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Abstract

Human exposures to environmental metals, including uranium (U) and arsenic (As) are a global
public health concern. Chronic exposures to U and As are linked to many adverse health effects
including, immune suppression and autoimmunity. The gastrointestinal (Gl) tract is home to many
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immune cells vital in the maintenance of systemic immune health. However, very little is known
about the immunotoxicity of U and As at this site. The present study examined the burden of U
and As exposure in the Gl tract as well as the resultant immunotoxicity to intraepithelial
lymphocytes (IELs) and innate immune cells of the small intestine following chronic drinking
water exposures of male and female mice to U (in the form of uranyl acetate, UA) and As (in the
form of sodium arsenite, As3*). Exposure to U or As3* resulted in high levels of U or As in the Gl
tract of male and female mice, respectively. A reduction of small intestinal CD4* IELs (TCRap",
CD8aa*) was found following As3* exposure, whereas U produced widespread suppression of
CD4~ IEL subsets (TCRap* and TCRy&"). Evaluation of innate immune cell subsets in the small
intestinal lamina propria revealed a decrease in mature macrophages, along with a corresponding
increase in immature/proinflammatory macrophages following As3* exposures. These data show
that exposures to two prevalent environmental contaminants, U and As produce significant
immunotoxicity in the Gl tract. Collectively, these findings provide a critical framework for
understanding the underlying immune health issues reported in human populations chronically
exposed to environmental metals.
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Introduction

Elevated metals exposures resultant from the more than 160,000 abandoned mine waste sites
across the Western United States represent a significant health concern (Lewis et al., 2017).
Rural communities located throughout this region are at particular risk of metals exposures,
as most of these populations rely on unregulated drinking water sources (i.e. ground water
wells) that often exceed the World Health Organization and United States Environmental
Protection Agency maximum contaminant levels for several heavy metals, including
uranium (U) (30 pg/L; ppb) and arsenic (As) (10 ppb) (US EPA, 2006; deLemos et al., 2009;
Orescanin et al., 2011; WHO, 2011; US EPA, 2012a; WHO, 2012; Blake et al., 2015;
Hoover et al., 2017). Chronic exposures to elevated U and As are linked to a multitude of
adverse health outcomes, including cardiovascular and neurological disorders, cancer,
immune suppression, and autoimmunity (Hughes, 2002; Lourenco et al., 2013; Naujokas et
al., 2013; Lu-Fritts et al., 2014; Tyler and Allan, 2014; Ferrario et al., 2016; Erdei et al.,
2019).

The immunotoxicity of As is well established (Kozul et al., 2009; Ferrario et al., 2016;
Lauer et al., 2019; Parvez et al., 2019), but very little is known about the immune effects of
U exposure. Epidemiological studies on the long-term health effects of metals exposures
among Native American populations living in proximity to mine waste sites report a high
incidence of immune dysregulation among these individuals, as evidenced by increased
prevalence of antinuclear antibodies in blood and autoimmune disorders, such as systemic
lupus erythematosus (Ong et al., 2014; Erdei et al., 2019). The impacts of U and As on the
immune system of the gut represent an understudied area of immunotoxicology, which may
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provide critical links between metal exposure and immune dysregulation reported in
epidemiological studies.

The gastrointestinal (GI) tract is a critical organ comprised of multiple lymphoid tissues (i.e.,
intestinal mucosa, lamina propria, and Peyer’s patches) that are home to a diversity and
abundance of essential immune cells and microbiota (Mowat, 2003). Lymphocytes of the
small intestine represent unique immune cell types that directly interface with the external
environment and maintain a delicate balance between immune protection and symbiotic
associations with commensal microorganisms (Cheroutre et al., 2011; Hooper et al., 2012;
Sommer and Backhed, 2013; Peterson et al., 2015; Olivares-Villagomez and Van Kaer,
2018). The interface between the environment, immune cells, and microbiota is crucial for
maintaining systemic immune health (Hooper et al., 2012; Sommer and Backhed, 2013;
Peterson et al., 2015), but also represents a site of vulnerability to environmental toxicant
exposures. Numerous studies have linked metals exposure to disruptions of microbiota of the
Gl tract (Breton et al., 2013; Chi et al., 2016; Chi et al., 2017; Tsiaoussis et al., 2019);
however, to our knowledge, no previous studies have evaluated the effects of U or As on
immune subsets of the small intestinal epithelial layer or lamina propria following drinking
water exposures.

IELs are critical immune cell types of the Gl tract and other mucosal tissues of the body and
have diverse functions (Cheroutre et al., 2011; Olivares-Villagomez and Van Kaer, 2018).
Although the developmental origins of IELs are not fully resolved and a topic of debate
among the scientific community, current belief is that both natural and induced IEL subsets
originate from T cell precursors in the thymus (Cheroutre et al., 2011; McDonald et al.,
2018; Olivares-Villagomez and Van Kaer, 2018). Natural IELs initiate from T cell
differentiation in the thymus, where they mature to the triple negative stage (CD3e~, CD4",
and CD8ap™), prior to entering an alternative differentiation pathway and homing to the gut
where they give rise to CD3e*, CD4~, TCRaf*, CD8aa*/~ or CD3e*, CD4~, TCRy&™,
CD8aa*/~ IEL subsets (Lambolez et al., 2002; Lambolez et al., 2006; Cheroutre and
Lambolez, 2008; Cheroutre et al., 2011; Peaudecerf et al., 2011). In contrast, induced IEL
subsets are antigen experienced T cells that differentiate to mature CD4* or CD8a " stages
in the thymus prior to migration to the gut (Cheroutre and Lambolez, 2008; Cheroutre et al.,
2011; Olivares-Villagomez and Van Kaer, 2018; Zhou et al., 2019). Regardless of origin and
location of differentiation, IELs represent critical immune cells that have diverse functions
ranging from regulatory, helper-like activities to effector and cytotoxic properties (Cheroutre
et al., 2011; Olivares-Villagomez and Van Kaer, 2018).

In addition to IELs, the small intestinal lamina propria is home to many essential innate
immune cells, including dendritic cells (DC), macrophages, neutrophils, and monocytes that
have critical functions in neutralizing foreign antigens, interactions with commensal
microbes, gut barrier maintenance, and in mediating IEL and other immune cell responses
(Cheroutre et al., 2011; Gross et al., 2015; Hoytema van Konijnenburg et al., 2017; Joeris et
al., 2017; Montalban-Arques et al., 2018). Innate immune cells function independently and
in cooperation with IELs and microbiota through a network of complex interrelationships to
maintain local and systemic immune health (Cheroutre et al., 2011; Mu et al., 2017).
Disruption of this network by environmental toxicants, including heavy metals has been
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found to impair gut barrier function, resulting in a range of autoimmune disorders, including
chronic inflammatory conditions of the Gl tract, type | diabetes, and systemic lupus
erythematosus (Campbell, 2014; Liu et al., 2014; Campbell, 2015; Mu et al., 2017; Sprouse
et al., 2019). Additionally, perturbation of the microbiome has profound effects on the
stability of IEL and innate immune cell populations, which in turn, can drive or increase
severity of immunological dysfunction (Cheroutre et al., 2011; Montalban-Arques et al.,
2018; Sprouse et al., 2019).

The goal of this study was to develop a foundational understanding of the immunotoxic
effects of U and As on immune cells in the gut. Herein, we assessed the burden of U and As
exposure in the Gl tract of male and female mice following drinking water exposures to U
(in the form of uranyl acetate, UA) and As (in the form of sodium arsenite, As3*).
Additionally, the effects of UA and As3* on immune cells in the small intestinal
intraepithelial layer and lamina propria were evaluated. Taking into account the prominent
role of the Gl tract in excretion as well as being the primary site for both U and As
absorption (Pomroy et al., 1980; Vahter and Norin, 1980; Harrison, 1991; Dublineau et al.,
2005), we hypothesized that immune cells in the gut receive significant exposures and are at
a heightened risk of associated toxicity. Findings from this study provide novel insights into
the immunotoxicity of U and As, which is critical for risk assessment and understanding the
underlying mechanisms of immune dysregulation reported in human populations chronically
exposed to U and As containing mine wastes.

Chemicals and reagents

Mice

Depleted U, in the form of UA (>98% purity, CAS #541-09-3, Cat. No. 22400),
UO»(OCOCH3)»-2H,0; U238 — 99.9%, U235 — 0.1%, was purchased from Electron
Microscopy Sciences (Hatfield, PA). The radioactivity of stock UA is approximately 0.3
HCi/g. Sodium meta-As3* (NaAsO, >95% purity, CAS #774-46-5, Cat. No. S7400) was
purchased from Sigma Aldrich (St. Louis, MO). A list of reagents utilized in this study is
provided in Supplementary Materials.

All experiments were performed in accordance with protocols approved by the University of
New Mexico (UNM) Office of Animal Care Compliance Committee (Albuquerque, NM).
Wild-type male and female C57BL/6J mice (7 weeks of age) were purchased from Jackson
Laboratory (Bar Harbor, MA) and housed in the UNM Health Science Center (HSC) Animal
Resource Facility. Mice were acclimated at the HSC Animal Resource Facility for 1 week
prior to the onset of experiments. Throughout all experiments, mice were provided food and
water ad /ibitum. For inductively coupled plasma-mass spectrometry (ICP-MS) experiments,
mice were exposed to control (tap water from the UNM HSC, which contains ~2-9 ppb U
and As) and 50 mg/L (ppm) U or control and 100 ppb As3*for 60 days (/7= 5 mice/group).
For gut immune cell studies, mice were exposed to control (tap water from the UNM HSC),
5, and 50 ppm U or 0, 100, and 500 ppb As3* for 45 days (7= 6 mice/group).
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U and As3*stock solutions were prepared fresh at the start of experiments and dosing water
(i.e. in mouse drinking water pouches) was replaced weekly. Concentrations of U and As in
dosing water were verified by ICP-MS. Water consumption was monitored weekly by
weighing each water pouch before and after replacing and using the change in net weight as
an estimation of water intake (1 mL =1 g H,0).

Preparation of drinking water exposures

Stock UA solutions were prepared at concentrations 1,000 times greater than used for dosing
in sterile cell culture grade water. U utilized for exposing mice was prepared by diluting
stock UA solutions directly into mouse drinking water pouches to yield final exposure
concentrations of 5 and 50 ppm, representing elemental U as opposed to the dihydrate
compound (1.8 g UO,(OCOCHS3),-2H,0 ~ 1 g U).

Sodium As3* stock solutions were also prepared 1,000 times more concentrated than used
for dosing in sterile cell culture grade water and were diluted into mouse water pouches to
yield final dosing concentrations of 100 and 500 ppb As3*, representing total elemental As,
opposed to the complete sodium As3* compound (1.7 g NaAsO, ~ 1 g As3Y).

The aforementioned U and As3* concentrations were selected based on relevance to
environmental exposures in contaminated regions of the Western United States, such as the
Navajo Nation. Levels of U measured in environmental samples throughout this region have
been reported at concentrations reaching 560 ppb in ground water (~19 times greater than
the current drinking water standard of 30 ppb, respectively) and at concentrations ranging
from 2,200 to 6,600 ppm in soil (=700 to 2,000 times higher than the average U content of
soils in non-contaminated regions of the United States) (US EPA, 2012b; ATSDR, 2013;
Blake et al., 2015; Jones et al., 2020). Elevated U exposures are not confined to the Western
United States, and have also been reported in unregulated ground water sources in other
countries at levels up to 20 ppm (Juntunen, 1991; WHO, 2012).

In addition to U, As contamination of water sources throughout the Western United States
and in many regions around the world is also a major issue of concern (Naujokas et al.,
2013). In a recent study, it was reported that 15.1% of unregulated water sources in the
Navajo Nation were in exceedance of the current drinking water standard of 10 ppb (Blake
et al., 2015; Hoover et al., 2017), with some sources reaching levels as high as 230 ppb
(Ingram et al., 2020; Jones et al., 2020). As levels >1 ppm have been documented in
unregulated water sources in the United States and abroad (ATSDR, 2007; WHO, 2011,
ATSDR, 2016).

Tissue collection

Following 45- or 60-day exposures to U or As3*, mice were humanely euthanized by CO,
asphyxiation followed by cardiac puncture. For ICP-MS analysis, the Gl tract was harvested
from 60-day U and As3* exposed mice and sectioned into upper (i.e. stomach, small
intestine, and illium) and lower (i.e. cecum, large intestine, and colon) portions. The upper
and lower Gl tract was weighed, snap frozen in liquid nitrogen, and stored at —80°C prior to
analysis by ICP-MS. For immune cell isolation, small intestines (duodenum to ilium) were
harvested from 45-day U and As®* exposed mice, measured, and stored in mouse medium
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(RPMI-1640 containing 10% heat inactivated fetal bovine serum (HI FBS), 2 mM L-
glutamine, and 100 mg/ml streptomycin and 100 units/mL penicillin) on ice prior to the
isolation of intraepithelial and lamina propria cells.

Isolation of small intestinal intraepithelial and lamina propria cells

Immune cells of the small intestinal intraepithelial layer and lamina propria were isolated as
previously described (Weigmann et al., 2007; Couter and Surana, 2016), with some
modifications. Throughout the entire isolation procedure, small intestines and isolated cells
were kept in mouse medium on ice. Briefly, small intestines were flushed gently with ice
cold Dulbecco’s phosphate-buffered saline without calcium and magnesium (DPBS™). After
flushing, Peyer’s patches were removed, and all mesenteric fat was carefully dissected from
the intestine. After thorough removal of mesenteric fat, the intestine was cut longitudinally
and snipped into approximately 5 cm pieces, which were transferred to a 50 mL centrifuge
tube containing 15 mL cold mouse medium.

Luminal contents were further cleared by 3 sequential washes using 15 mL cold mouse
medium and vortexing at high speed. After the last wash, small intestinal segments were
tapped onto a paper towel to remove excess mouse medium, transferred to a 50 mL
centrifuge tube containing extraction medium for the isolation of IELs (RPMI-1640
containing 2% HI FBS, 1 mM EDTA, and 0.02 % (w/v) dithiothreitol), and placed onto a
rocker at 37°C for 15 mins.

Following 15 min incubation, cells liberated by the extraction process were sequentially
rinsed with 25 mL mouse medium through 100 and 40 pm strainers with centrifugation at
200x g at 4°C between each rinse. Remaining tissue pieces were rinsed three times in cold
RPMI-1640 containing 1% HI FBS and placed onto a dry paper towel, and gently wiped to
remove residual mucous. Tissue pieces were transferred to a 1.5 mL tube containing
digestion medium for the isolation of lamina propria cells (RPMI-1640 containing 1% HI
FBS, 0.5 mg/mL dispase Il and 1.5 mg/mL collagenase type I1, Gibco) and minced into
small fragments using scissors. Minced tissue pieces along with remaining medium were
transferred to a 50 mL tube containing 25 mL prewarmed digestion medium and placed onto
a rocker at 37°C for 40 mins. Following 40 min incubation, cells were sequentially rinsed
with 25 mL mouse medium through 100 and 40 pm strainers with centrifugation at 200x g at
4°C between each rinse.

Following isolation procedures, cell viabilities and concentrations of isolated IELs and
lamina propria cells were determined by acridine orange/propidium iodide (AO/PI) staining
using a Nexcelom Cellometer Auto 2000.

Inductively coupled plasma-mass spectrometry

U and total As concentrations were measured using a PerkinEImer NexlON 300D ICP-MS
(Waltham, MA) in the upper and lower Gl tract of male and female mice as previously
described (Bolt et al., 2018). The upper and lower Gl tract were weighed prior to acid
digestion, which was performed using 70% trace metal grade nitric acid and by heating the
samples to 95°C overnight. After digestion, samples were brought up to 20 mL with 18
mega-ohm water and filtered through a 0.45 pm filter prior to ICP-MS analysis. A dynamic
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reaction cell (DRC) was used with anhydrous ammonia gas to minimize mass interferences
with U, which was analyzed in direct mode. Oxygen gas was used in the DRC to minimize
mass interferences with As, which was analyzed in hydride mode. The ICP-MS was
optimized using multi-element standard for instrument calibration (tuning) solution
(PerkinElmer), calibrated with a blank and four calibration standards, and samples were
analyzed including quality control samples for data validation and verification. In addition,
each experimental sample batch included continuing quality control samples analyzed after
every 20 samples to further validate the calibration and instrument stability. Data are
reported as mean U or As per gram of tissue. The ICP-MS method of detection limit for U
and As were 0.01 ppb and 0.05 ppb, respectively.

Flow cytometry

Statistics

Approximately 1x10° intraepithelial or lamina propria cells were stained with Zombie Red
Fixable Viability Stain in DPBS™ at room temperature in the dark for 15 mins. Samples were
washed with flow wash buffer (DPBS™ with 2% FBS and 0.09% sodium azide) and
resuspended in 100 uL BD Horizon Brilliant Stain Buffer (BD Biosciences) containing 0.5-1
ug of monoclonal antibodies (antibody specifics are provided in Supplementary Table S1)
for surface marker staining at room temperature in the dark for 30 mins.

IEL and innate immune cell subsets were characterized based on cell surface marker
phenotype as described previously (Cheroutre et al., 2011; Geem et al., 2012; Tamoutounour
etal., 2012; Bain et al., 2013; Curato et al., 2016; Joeris et al., 2017; Olivares-Villagomez
and Van Kaer, 2018; Na et al., 2019). Representative flow cytometry gating strategies
utilized to define IEL and innate immune cell subsets are depicted in Fig. 3A and
Supplementary Fig. S1, respectively. Natural IEL subsets were defined as follows: CD3e*,
CD4~, TCRG.[_’)+, CD8aat, CD8ap” or CD3e*, CD4" TCR78+, CD8aat, CD8ab*/.
Induced IEL subsets were defined as:CD3e*, CD4*/~, TCRap*, CD8ap*/~, CD8aa*/".

Innate immune cells of the lamina propria were defined as follows: single positive (SP) DCs
(Lineage (Lin)~(CD3e, CD45R/B220, CD5, IgE), CD11c*, MHC II*, CD103*, CD11b"):;
double positive (DP) DCs (Lin~, CD11c*, MHC II*, CD103*, CD11b*); Immature/
proinflammatory macrophages (Lin, CD11c*, MHC II*, CD103~, CD11b*, Ly6C*,
CX3CR1*); mature macrophages (Lin~, CD11c*, MHC II*, CD103~, CD11b*, Ly6C™,
CX3CR1*); monocytes (Lin~, CD11c*, MHC II*, CD103~, CD11b*, Ly6C*, CX3CR1"),
and neutrophils (Lin~, Ly6G*, CD11b").

Following staining, samples were washed twice and resuspended in 0.5 mL flow wash buffer
prior to analysis using an Invitrogen Attune NxT Flow Cytometer (Carlsbad, CA). Gating
used for the analysis of flow cytometry data was performed with the aid of fluorescence-
minus-one controls. Flow cytometry data was processed using FlowJo version 10 software
(FlowJo LLC, Ashland, Oregon).

Data were analyzed using Sigma Plot version 12.5 (Systat Software). For analysis of ICP-
MS results, in which only two conditions (exposed vs. unexposed) were compared, data
were analyzed using a Student’s £test. Flow cytometry data were analyzed using one-way
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ANOVA followed by a Dunnett’s #test comparing each exposure group to the control
(unexposed) group. In situations when ICP-MS or flow cytometry datasets did not meet
conditions of normality, differences between control and exposure groups were examined
using either a Mann-Whitney Rank Sum (U) Test or Kruskal-Wallis One Way ANOVA on
Ranks followed by Dunnett’s post-hoc test, respectively. ANOVA results are summarized in
Supplementary Table S2 and p values for post hoc analyses are indicated in the relevant text
of the results section. For both ICP-MS and flow cytometry studies, 7=5 or 7= 6 mice/
group, respectively unless otherwise specified in figure legends. In several cases, samples
were lost during cell isolation procedures. In addition, for both ICP-MS and flow cytometry
datasets, statistically significant outliers were identified using Grubb’s Test (p<0.05) and
were excluded prior to statistical analyses. The significance level utilized in this study to
determine statistically relevant changes between control and exposure groups was p<0.05.

U and As3* do not significantly alter body weights, drinking water consumption, numbers
of small intestinal Peyer’s patches, or small intestine length in male or female mice

The goal of this study was to evalaute the distribution of U and As in the Gl tract of male
and female mice to determine if immune cells in the gut are at an increased risk of exposure
and toxicity. In this study, male and female mice were exposed to U or As3* via their
drinking water for 45 and 60 days. No evidence of overt toxicity (i.e., body weights, Gl tract
weights, or drinking water consumption) was found in male or female mice after 45 or 60
day exposures to U or As3* (Table 1 and Supplementary Table S3, respectively).
Additionally, no significant changes in small intestine lengths or numbers of Peyer’s patches
in the small intestines were found in male or female mice exposed to U or As3* for 45 days
(Table 1).

Levels of U and As are elevelated in the Gl tract of male and female mice following
drinking water exposures

Mice were exposed to U or As3* in their drinking water for 60 days and the levels of U and
total As were measured in the upper and lower Gl tract using ICP-MS. In both male and
female mice, the Gl tract was a site of significant U and arseinc exposure, with
concentrations reaching levels greater than or equal to the administered doses of each metal
(Fig. 1A-D). U levels were significantly elevated in the upper and lower Gl tract of male (U
=0, p=0.016 and U=0, p=0.016, respectively) and female (U= 0, p= 0.008) mice
compared to untreated controls (Fig. LA-B). The amount of total As was significantly
elevated in both the upper and lower Gl tract of male mice (48) = 7.304, p<0.001 and £7) =
-12.521, p<0.001, respectively), but only in the lower GI tract of female mice (U=0, p=
0.008) (Fig. 1C-D). Collectively, these results suggest that immune cells in the gut receive
significant U and As exposures and therefore may be at an increased risk of toxicity from
these metals.

U and As3* significantly perturb intraepithial lymphocyte subsets in the small intestine

To determine if elevated U and As exposures in the Gl tract are associated with adverse
effects on immune cells in the small intestine, we evaluated IEL subsets in the small
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intestine of male and female mice using flow cytometry (Fig. 2A). In male mice exposed to
50 ppm U, all the CD3e*, CD4" IEL subsets investigated were significantly reduced; i.e.,
CD4~, TCRap* (p=0.01), CD4™, TCRaB*, CD8aa*, CD8af* (p<0.05), and CD4~,
TCRaB*, CD8aa™, CD8ap~ (p<0.05) (Fig. 3B); and CD4~, TCRy&" (p<0.05), CD4™,
TCRy&", CD8aa*, CD8ap*(p<0.05), and CD4~, TCRy&*, CD8aa*, CD8af~(p<0.05)
(Fig. 2C). No statistically significant effects on CD3e*, CD4* IELs were found in male mice
(Supplementary Fig. S2A), nor were CD4* or CD4™ IEL subsets significantly reduced in
female mice with either dose of U (Fig. 2D-E and Supplementary Fig. S2B).

Interestingly, whereas U primarily disrupted CD4~ IEL subsets in male mice, a significant
reduction of CD4*, TCRap*, CD8aa*, CD8a B~ IELs was found in females exposed to 100
and 500 ppb As3* (p= 0.041 and 0.031, respectively; Fig. 3A). No statistically significant
alterations in CD3e*, CD4" IELs were found in As3* exposed male mice (Fig. 3B).
Additionally, there were no significant changes in CD4~ IELs in male or female mice with
either As3* dose (Supplementary Fig. S3A-D).

These results suggest that U and As®* produce differential effects on IEL subsets, with U
producing disruptions to both natural and induced CD4~, TCRap* and TCRy&* IEL
subsets; whereas, the effects of As3* were limited to induced CD4*, TCRab+, CD8a.a*
IELs.

Innate immune cell subsets of the lamina propria are significantly disrupted by As3*

exposure

In addition to IEL subsets, we also evaluated innate lymphoid cell subsets in the lamina
propria of the small intestine by flow cytometry following U and As3* exposures
(Supplementary Fig. S1). U exposures in male and female mice did not significantly alter
any of the innate immune cell subsets evaluated in this study (i.e., DP DCs, SP DCs, mature
macrophages, immature/proinflammatory macrophages, monocytes, and neutrophils)
(Supplementary Fig. S4A-B). However, a significant decrease in mature macrophages (Lin~,
CD11c*, MHC II*, CD103", CD11b*, Ly6C~, CX3CR1*), along with a corresponding
increase in immature/proinflammatory macrophages (Lin~, CD11c*, MHC II*, CD103™,
CD11b*, Ly6C*, CX3CR1*) was found in female mice following exposure to 500 ppb As3*
(p=0.014 and 0.028, respectively; Fig. 4A-B). A similar, albeit non-statistically significant
trend of decrease was observed in mature macrophages from As3* exposed males, but there
were no changes to immature/proinflammatory macrophages (Fig. 4C). No significant
changes in DP DCs, SP DCs, monocytes, or neutrophils were found with either As3* dose in
male or female mice (Fig. 4B-C).

Collectively, these results demonstrate that U and As3* disrupt distinct, but complementary
components of the immune system in the gut. Whereas, U predominantly impacts IELS,
As?* also disrupts innate immune cells in the lamina propria. This suggests that combined U
and As exposures may produce additive or synergistic immunotoxic effects to immune cells
in the gut.
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Discussion

Lymphocytes of the small intestine represent unique immune cell subsets that directly
interface with the external environment to maintain a delicate balance between immune
protection and symbiotic associations with commensal microorganisms (Cheroutre et al.,
2011; Hooper et al., 2012; Sommer and Backhed, 2013; Peterson et al., 2015; Olivares-
Villagomez and Van Kaer, 2018). The interface between the environment, immune cells, and
microbiota is crucial for maintaining systemic immune health (Hooper et al., 2012; Sommer
and Backhed, 2013; Peterson et al., 2015), but also represents a process vulnerable to
environmental toxicant exposures. Numerous studies have linked metals and other toxicant
exposures to disruptions of gut microbiota (Chi et al., 2016; Chi et al., 2017; Tsiaoussis et
al., 2019); however, to our knowledge, no previous studies have evaluated the effects of U or
As3* on immune subsets of the small intestinal intraepithelial layer or lamina propria
following drinking water exposures. In this study, we show that drinking water exposures to
environmentally relevant levels of U and As3* results in high levels of exposure in the Gl
tract and adversely impact two critical immune cell types in the small intestinal
intraepithelial layer and lamina propria.

We found that drinking water exposures to environmentally relevant levels of U and As3*
result in significant levels of U and As exposure in the Gl tract of male and female mice.
Levels of U measured in the upper and lower GI were substantially higher than levels
previously measured in other immune and systemic organs, including the spleen, thymus,
bone marrow, and liver (Bolt et al., 2018). These findings are consistent with those reported
in previous studies which established the small intestine as the major site of U and As3*
absorption (Pomroy et al., 1980; Vahter and Norin, 1980; Harrison, 1991; Dublineau et al.,
2005). This is significant because immune cells and microbiota in the Gl tract are in direct
contact with these elevated exposures and therefore at increased risk of metal-induced
toxicity.

In this study, we found a reduction of induced CD4* IELs with As3* exposure, which is
consistent with previous findings from our lab demonstrating that T cell differentiation in the
thymus is inhibited by As exposures (Xu et al., 2016a; Xu et al., 2016b; Xu et al., 2016c; Xu
et al., 2016d; Xu et al., 2017a; Xu et al., 2017b). In the thymus, T cells undergo multiple
stages of differentiation in which very early triple negative (i.e. CD3e~, CD4~, CD8ap")
cells gain expression of CD3e, CD4, and CD8ap prior to undergoing positive and negative
selection and exiting the thymus as either mature CD4 or CD8a. single positive cells (Burt
and Verda, 2004). Loss of normal T cell development in the thymus may limit the number of
mature CD4" cells that reach the periphery and inevitably migrate to the gut.

The lack of effects on other putative thymus derived IEL subsets may be related to the
differentiation stage at which the cells exit the thymus and home to the gut. In response to a
variety of microenvironmental cues, early triple negative T cells are hypothesized to give
rise to natural IELs, which home to the gut and complete maturation into fully functional
IELs (Lambolez et al., 2002; Lambolez et al., 2006; Cheroutre and Lambolez, 2008;
Cheroutre et al., 2011; Peaudecerf et al., 2011). Since our previous studies in the thymus
focused on double negative (CD3e*, CD4~, and CD8af") stages of T cell differentiation
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and did not evaluate very early triple negative stages, the possibility that As3* selectively
impacts double negative vs. triple negative or subsequent thymic-1EL precursor subsets
cannot be ruled out and requires further investigation. Another feasible explanation is that
the effects on CD4* IELs are independent of T cell suppression in the thymus and instead
result from direct cytotoxicity of the metals or via indirect effects to supporting innate
immune cells, epithelial cells, or gut microbiota.

U exposure produced effects on natural and induced classes of CD4~, TCRaf* and TCRy&*
IELs. CD4~, TCRaB* and TCRy&" IELs not only have important regulatory roles in
preventing inflammation, but also have vital roles in maintaining homeostatic interactions
with gut microbiota and innate immune cells to ensure proper mucosal barrier function and
neutralization of pathogenic threats from the external environment (Cheroutre et al., 2011;
McDonald et al., 2018; Olivares-Villagomez and Van Kaer, 2018). Follow-up studies are
required to determine the implications of reductions of CD4~, TCRap* and TCRy&* IEL
subsets, but such suppression may produce dysregulation of the gut immune system in ways
that disrupt gut barrier function and enhance the likelihood of developing autoimmune
disorders, such as inflammatory conditions of the GI tract.

The effects of U exposure on T cell development in the thymus have not been extensively
studied, but our previous studies show very little U exposure at this site and no effects on T
cell subsets following drinking water exposures in male and female mice (Bolt et al., 2018;
Bolt et al., 2019). Therefore, rather than impacting T cell development in the thymus, it is
more feasible that U produces effects locally in the gut either through direct toxicity to IELS
or through indirect effects on innate immune cell populations or the microbiome.

In the present study, we found a disruption of macrophage subsets in the small intestinal
lamina propria in a manner suggestive of inflammation among As3* exposed mice (Na et al.,
2019; Viola and Boeckxstaens, 2020). Multiple studies report that immature/
proinflammatory macrophages, which produce inflammatory cytokines, including IL-12,
IL-6, IL-IB, and TNF-a are associated with the promotion of inflammatory conditions, such
as colitis and inflammatory bowel disorder (Bain et al., 2013; Zigmond and Jung, 2013; Na
et al., 2019; Viola and Boeckxstaens, 2020). Our finding that As3* modulates macrophage
dynamics in a manner that may promote inflammation is consistent with previous findings
showing As3*, and As®* metabolites can drive and exacerbate inflammatory disease states
mediated through macrophage activities, such as atherosclerosis (Lemaire et al., 2011;
Negro Silva et al., 2017).

Although the trend of effects observed in IEL and innate cell subsets were generally
consistent between U and As3* exposed male and female mice, there were some differences
between sexes that should be interpreted with caution but may have important biological
consequences. Intriguingly, the major differences between female and male mice identified
in this study were to immune subsets that have known roles in autoimmunity and
inflammatory conditions. The reduction of CD4* IELs, which have known regulatory
functions in suppressing inflammatory immune responses (Groux et al., 1997; Reis et al.,
2013; Costes et al., 2019; Zhou et al., 2019), combined with the imbalance of immature/
proinflammatory and mature macrophages among females exposed to environmentally
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relevant levels of As3* may be creating conditions that increase susceptibility to
inflammatory and autoimmune conditions.

Consistent with this hypothesis is that the prevalence of autoimmune disorders is
disproportionately higher among females than males, both naturally and in the context of
metal-induced/exacerbated disease (Roitt and Rabson, 2000; Nielsen and Hultman, 2002;
Lu-Fritts et al., 2014; Ortona et al., 2016). This suggests that females may have an inherent
sensitivity to autoimmune disorders that is exacerbated as a result of metals exposures;
however, this hypothesis requires further investigation and will be the topic of future studies.
In addition, there were considerable differences between males and females in the levels of
As measured in the GI tract, which may suggest sex-specific differences in accumulation or
clearance between the two sexes. Future studies should be carefully designed to thoroughly
evaluate sex-specific differences in the immunotoxicity of U and As3*.

Our results show distinct changes in small intestinal immune cell subsets caused by U or
As3* exposures; however, it remains unclear whether such changes are directly resultant of
metal exposure or indirectly related to changes in the microbiota or other
microenvironmental changes. In this study we did not measure any endpoints indicative of
IEL or innate immune cell functions, so it remains to be determined if in addition to
population-level changes, U and As3* also impair functionality of IEL and/or innate cell
subsets.

The present study demonstrates for the first time that U and As3* disrupt IEL and innate
immune cell subsets in the small intestine, which may provide an underlying link between
environmental exposures and systemic immune issues reported in human populations
chronically exposed to mixed metal containing mine wastes. This study provides essential
information on the immunotoxicity of U and As3* exposures, which are critical for gaining a
deeper understanding of the adverse health outcomes reported in human populations
exposed to mine wastes.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
Drinking water exposures result in high levels of U and As in the GI tract.
IELs and innate immune cells in the small intestine are sensitive to U and As.

U and As disrupt distinct subsets of immune cells in the small intestine.
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Figure 1.
Elevated levels of U and As in the upper and lower Gl tract of male and female mice

following 60-day drinking water exposures to U or As3*. U and total As were measured by
ICP-MS. U concentrations in the upper and lower Gl tract of (A) male and (B) female mice
following exposures to 0 and 50 ppm U. Total As concentrations detected in the upper and
lower Gl tract of (C) male and (D) female mice following exposures to 0 and 100 ppb As3*.
U data (A-B) are expressed as mean pg U/g tissue (ppb) + SD; Male: control (n=5 for
upper and lower Gl tracts) and 50 ppm (7= 4 for upper and lower Gl tracts). Female: control
(n=5 for upper and lower Gl tracts) and 50 ppm (/7= 5 for upper and lower Gl tracts). As3*
data (C-D) are expressed as mean ng total As/g tissue (ppb) £ SD. Male: control (=5 for
upper and lower Gl tracts) and 100 ppb As3* (7= 5 for upper and 7= 4 for lower Gl tract).
Female: control (7= 5 for upper and lower Gl tracts) and 100 ppb As3* (n7=5 for upper and
lower Gl tracts). *p<0,05 in Student’s two-tailed #test or Mann-Whitney Rank Sum (U) Test
compared to control group.
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Figure 2.

U exposure suppresses CD3e*, CD4~, TCRap* and TCRy&* IEL subsets in the small
intestine of male mice. Small intestinal intraepithelial cells were isolated from male and
female mice following 45-day exposure to 0, 5, and 50 ppm U and IEL subsets were
evaluated based on surface marker phenotype by flow cytometry. (A) Representative flow
cytometry plots demonstrating the gating strategy used to define small intestinal IEL subsets.
Percentages of (B) CD3e*, CD4~, TCRap" and (D) CD3e*, CD4~, TCRy&* IEL subsets in
male mice. Percentages of (E) CD3e*, CD4~, TCRap™ and (F) CD3e*, CD4~, TCRy&™ IEL
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subsets in female mice. Data are expressed as mean + SD. Male and female: 7= 6 mice/
group. *p<0.05 in one-way ANOVA followed by a Dunnett’s #test or Kruskal-Wallis One
Way ANOVA on Ranks followed by Dunnett’s post-hoc test compared to control group.
Abbreviations: FVS, fixable viability stain; AF700, Alexa Fluor 700.
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Figure 3.

Small intestinal CD3e*, CD4*, TCRaf*, CD8aa™ IELs are reduced by As3* exposure in
male and female mice. Intraepithelial cells were isolated from the small intestines of male
and female mice following 45-day exposure to 0, 100, and 500 ppb As3* and IEL subsets
were evaluated based on surface marker phenotype by flow cytometry. Percentages of CD3e
*, CD4*, TCRaB™ IEL subsets in (A) female and (B) male mice. Data are expressed as mean
+ SD. Male: control (7= 5), 100 ppb (7= 3), and 500 ppb As3* (7= 5). Female: control (7=
4), 100 ppb (7= 6), and 500 ppb As3* (7= 6). *p<0,05 in one-way ANOVA followed by a
Dunnett’s #test or Kruskal-Wallis One Way ANOVA on Ranks followed by Dunnett’s post-
hoc test compared to control group.
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Figure 4.

As3*-induced perturbations of innate immune cell subsets in the lamina propria of male and
female mice. Small intestinal lamina propria cells were isolated from male and female mice
following 45-day exposure to 0, 100, and 500 ppb As3* and innate immune cell subsets were
evaluated based on surface marker phenotype by flow cytometry. Innate immune cell subsets
were defined as follows: single positive dendritic cells (SP DCs) (Lineage (Lin)~ (CD3e,
CD45R/B220, CD5, IgE), CD11c*, MHC II*, CD103*, CD11b"); double positive dendritic
cells (DP DCs) (Lin~, CD11c*, MHC II*, CD103*, CD11b™); Immature/proinflammatory
macrophages (Lin~, CD11c*, MHC II*, CD103~, CD11b*, Ly6C*, CX3CR1"); mature
macrophages (Lin~, CD11c*, MHC II*, CD103~, CD11b*, Ly6C~, CX3CR1"); monocytes
(Lin~, CD11c*, MHC II*, CD103~, CD11b*, Ly6C™*, CX3CR1"), and neutrophils (Lin~,
Ly6G*, CD11b™). (A) Representative flow cytometry plot depicting effects of control
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(unexposed) and 500 ppb As3* on immature/proinflammatory macrophages (I/PM®),
mature macrophages (M®), and monocytes (Mono) in female mice. Percentages of innate
immune cell subsets in (B) female and (C) male mice. Data are expressed as mean + SD.
Male: control (7= 4), 100 ppb (7= 5), and 500 ppb As3* (7= 6). Female: control (7= 4),
100 ppb (7= 5), and 500 ppb As3* (7= 6). *p<0.05 in one-way ANOVA followed by a
Dunnett’s #test or Kruskal-Wallis One Way ANOVA on Ranks followed by Dunnett’s post-
hoc test compared to control group.
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Table 1.
Mouse drinking water consumption, body weights, small intestine length and numbers of small intestinal

Peyer’s patches in male or female mice following 45-day drinking water exposure to U or S

Sex Metal Dose Water Intakeb Body Wt. (g) | Small Intestine Length (cm) | # of Peyer’s Patches
Control 4.10+0.34 30.68 +1.36 3443 +£1.82 7.50 £1.52
U 5 ppm 439+0.71 30.63+1.93 3448 £2.16 6.17+0.75
50 ppm 3.92+0.40 30.49 +£1.06 34.42 +£0.97 6.50 + 2.07
Male Control 3.07+0.25 33.36 £3.16 35.83+1.44 5.00+1.10
As®* | 100 ppb 3.31+0.31 31.07 +£1.60 34.83 +1.86 6.17 +1.60
500 ppb 3.24 +£0.26 29.26 + 3.26 35.73+1.19 5.83+0.75
Control 3.22+0.54 22.40 £0.80 32.68 +£0.68 6.33+1.34
U 5 ppm 3.16 £0.27 2390+ 1.34 34,17 +£1.65 6.17 + 1.47
50 ppm 3.17+0.35 2258 £2.15 32.23+231 6.67 +0.82
Female
Control 272+0.21 24.80 £2.85 35.63 £2.62 7.50+0.84
As®* | 100 ppb 252+0.33 25.21+1.80 35.70+£1.85 6.00 + 1.55
500 ppb 2.31+0.20 2353+214 34.82+1.15 7.17+0.98

a\Nater intake = mL of water consumed per mouse per day.
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b
Data expressed as mean + SD of each group (/7= 5).
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