell:Treg cell proliferation)/Teff cell proliferation.

2.6. Placenta collection, RNA extraction and gene expression analysis

Following delivery, the placenta was biopsied adjacent to the cord insertion (to minimize
heterogeneity), removing any maternal decidua, placed immediately in RNAlater (Life
Technologies) and frozen at —80°C within 24 hours. RNA extraction and subsequent gene
profiling were performed in two similarly sized batches (44 or 45 samples per batch). For
placental samples, an approximately 200 ug wet weight representative sample was
homogenized in Tri Reagent (Molecular Research Center) by an electronic homogenizer.
RNA was extracted according to the vendor’s instructions and purified using an RNeasy
column (Qiagen). Quality of RNA was evaluated using the Agilent Bioanalyzer. Gene
expression analysis of approximately 100 ng RNA was performed for 72 of the 116
newborns on whom we collected placental biopsies using the Nanostring system (Nanostring
Technologies) at the Oncogenomics Core Facility (University of Miami) custom designed to
include interleukin (IL)1p and other arsenic-related genes including Aquaporin-9 (AQP9).
Data were compiled and normalized in the nSolver software and normalized to the
geometric mean of the expression of 5 housekeeping genes (ATCB, GAPDH, HPRTL1,
RPL19, and RPLPO) and presented as normalized counts per gene per sample. A complete
descriptive list of the genes measured can be found in Supplemental Table S2.
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2.7. Statistical Analysis

To estimate in utero exposure to arsenic we summed the individual arsenic species (inAs,
MMA, DMA) in maternal urinary arsenic taken at 24—-28 weeks gestation, with the
exclusion of arsenobetaine an unmetabolized form of arsenic found in fish and shellfish.
Absolute counts of T cells have right skewed distributions, and hence were log10
transformed for normalization before statistical testing. Multivariable linear regression
models to determine the association between in utero arsenic exposure and profiles of T
cells in infant cord blood were controlled for multiple potential confounders (e.g., maternal
age, parity, pre-pregnancy body mass index [BMI], smoking, and infant sex, gestational age,
and birth weight). Level of maternal education was unrelated to urinary arsenic
concentrations and therefore not included in our models. We further assessed whether results
differed by infant sex. Locally smoothed curves [34] were generated and compared with
estimated linear regression lines. The spans of local intervals for smoothed curves were
determined by minimizing the mean squared error. Linear regression assumptions were
evaluated for each of the outcomes. For models with small sample sizes (N < 10),
nonparametric Spearman correlations were also used to test the associations. To compare the
Teff proliferation and Treg function assays between the high and low arsenic groups (n =
16), we used the nonparametric Wilcoxon rank-sum test [35] and examined their Spearman
correlations with the individual arsenic exposure levels. For the gene expression data, we
first adjusted for potential batch effects using the COMBAT method [36]. Using the batch-
adjusted expression data, we used multivariable linear regression to model the natural log-
transformed gene expression as a function of urinary arsenic, controlling for potential
confounders (as described above). We similarly evaluated the association between AQP9
and IL1p expression. In sensitivity analyses, we included urinary creatinine concentrations
in our models, and we examined the robustness of our results with exclusion of potential
outliers. A two-sided significance threshold of p < 0.05 was used for all statistical tests.

3. Results
3.1. Study population

Women in the study were on average 31.6 years of age at pregnancy (SD = 4.3), with one
prior pregnancy and a body mass index of 24.4 (SD = 4.4) (Table 1). Less than 10%

reported smoking during pregnancy and 38% reported having less than a college degree
(Table 1). Infants were 53% male, on average 39.5 weeks gestation (SD = 1.3) and weighed
3481 grams at birth (median = 3458.6, SD = 466.3) (Table 1). Maternal urinary arsenic
concentrations were skewed, with a median value of 4.23 (IQR =4.1; mean = 7.8; SD = 26.8
pg/L) (Table 1).

3.2. T cell phenotype

To determine the effects of in utero arsenic exposure on neonatal immune function, cord
blood T cell lymphocytes were phenotyped on the 116 subjects and identified by surface
marker staining and flow cytometry. The majority of proliferating T cells in umbilical cord
blood are CD45RA+ and can be primed by antigen or cytokines in the immune environment
to express early activation markers like CD69 prior to effector function and differentiation,
therefore we have separated CD45RA+ T cells into CD69+ and CD69- T cell subsets [22,
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37-40]. CD294 (CRTH2) can be used as a surrogate surface marker for characterizing Th2
cells, therefore we further characterized T cells based on their CD294 and CD69 expression
[33, 41, 42]. As not all subtypes of T cells were detected for each subject, sample sizes
varied for the various models (Table 2, Supplemental Table S1). Using multiple linear
regression models (adjusted for maternal age, parity, body mass index [BMI], smoking, and
infant sex, gestational age, and birth weight) maternal urinary arsenic concentrations were
inversely related to absolute counts of CD45RA+ CD69+ T cells in cord blood (Table 2;
Figure 1A) with each unit (ug/L) increase in urinary arsenic associated with a 15% (95% ClI:
-0.7%, —28%) decrease in CD45RA+ CD69+ T cell counts. Urinary arsenic was positively
associated with absolute counts of CD45RA+ CD69- CD294+ cells (Table 2; Figure 1B)
whereby each urinary arsenic unit (ug/L) increase associated with a 17% (95% ClI: 2%,
35%) increase in CD4+ CD45RA+ CD69- CD294+ cell counts (Table 2). We did not detect
any appreciable difference by infant sex in these results (data not shown). Further,
adjustment for urinary creatinine strengthened the associations (for CD45RA+ CD69+ T
cells: =17.89%; 95% Cl: —33.34%, 1.13%; n = 35, and for CD45RA+ CD69- CD294+ cells:
30.50%; 95% ClI: 10.99%, 53.39%; n = 30), although the former association lost statistical
precision. In contrast to findings for CD45RA+ CD4+ cells, there was no association of
urinary arsenic with phenotypic changes in memory CD45R0O+ CD4+ T cells (Table 2). As
mentioned, Spearman correlations with arsenic also were calculated when the sample size
was small, e.g., for CD45R0O+ CD69+ CD294+ cells (Spearman r=0.33, p=0.35) and
CD45R0O+ CD69- CD294+ cells (Spearman r=0.12, p=0.77).

3.3. T cell function

To assess the functional capacity of T cells from neonates exposed to high levels of arsenic
in utero, we measured the ability of cord blood effector T cells to proliferate following in
vitro TCR stimulation, as well as the ability of cord blood Tregs to suppress this effector T
cell function. Effector T cells from neonates exposed to high levels of arsenic in utero had
increased proliferation as compared to T cells from neonates exposed to lower levels of
arsenic in utero (p = 0.03) (Figure 2A) and, on a continuous scale, maternal urinary arsenic
concentrations were positively correlated with increased cord blood T cell proliferation
(Spearman r = 0.55, p = 0.03). In addition, cord blood Treg suppressor function was
diminished at higher urinary arsenic concentrations (Figure 2B), although the difference (p =
0.60) and correlation coefficient were not statistically significant in this small initial sample
(Spearman r= -0.24, p = 0.37). Characteristics of the 16 subjects with extreme arsenic
exposure levels on whom we performed T-cell function assays are provided in Supplemental
Table S1.

3.4. Placental IL1p expression is associated with maternal urinary arsenic concentration

The placenta plays a critical role in fetal development and arsenic has been shown to easily
cross the placental barrier [43]. IL1p is a marker of general inflammation and plays direct
and indirect roles in T cell activation and differentiation. AQP9 is an arsenic transporter,
which we [44] and others [45-47] found to play a central role in mediating cellular response
to arsenic exposure. Thus, we determined the association between the expression level of
IL1B in the placenta and maternal urinary arsenic concentrations and the association between
the expression of IL1f and AQP9. Placental expression of IL1p was positively associated
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with urinary arsenic concentrations during pregnancy (beta = 0.04, p = 0.04) in the multiple
regression analysis of the normalized gene expression data, and with adjustment for batch
effects and maternal age, parity, body mass index [BMI], smoking, and infant sex,
gestational age, and birth weight. There was a slight difference in the coefficient estimates
by infant sex (for males: beta = —0.03; p = 0.56, and for females: beta = 0.06; p = 0.01; p for
interaction = 0.11). Moreover, a stronger correlation was observed between the expression
of AQP9 and IL1f (beta = 0.93, p < 0.0001) (Figure 3) without evidence of differences by
infant sex (data not shown). This finding was robust to creatinine adjustment and exclusion
of a subject with an extreme urinary arsenic value (data not shown).

4. Discussion

We performed a preliminary study using flow cytometry approaches to profile immune cell
populations from the cord blood from newborns in a US pregnancy cohort. We found in
utero arsenic exposure to be related to the number of specific CD4+ T cell populations
present in cord blood, increased cord blood T cell proliferation, and greater IL13 expression
in the placenta. Previously, studies of more highly exposed populations of adults [7] and
children 6 to 10 years of age [48] found reduced T cell proliferation in arsenic-exposed
versus unexposed individuals. While methods for T cell stimulation differed between our
study and the previously published work, differences also may be explained by the age of
our cohort and the fact that our assessment is based on newborn cord blood [49]. The fetal T
cell compartment consists of cells with high thymopoietic capacity and high proliferative
turnover of post-thymic T cells [50]. Thus, our initial findings may help our understanding
of differences in immune response between cord blood and peripheral blood of older
children after toxicant exposures. Additionally, unlike the adult, the majority of proliferating
T cells in umbilical cord blood are also CD45RA+ [22], which can be maintained through
the first years of life. Consistent with our findings, in experimental systems, low exposure
levels of arsenic enhance cell proliferation in a variety of cell lines [51-53]. Overall, our
preliminary data suggest that arsenic exposure may have an effect on fetal/neonatal T cells.

The short and long-term consequence of these arsenic-related changes in cord blood and
placenta are uncertain. Several studies, including recent work based on our own cohort [54],
have reported maternal urinary arsenic concentrations during pregnancy to be associated
with increased infectious disease morbidity during infancy [2, 3]. During pregnancy, fetal T
cells tend to be tolerogenic in order to prevent a fetal immune response against maternal
alloantigens [55], characterized by immature antigen-presenting cell function, a delayed
antibody response, and reduced T cell function [56, 57]. In particular, neonatal T cell
responses are characterized by minimal Th1 function and increased Th2 activity/cytokine
production. Although the Th2 bias of the human newborn immune response is not as evident
as that observed in newborn mice, human neonatal Thl cell responses are often diminished
and produce less IFNy than their adult counterparts [58, 59]. Biasing fetal immunity toward
Th2 polarization appears to be an evolutionary adaptation to maintain maternal-fetal
tolerance during pregnancy and this dominant anti-inflammatory environment is maintained
through early infancy [60, 61]. As the fetus grows and approaches birth, the immune system
shifts to a more immunogenic phenotype, capable of defending the newborn from the
microbes that it will encounter outside of the womb [55], which continues to mature in an
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age-dependent manner postpartum. Although the neonatal immune system affords some
level of protection to a variety of pathogens, infants are clearly more susceptible to
infectious disease and respond with less efficiency to vaccinations [62]. Alterations to this
layered, precisely regulated process of immune development, as may occur with in utero
arsenic exposure, could increase risks of infection if the tolerogenic phase is extended [56].
Thus, our findings suggest that neonates exposed to even low amounts of arsenic may
experience a Th2 bias, and in turn, enhanced vulnerability to bacterial infections. However,
further studies are ongoing to confirm our findings in a larger cohort with longitudinal
follow-up.

Additionally, the heightened Th2 responses among in utero arsenic exposed newborns may
contribute to exacerbated allergic and atopic conditions later in life [49]. Early maturation to
an immunogenic state may result in abnormal antigen responses, potentially leading to
autoimmune disease or allergy [55]. To our knowledge, the relation between arsenic and
allergy and atopy has not yet been investigated. Thus, the clinical consequences of in utero
arsenic exposure’s association with neonatal CD4+ CD45RA+ CD69- CD294+ T cells, a
surrogate Th2 cell surface phenotype, will be determined through continued follow-up for
health outcomes.

Although we were only able to quantify one indicator of general inflammation in human
placenta, IL1B, we found an inverse relation with in utero arsenic exposure and expression
of AQP-9, an arsenic transporter that is expressed in trophoblasts of human placenta [63,
64]. IL1p is a marker of general inflammation and can directly and indirectly influence T
cell activity and differentiation. The placenta plays a critical role in fetal development and
arsenic has been shown to easily cross the placental barrier [43]. Our findings indicate
increased IL1B expression with increasing arsenic exposure, findings that mirror results from
a pregnancy cohort from Bangladesh with high levels of arsenic exposure [65, 66]. Overall,
our results support the possibility that the effects of in utero arsenic exposure observed in
more highly exposed populations may be occurring at the lower arsenic exposure levels
common to the US. Further, the striking association between AQP9 and IL1p expression
could reflect a unique regulation by arsenic on these genes in human placenta by which
increased expression of AQP9 leads to increased uptake of arsenic, and in turn the
expression of IL1f ultimately resulting in increased general inflammation and T cell
activation and responses. Admittedly, this is speculative as our study did not directly
measure arsenic concentrations in the placenta.

Our study has a number of limitations. For example, despite the physical separation of fetal
and maternal circulation by the placenta, transfer of maternal cells to the fetus, and vice
versa, has been observed, and should be carefully considered when interpreting results of
cord blood studies. Numerous studies have demonstrated that maternal DNA is present in
cord blood at varying levels [66—68]. It has recently been hypothesized that mothers can
harbor fetal cells from previous pregnancies (microchimerism), leading to potential immune
responses in younger siblings through transmaternal cells [69]. In aggregate, however, these
studies suggest that the extent of maternal cell contamination is not great enough to account
for the altered cell populations we observed in our cord blood samples. Further, mothers in
our study had on average one prior pregnancy, and adjustment for parity in our analyses did
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not diminish the significant associations with the detected immune changes. For efficiency
and ease of collection, we chose to collect a spot urine sample at GW 24-28, a time point
that coincides with a standard prenatal appointment during which women undergo a routine
blood draw and glucose challenge test. While immune development and programming
occurs throughout pregnancy, this time period during the second trimester also represents a
critical exposure window for the immune system, as hematopoiesis shifts from the liver to
the bone marrow and the thymus undergoes a period of rapid growth, and B cells start to
develop [67]. We acknowledge that it is possible that assessment at one time point may not
account for variations in arsenic exposure over time. However, there is evidence that intra-
individual total urinary arsenic measurements are relatively stable in adults [68, 69] and
repeated measures of total maternal urinary arsenic during pregnancy are consistent [65, 70],
although the profile of arsenic metabolites may change over pregnancy [71, 72]. For our
study, we collected samples within a narrow gestational window, which has shown little
variation in urinary arsenic [29] and adjusted for gestational age in our analyses. Further, our
study also did not comprehensively test all types of PBMCs in cord blood. For example,
using DNA methylation profiles to infer white blood cell mixture in cord blood, we noted a
positive association between utero arsenic exposure and proportion of CD8+ cells [73].
Thus, T, B, natural killer, dendritic cells, neutrophils, basophils, eosinophils and monocyte
subsets will be investigated in the future. Additionally, while we considered a number of
potentially confounding factors, residual confounding still is possible. As mentioned earlier,
we also lacked clinical outcome data in this study, and additionally had limited statistical
power to detect associations. Another limitation is that in some individuals, certain subtypes
of T cells were not detected, resulting in limited statistical power for subtype analyses. This
may have led to null associations that will require investigations in larger studies. However,
the characteristics of those included in the subtype models did not appreciably differ
(Supplemental Table S1). Despite these limitations, to our knowledge, this is the first study
to evaluate cord blood immune profiles and function, as well as placenta gene expression of
IL1B, in relation to levels of arsenic common to populations throughout the world.

In summary, our data suggest that specific immunophenotypes of cord blood cells and
impaired function of T cell subsets including CD45RA+ CD69+ T cells and CD45RA+
CD69- CD294+ cells are associated with the extent of arsenic exposure prenatally.
Moreover, our initial study represents an example of high throughput immune monitoring in
a well-characterized birth cohort - a capacity that is critical to the assessment of possible
mechanisms by which early life exposure to toxicants could impair the immune system and
potentially lead to human disease. Available biomarker data on in utero arsenic exposure in
our cohort open up the opportunity for determining whether arsenic exposure and other
measures of immune response and function (e.g., vaccine response and cytokine production)
are linked to clinical outcomes (e.g., infection, allergy and atopy) in the future.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Clin Immunol. Author manuscript; available in PMC 2015 December 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Nadeau et al. Page 11

Acknowledgments

This work was supported by grants P01 ES022832 and R21 ES020936 from the National Institute of Environmental
Health Sciences (NIEHS), US National Institutes of Health (NIH); and RD-83459901 from the US Environmental
Protection Agency (EPA). No funding bodies had any role in study design, data collection and analysis, decision to
publish, or preparation of the manuscript.

Abbreviations

Treg regulatory T cell

APCs antigen-presenting cells

AQP9 Agquaporin-9

IL1B Interleukin 1 beta
References

1. Parvez F, Chen Y, Brandt-Rauf PW, Slavkovich V, Islam T, Ahmed A, Argos M, Hassan R, Yunus
M, Haque SE, Balac O, Graziano JH, Ahsan H. A prospective study of respiratory symptoms
associated with chronic arsenic exposure in Bangladesh: findings from the Health Effects of Arsenic
Longitudinal Study (HEALS). Thorax. 2010; 65:528-533. [PubMed: 20522851]

2. Rahman A, Vahter M, Ekstrom EC, Persson LA. Arsenic exposure in pregnancy increases the risk
of lower respiratory tract infection and diarrhea during infancy in Bangladesh. Environmental health
perspectives. 2011; 119:719-724. [PubMed: 21147604]

3. Ragib R, Ahmed S, Sultana R, Wagatsuma Y, Mondal D, Hoque AM, Nermell B, Yunus M, Roy S,
Persson LA, Arifeen SE, Moore S, Vahter M. Effects of in utero arsenic exposure on child
immunity and morbidity in rural Bangladesh. Toxicology letters. 2009; 185:197-202. [PubMed:
19167470]

4. N.R. Council. Arsenic in Drinking Water. National Academy Press; Washington, D.C: 2001.

5. Prescott SL, Tulic M, Kumah AO, Richman T, Crook M, Martino D, Dunstan JA, Novakovic B,
Saffery R, Clifton VL. Reduced placental FOXP3 associated with subsequent infant allergic
disease. The Journal of allergy and clinical immunology. 2011; 128:886-887 €885. [PubMed:
21719077]

6. Andrew AS, Jewell DA, Mason RA, Whitfield ML, Moore JH, Karagas MR. Drinking-water arsenic
exposure modulates gene expression in human lymphocytes from a U.S. population. Environmental
health perspectives. 2008; 116:524-531. [PubMed: 18414638]

7. Biswas R, Ghosh P, Banerjee N, Das JK, Sau T, Banerjee A, Roy S, Ganguly S, Chatterjee M,
Mukherjee A, Giri AK. Analysis of T-cell proliferation and cytokine secretion in the individuals
exposed to arsenic. Human & experimental toxicology. 2008; 27:381-386. [PubMed: 18715884]

8. Kozul CD, Hampton TH, Davey JC, Gosse JA, Nomikos AP, Eisenhauer PL, Weiss DJ, Thorpe JE,
Ihnat MA, Hamilton JW. Chronic exposure to arsenic in the drinking water alters the expression of
immune response genes in mouse lung. Environmental health perspectives. 2009; 117:1108-1115.
[PubMed: 19654921]

9. Cvetanovich GL, Hafler DA. Human regulatory T cells in autoimmune diseases. Current opinion in
immunology. 2010; 22:753-760. [PubMed: 20869862]

10. McGuirk P, Higgins SC, Mills KH. The role of regulatory T cells in respiratory infections and

allergy and asthma. Current allergy and asthma reports. 2010; 10:21-28. [PubMed: 20425510]

11. Nadeau K, McDonald-Hyman C, Noth EM, Pratt B, Hammond SK, Balmes J, Tager I. Ambient air
pollution impairs regulatory T-cell function in asthma. The Journal of allergy and clinical
immunology. 2010; 126:845-852 €810. [PubMed: 20920773]

12. Palomares O, Yaman G, Azkur AK, Akkoc T, Akdis M, Akdis CA. Role of Treg in immune
regulation of allergic diseases. European journal of immunology. 2010; 40:1232-1240. [PubMed:
20148422]

Clin Immunol. Author manuscript; available in PMC 2015 December 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Nadeau et al. Page 12

13. Ray A, Khare A, Krishnamoorthy N, Qi Z, Ray P. Regulatory T cells in many flavors control
asthma. Mucosal immunology. 2010; 3:216-229. [PubMed: 20164832]

14. Abbas, AK.; Lichtman, AHH.; Pillai, S. Cellular and Molecular Immunology. 7. Saunders; 2011.
15. Bao SH, Wang XP, De Lin Q, Wang WJ, Yin GJ, Qiu LH. Decidual CD4+CD25+CD127dim/—
regulatory T cells in patients with unexplained recurrent spontaneous miscarriage. European

journal of obstetrics, gynecology, and reproductive biology. 2011; 155:94-98.

16. Bohacs A, Cseh A, Stenczer B, Muller V, Galffy G, Molvarec A, Rigo J Jr, Losonczy G,
Vasarhelyi B, Tamasi L. Effector and regulatory lymphocytes in asthmatic pregnant women.
American journal of reproductive immunology. 2010; 64:393-401. [PubMed: 20528830]

17. Quintana FJ, Basso AS, Iglesias AH, Korn T, Farez MF, Bettelli E, Caccamo M, Oukka M, Weiner
HL. Control of T(reg) and T(H)17 cell differentiation by the aryl hydrocarbon receptor. Nature.
2008; 453:65-71. [PubMed: 18362915]

18. Dietert RR, Piepenbrink MS. Perinatal immunotoxicity: why adult exposure assessment fails to
predict risk. Environmental health perspectives. 2006; 114:477-483. [PubMed: 16581533]

19. Martino DJ, Prescott SL. Silent mysteries: epigenetic paradigms could hold the key to conquering
the epidemic of allergy and immune disease. Allergy. 2010; 65:7-15. [PubMed: 19796189]

20. Prescott SL, Macaubas C, Holt BJ, Smallacombe TB, Loh R, Sly PD, Holt PG. Transplacental
priming of the human immune system to environmental allergens: universal skewing of initial T
cell responses toward the Th2 cytokine profile. J Immunol. 1998; 160:4730-4737. [PubMed:
9590218]

21. Haines CJ, Giffon TD, Lu LS, Lu X, Tessier-Lavigne M, Ross DT, Lewis DB. Human CD4+ T
cell recent thymic emigrants are identified by protein tyrosine kinase 7 and have reduced immune
function. The Journal of experimental medicine. 2009; 206:275-285. [PubMed: 19171767]

22. Szabolcs P, Park KD, Reese M, Marti L, Broadwater G, Kurtzberg J. Coexistent naive phenotype
and higher cycling rate of cord blood T cells as compared to adult peripheral blood. Experimental
hematology. 2003; 31:708-714. [PubMed: 12901976]

23. Kozul CD, Ely KH, Enelow RI, Hamilton JW. Low-dose arsenic compromises the immune
response to influenza A infection in vivo. Environmental health perspectives. 2009; 117:1441—
1447. [PubMed: 19750111]

24. Aberg N, Hesselmar B, Aberg B, Eriksson B. Increase of asthma, allergic rhinitis and eczema in
Swedish schoolchildren between 1979 and 1991. Clinical and experimental allergy: journal of the
British Society for Allergy and Clinical Immunology. 1995; 25:815-819. [PubMed: 8564719]

25. Heinrich J, Hoelscher B, Frye C, Meyer I, Wjst M, Wichmann HE. Trends in prevalence of atopic
diseases and allergic sensitization in children in Eastern Germany. The European respiratory
journal. 2002; 19:1040-1046. [PubMed: 12108854]

26. Singleton RJ, Holman RC, Folkema AM, Wenger JD, Steiner CA, Redd JT. Trends in lower
respiratory tract infection hospitalizations among American Indian/Alaska Native children and the
general US child population. J Pediatr. 2012; 161:296-302 €292. [PubMed: 22437150]

27. Yorita KL, Holman RC, Sejvar JJ, Steiner CA, Schonberger LB. Infectious disease hospitalizations
among infants in the United States. Pediatrics. 2008; 121:244-252. [PubMed: 18245414]

28. Peters BJ, Klaue SC, Karagas B, MR. Arsenic occurrence in New Hampshire groundwater.
Environmental Science and Technology. 1999; 33:1328-1333.

29. Gilbert-Diamond D, Cottingham KL, Gruber JF, Punshon T, Sayarath V, Gandolfi AJ, Baker ER,
Jackson BP, Folt CL, Karagas MR. Rice consumption contributes to arsenic exposure in US
women. Proceedings of the National Academy of Sciences of the United States of America. 2011,
108:20656-20660. [PubMed: 22143778]

30. Maecker HT, McCoy JP Jr, Amos M, Elliott J, Gaigalas A, Wang L, Aranda R, Banchereau J,
Boshoff C, Braun J, Korin Y, Reed E, Cho J, Hafler D, Davis M, Fathman CG, Robinson W,
Denny T, Weinhold K, Desai B, Diamond B, Gregersen P, Di Meglio P, Nestle FO, Peakman M,
Villanova F, Ferbas J, Field E, Kantor A, Kawabata T, Komocsar W, Lotze M, Nepom J, Ochs H,
O’Lone R, Phippard D, Plevy S, Rich S, Roederer M, Rotrosen D, Yeh JH. A model for
harmonizing flow cytometry in clinical trials. Nat Immunol. 2010; 11:975-978. [PubMed:
20959798]

Clin Immunol. Author manuscript; available in PMC 2015 December 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Nadeau et al.

Page 13

31. Bedoret D, Singh AK, Shaw V, Hoyte EG, Hamilton R, DeKruyff RH, Schneider LC, Nadeau KC,
Umetsu DT. Changes in antigen-specific T-cell number and function during oral desensitization in
cow’s milk allergy enabled with omalizumab. Mucosal immunology. 2012; 5:267-276. [PubMed:
22318492]

32. Nguyen KD, Fohner A, Booker JD, Dong C, Krensky AM, Nadeau KC. XCL1 enhances regulatory
activities of CD4+ CD25(high) CD127(low/-) T cells in human allergic asthma. J Immunol. 2008;
181:5386-5395. [PubMed: 18832695]

33. Nagata K, Tanaka K, Ogawa K, Kemmotsu K, Imai T, Yoshie O, Abe H, Tada K, Nakamura M,
Sugamura K, Takano S. Selective Expression of a Novel Surface Molecule by Human Th2 Cells
In Vivo. The Journal of Immunology. 1999; 162:1278-1286. [PubMed: 9973380]

34. Friedman JH. A variable span smoother., Laboratory for Computational Statistics. Stanford
University Technical Report No 5. 1984

35. Hollander, MaDAW. Nonparametric Statistical Methods. 2. Wiley-Interscience; 1999.

36. Johnson WE, Li C, Rabinovic A. Adjusting batch effects in microarray expression data using
empirical Bayes methods. Biostatistics. 2007; 8:118-127. [PubMed: 16632515]

37. Ly N, Ruiz-Perez B, McLoughlin R, Visness C, Wallace P, Cruikshank W, Tzianabos A,
O’Connor G, Gold D, Gern J. Characterization of regulatory T cells in urban newborns. Clinical
and Molecular Allergy. 2009; 7:8. [PubMed: 19586545]

38. Brenchley JM, Douek DC, Ambrozak DR, Chatterji M, Betts MR, Davis LS, Koup RA. Expansion
of activated human naive T-cells precedes effector function. Clinical & Experimental
Immunology. 2002; 130:432-440. [PubMed: 12452833]

39. Munk RB, Sugiyama K, Ghosh P, Sasaki CY, Rezanka L, Banerjee K, Takahashi H, Sen R, Longo
DL. Antigen-Independent IFN-y Production by Human Naive CD4* T Cells Activated by 1L-12
Plus IL-18. PLoS ONE. 2011; 6:e18553. [PubMed: 21572994]

40. Geginat J, Lanzavecchia A, Sallusto F. Proliferation and differentiation potential of human CD8+
memory T-cell subsets in response to antigen or homeostatic cytokines. 2003

41. Fu Y, Lou H, Wang C, Lou W, Wang Y, Zheng T, Zhang L. T cell subsets in cord blood are
influenced by maternal allergy and associated with atopic dermatitis. Pediatric Allergy and
Immunology. 2013; 24:178-186. [PubMed: 23506292]

42. Perez-Cruz |, Fallen P, Madrigal JA, Cohen SBA. Naive T cells from cord blood have the capacity
to make Types 1 and 2 cytokines. Immunology Letters. 2000; 75:85-88. [PubMed: 11163871]

43. Concha G, Vogler G, Lezcano D, Nermell B, VVahter M. Exposure to inorganic arsenic metabolites
during early human development. Toxicological sciences: an official journal of the Society of
Toxicology. 1998; 44:185-190. [PubMed: 9742656]

44. Fei DL, Koestler DC, Li Z, Giambelli C, Sanchez-Mejias A, Gosse JA, Marsit CJ, Karagas MR,
Robbins DJ. Association between In Utero arsenic exposure, placental gene expression, and infant
birth weight: a US birth cohort study. Environmental health: a global access science source. 2013;
12:58. [PubMed: 23866971]

45. Carbrey JM, Song L, Zhou Y, Yoshinaga M, Rojek A, Wang Y, Liu Y, Lujan HL, DiCarlo SE,
Nielsen S, Rosen BP, Agre P, Mukhopadhyay R. Reduced arsenic clearance and increased toxicity
in aquaglyceroporin-9-null mice. Proceedings of the National Academy of Sciences of the United
States of America. 2009; 106:15956-15960. [PubMed: 19805235]

46. Shinkai Y, Sumi D, Toyama T, Kaji T, Kumagai Y. Role of aquaporin 9 in cellular accumulation
of arsenic and its cytotoxicity in primary mouse hepatocytes. Toxicology and applied
pharmacology. 2009; 237:232-236. [PubMed: 19341753]

47. Yoshino Y, Yuan B, Kaise T, Takeichi M, Tanaka S, Hirano T, Kroetz DL, Toyoda H.
Contribution of aquaporin 9 and multidrug resistance-associated protein 2 to differential sensitivity
to arsenite between primary cultured chorion and amnion cells prepared from human fetal
membranes. Toxicology and applied pharmacology. 2011; 257:198-208. [PubMed: 21945491]

48. Soto-Pena GA, Luna AL, Acosta-Saavedra L, Conde P, Lopez-Carrillo L, Cebrian ME, Bastida M,
Calderon-Aranda ES, Vega L. Assessment of lymphocyte subpopulations and cytokine secretion
in children exposed to arsenic. FASEB journal: official publication of the Federation of American
Societies for Experimental Biology. 2006; 20:779-781. [PubMed: 16461332]

Clin Immunol. Author manuscript; available in PMC 2015 December 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Nadeau et al.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Page 14

Belderbos M, Levy O, Bont L. Neonatal innate immunity in allergy development. Current opinion
in pediatrics. 2009; 21:762-769. [PubMed: 19770766]

Schonland SO, Zimmer JK, Lopez-Benitez CM, Widmann T, Ramin KD, Goronzy JJ, Weyand
CM. Homeostatic control of T-cell generation in neonates. Blood. 2003; 102:1428-1434.
[PubMed: 12714521]

Bi X, Gu J, Guo Z, Tao S, Wang Y, Tang L, Wu J, Mi Q. Different pathways are involved in
arsenic-trioxide-induced cell proliferation and growth inhibition in human keratinocytes. Skin
Pharmacol Physiol. 2010; 23:68-78. [PubMed: 20016248]

Lau AT, Li M, Xie R, He QY, Chiu JF. Opposed arsenite-induced signaling pathways promote cell
proliferation or apoptosis in cultured lung cells. Carcinogenesis. 2004; 25:21-28. [PubMed:
14514659]

Zhang TC, Schmitt MT, Mumford JL. Effects of arsenic on telomerase and telomeres in relation to
cell proliferation and apoptosis in human keratinocytes and leukemia cells in vitro.
Carcinogenesis. 2003; 24:1811-1817. [PubMed: 12919960]

Farzan SF, Korrick S, Li Z, Enelow RI, Gandolfi AJ, Madan J, Nadeau K, Karagas MR. In utero
arsenic exposure and infant infection in a United States cohort: A prospective study.
Environmental Research. 2013

Burt TD. Fetal regulatory T cells and peripheral immune tolerance in utero: implications for
development and disease. American journal of reproductive immunology. 2013; 69:346-358.
[PubMed: 23432802]

Adkins B, Leclerc C, Marshall-Clarke S. Neonatal adaptive immunity comes of age. Nature
reviews Immunology. 2004; 4:553-564.

Levy O. Innate immunity of the newborn: basic mechanisms and clinical correlates. Nature
reviews Immunology. 2007; 7:379-390.

Adkins B. Development of neonatal Th1/Th2 function. International reviews of immunology.
2000; 19:157-171. [PubMed: 10763707]

Garcia AM, Fadel SA, Cao S, Sarzotti M. T cell immunity in neonates. Immunologic research.
2000; 22:177-190. [PubMed: 11339354]

Marodi L. Innate cellular immune responses in newborns. Clinical immunology. 2006; 118:137—
144. [PubMed: 16377252]

Wegmann TG, Lin H, Guilbert L, Mosmann TR. Bidirectional cytokine interactions in the
maternal-fetal relationship: is successful pregnancy a TH2 phenomenon? Immunology today.
1993; 14:353-356. [PubMed: 8363725]

PrabhuDas M, Adkins B, Gans H, King C, Levy O, Ramilo O, Siegrist CA. Challenges in infant
immunity: implications for responses to infection and vaccines. Nat Immunol. 2011; 12:189-194.
[PubMed: 21321588]

Damiano AE. Review: Water channel proteins in the human placenta and fetal membranes.
Placenta. 2011; 32(Suppl 2):S207-211. [PubMed: 21208655]

Rosen BP. Biochemistry of arsenic detoxification. FEBS letters. 2002; 529:86-92. [PubMed:
12354618]

Ahmed S, Mahabbat-e Khoda S, Rekha RS, Gardner RM, Ameer SS, Moore S, Ekstrom EC,
Vahter M, Ragib R. Arsenic-associated oxidative stress, inflammation, and immune disruption in
human placenta and cord blood. Environmental health perspectives. 2011; 119:258-264.
[PubMed: 20940111]

Fry RC, Navasumrit P, Valiathan C, Svensson JP, Hogan BJ, Luo M, Bhattacharya S, Kandjanapa
K, Soontararuks S, Nookabkaew S, Mahidol C, Ruchirawat M, Samson LD. Activation of
inflammation/NF-kappaB signaling in infants born to arsenic-exposed mothers. PL0S genetics.
2007; 3:207. [PubMed: 18039032]

Leung, DYM.; Sampson, H.; Geha, R.; Szefler, SJ. Pediatric Allergy: Principles and Practice. 2.
Saunders; 2010.

Kile ML, Hoffman E, Hsueh YM, Afroz S, Quamruzzaman Q, Rahman M, Mahiuddin G, Ryan L,
Christiani DC. Variability in biomarkers of arsenic exposure and metabolism in adults over time.
Environmental health perspectives. 2009; 117:455-460. [PubMed: 19337522]

Clin Immunol. Author manuscript; available in PMC 2015 December 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Nadeau et al.

69.

70.

71.

72.

73.

Page 15

Steinmaus C, Carrigan K, Kalman D, Atallah R, Yuan Y, Smith AH. Dietary intake and arsenic
methylation in a U.S. population. Environmental health perspectives. 2005; 113:1153-1159.
[PubMed: 16140620]

Gamble MV, Liu X, Ahsan H, Pilsner JR, llievski V, Slavkovich V, Parvez F, Chen Y, Levy D,
Factor-Litvak P, Graziano JH. Folate and arsenic metabolism: a double-blind, placebo-controlled
folic acid-supplementation trial in Bangladesh. The American journal of clinical nutrition. 2006;
84:1093-1101. [PubMed: 17093162]

Hopenhayn C, Huang B, Christian J, Peralta C, Ferreccio C, Atallah R, Kalman D. Profile of
urinary arsenic metabolites during pregnancy. Environmental health perspectives. 2003;
111:1888-1891. [PubMed: 14644662]

Vahter ME, Li L, Nermell B, Rahman A, El Arifeen S, Rahman M, Persson LA, Ekstrom EC.
Arsenic exposure in pregnancy: a population-based study in Matlab, Bangladesh. Journal of
health, population, and nutrition. 2006; 24:236-245.

Koestler DC, Avissar-Whiting M, Houseman EA, Karagas MR, Marsit CJ. Differential DNA
methylation in umbilical cord blood of infants exposed to low levels of arsenic in utero.
Environmental health perspectives. 2013; 121:971-977. [PubMed: 23757598]

Clin Immunol. Author manuscript; available in PMC 2015 December 01.



Nadeau et al. Page 16

Clin Immunol. Author manuscript; available in PMC 2015 December 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Nadeau et al.

Figure 1.
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Locally smoothed curves (dashed curves) for CD45RA+ CD69+ T cells (A) and CD45RA+
CD69- CD294+ T cells (B) compared with estimated linear regression lines (solid lines).
Dots denote the observed data points.
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Figure 2.
(A) Percentage of effector T cell proliferation measured by cord blood effector T cells from

neonates exposed to high levels of arsenic in utero (circles) or low levels of arsenic in utero
(squares). (B) Treg cell suppressive activity on effector T cell proliferation by Tregs from

neonates exposed to high levels of arsenic in utero (circles) or low levels of arsenic in utero
(squares). % Treg function = (Teff proliferation — Teff:Treg proliferation)/Teff proliferation.
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Relationship between placental expression of arsenite transporter Aquaporin-9 (AQP9) and

Interleukin 1 beta (IL1 ).
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Selected characteristics of New Hampshire Birth Cohort Study participants included in the phenotyping

studies (n=116).

Selected Characteristics

Mean, Median or N (%)

Maternal age (years)

Mean (SD) 31.6 (4.3)
Median (IQR) 31.3(6.2)
Parity

Mean (SD) 1.1(1.1)
Median (IQR) 1.0 (2.0)

Pre-pregnancy maternal

body mass index

Mean (SD) 24.4 (4.4)
Median (IQR) 23.4(5.3)
Missing 17

Maternal smoking

Yes 7 (7%)

No 94 (93%)
Missing 15

Level of Education

Less than college graduate 38 (38%)
College graduate 42 (42%)
Post-graduate school 19 (19%)
Missing 17

Infant sex

Male 61 (53%)
Female 55 (47%)
Gestational age (weeks)

Mean 39.5(1.3)
Median 39.6 (2.0)
Birth weight (grams)

Mean (SD) 3480.1 (466.3)
Median (IQR) 3458.6 (652.0)
Total Urinary As (ug/L)*

Mean (SD) 7.8 (26.8)
Median (IQR) 42(4.1)
Water As (ug/L)

Mean (SD) 5.7 (10.8)
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Selected Characteristics ~ Mean, Median or N (%)
Median (IQR) 1.2 (5.7)

missing 10

*
The total urinary As includes As I1l, As V, DMA V and MMA V.
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Log10-transformed absolute counts of CD4+ T cell populations per ml of PBMCs in newborn cord blood and
associations with maternal pregnancy urinary arsenic concentrations.

N Mean (SD) Adjusted percent change (95% CI) per 1 pg/L increase in urinary arsenic® P value

Overall T cells

Total T cells 116  5.01(0.67) ~0.46 (-5.81, 5.44) 0.88
CD69+ T cells 39 4.02(0.39) 471 (-2.28, 12.20) 0.27
CD25hi CD127lo Treg 37 4.25(0.39) 4.71 (-2.28, 12.20) 0.29
CD45RA+ T cells

Total CD45RA+ Tcells 114 4.88 (0.76) -0.23 (-6.46, 6.66) 0.99
CD69+ T cells 39  4.80(0.90) -14.89 (-28.39, —0.69) 0.04
CD69+ CD294+ cells 27 2.55 (1.28) -6.67 (~29.37, 20.50) 0.46
CD69- CD294+ cells 34 3.21(0.81) 17.49 (2.33, 34.90) 0.01
CD45RO+ T cells

Total CD45RO+ Tcells 110  3.68 (0.53) -0.23 (-4.72, 4.23) 0.95
CD69+ CD294~ cells 33 3.61(0.54) 2.33 (-10.87, 17.49) 0.65
CD69+ CD294+ cells 10 1.63 (1.03) 2.33(-39.74, 73.78) 0.99
CD69- CD294+ Tcells 9 2.52(0.39) -6.67 (~27.56, 20.23) 0.42

N represents the number of individual cord blood samples in which these cell types were detected.

*%

Regression models adjusted for maternal age, parity, body mass index [BMI], smoking, and infant sex, gestational age, and birth weight.

*%

Spearman correlations between arsenic and CD45RO+ CD69+ CD294+ T cells and CD45RO+ CD69- CD294+ T cells are 0.33 (p=0.35) and

0.12 (p=0.77) respectively.
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