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Abstract

The prevalence of unconventional oil and gas (UOG) operations raises concerns regarding the
potential for adverse health outcomes following exposure to water tainted by mixtures of UOG
associated chemicals. The potential effects that exposure to complex chemical mixtures has on
the immune system has yet to be fully evaluated. In this study, effects on the immune system

of adult mice exposed to a mixture of 23 chemicals that have been associated with water near
active UOG operations were investigated. Female and male mice were exposed to the mixture
via their drinking water for at least 8 weeks. At the end of the exposure, cellularity of primary
and secondary immune organs, as well as immune system function, were assessed using three
different models of disease, i.e., house dust mite (HDM)-induced allergic airway disease, influenza
A virus infection, and experimental autoimmune encephalomyelitis (EAE). The results indicated
exposures resulted in different impacts on T-cell populations in each disease model. Furthermore,
the consequences of exposure differed between female and male mice. Notably, exposure to the
chemical mixture significantly increased EAE disease severity in female, but not in male, mice.
These findings indicated that direct exposure to this mixture leads to multiple alterations in T-cell
subsets and that these alterations differ between sexes. This suggested to us that direct exposure
to UOG-associated chemicals may alter the adult immune system, leading to dysregulation in
immune cellularity and function.
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Introduction

The utilization of unconventional oil and gas (UOG) extraction methods has made available
oil and gas reserves that were previously unreachable. These methods involve the injection
of undisclosed mixtures of chemicals underground at high pressures in order to break

up layers of coal or shale to release trapped gas and oil reserves Vengosh et al. (2014).
Multiple studies have found that wastewater from UOG operations, as well as surface and
groundwater in areas where UOG drilling occurs, contains measurable amounts of a number
of the chemicals associated with this process (Vengosh et al. 2014; Webb et al. 2014; Elsner
and Hoelzer 2016; Maloney et al. 2017; United States Environmental Protection Agency
2021). Information about potential health effects from exposure to water contaminated

with mixtures of chemicals remains limited, yet at least 25 separate reports have found
associations between enhanced use of this technology and adverse impacts on health (Deziel
et al. 2020). For example, several studies have reported negative health outcomes associated
with proximity to UOG operations, including preterm birth, low birth weight, neurological
symptoms and increased hospitalizations (McKenzie et al. 2014; McKenzie et al. 2017,
Jemielita et al. 2015; Tustin et al. 2017; Elliott et al. 2018). Proximity to UOG operations
has also been associated with increased reports of upper respiratory symptoms and asthma
exacerbations (Rabinowitz et al. 2015; Rasmussen et al. 2016; Elliott et al. 2018).

In addition to epidemiological studies, some of the chemicals that have been detected in
water sources near active UOG production sites have been used in experimental studies

to further examine pathophysiological consequences of exposure (Nagel et al. 2020). In
particular, 23 chemicals that were identified in water samples exhibited antagonism or
agonism of the estrogen, androgen, progesterone, glucocorticoid, and thyroid receptors
(Kassotis et al. 2014, 2015). Developmental exposure of mice to this 23-chemical mixture
negatively-impacted development of male and female reproductive systems and modulated
reproductive parameters in the offspring (Kassotis et al. 2015, 2016; Boule et al. 2018).
Developmental exposure also altered the immune system of the mice, inducing changes

to the proportions of T-cell sub-populations in the lymph nodes, thymus, and spleen, and
exacerbating immune-mediated disease severity in female, but not male, offspring (Boule
et al. 2018). Early-life exposure to this mixture of 23 compounds also had long-lasting
effects on immune homeostasis and anti-viral defenses in frogs (Robert et al. 2018, 2019).
While these prior studies indicate that exposure to this complex mixture during development
has durable effects on offspring, little is known about the effects of direct exposure to
UOG-associated chemicals on the function of a fully-formed mature immune system.

The immune system is necessary to maintain defenses against pathogens, and also self-
regulates to protect against immune-mediated damage to healthy tissues. Imbalances in

the function of the immune system can lead to poorer responses to infectious agents

or an increase in incidence\severity of allergic reactions and autoimmune diseases. To
investigate the effect of direct exposure to UOG-associated chemicals on the adult immune
system, the study reported here utilized the same chemical mixture previously-used in
reproductive and developmental exposure studies (Kassotis et al. 2014, 2016; Boule et al.
2018). Specifically, the current study examined the effect of exposures to this mixture on

J Immunotoxicol. Author manuscript; available in PMC 2022 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

O’Dell et al.

Page 3

immune cells in primary and secondary immune organs of immunologically-naive mice.
Given that developmental exposure affected T-cells, whether direct exposure of adult mice
to this mixture resulted in altered T-cell populations was also investigated in the context of
three different T-cell-dependent disease model systems: viral infection (influenza A virus,
or IAV), autoimmune disease (experimental autoimmune encephalomyelitis, or EAE), and
allergic airway disease, induced using extracts of house dust mites (HDM).

Materials and Methods:

Chemical mixture

Mice

A mixture of all 23 chemicals was prepared by first preparing a 10,000X master stock (1
mg/ml) of each chemical in 100% ethanol (Table 1). Each week, 100 ul of each chemical
from these stocks was combined in 1 L purified water, and immediately portioned out

into individual water bottles. All chemicals were purchased from Sigma-Aldrich (St. Louis,
Missouri).

Adult (6-8 wk-of-age) male and female C57BI/6 mice were purchased from the Jackson
Laboratories (Bar Harbor, ME). Mice were housed in pre-washed polysulfone microisolator
cages under specific pathogen-free conditions in a facility maintained at 22°C [£2°C] with a
30-50% relative humidity and a 12-hr light/dark cycle. Mice received a standard chow diet
(LabDiet 5010, Purina, St. Louis, MO). Water was provided using glass water bottles; all
water was purified using reverse osmosis. For the study, mice of each sex were randomly
divided into one of two treatment groups, i.e., control or mixture. Specifically, for mixture-
exposed mice, the drinking water was spiked with an equimass mixture such that the final
concentration for each constituent chemical was 0.1 pg/ml. For mice receiving control water,
the water contained a final concentration of 0.2% ethanol. This concentration of chemicals
in the drinking water was chosen as it mirrors levels detected in ground and surface water
proximal to UOG production area (Gross et al. 2013; DiGiulio and Jackson 2016; Cozzarelli
etal. 2017; Orem et al. 2017). Female and male mice remained on water containing the
mixture or the vehicle control for 8-10 wk prior to immunological assessment. This range
in treatment lengths was employed because it was not possible to initiate all three disease
models simultaneously. Water consumption was measured two times/wk for the duration

of the exposures. There were no differences in volume of water consumed across sexes

and treatment groups (Figure S7). Water and water bottles were changed weekly with
freshly-prepared dilutions. The female mice used in these experiments were from a group of
previously-pregnant dams that had been exposed to this chemical mixture or vehicle during
pregnancy (Boule et al. 2018). To maintain consistency, male mice were exposed to the same
mixture for the same length of time as the females. For all experiments, administration of
antigens and collection of organs and cells was initiated in the morning.

All animal treatments were conducted with prior approval of Institutional Animal Care

and Use Committee and Institutional Biosafety Committee of the University of Rochester.
The University has accreditation through the Association for Assessment and Accreditation
of Laboratory Animal Care (AAALAC). Mice were treated humanely and with due
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consideration to alleviation of any distress and discomfort. All guidelines from the U.S.
Public Health Service Policy on Human Care and Use of Laboratory Animals were followed
in handling of vertebrate animals.

Influenza A virus (IAV) infection

Following 8 weeks of exposure to the chemical mixture or water containing the vehicle
control, mice were anesthetized by intraperitoneal (IP) injection of avertin (2% 2,2,2-
tribromoethanol; Sigma). Anesthetized mice were infected intranasally (IN) with 120
hemagglutinating units (HAU) of IAV (HKx31; H3N2). The virus stock was initially
obtained from M. Coppola (Argonex, Charlottesville, VA), propagated in embryonated
specific-pathogen free chicken eggs (Charles River, Wilmington. MA), and titered using

a hemagglutination assay (Barrett and Ingles 1985). For infection, 1AV was diluted in
sterile endotoxin-tested phosphate-buffered saline (PBS, pH 7.4). Mice were maintained
on drinking water containing the chemical mixture or vehicle control following infection.
Morbidity and mortality were monitored daily, starting on the day of infection. Using flow
cytometry, T-cells in the mediastinal lymph nodes (MLN) were examined on the peak day
of host response to 1AV infection, which is Day 8 in male and Day 9 in female mice (Boule
et al. 2014; Lawrence et al. 2000, 2006). All work with infectious agents was conducted
with prior approval of the Institutional Biosafety Committee of the University of Rochester,
following guidelines of the NIH/CDC.

Experimental autoimmune encephalomyelitis (EAE) induction

After 8 weeks on water containing the mixture or control, mice were immunized by
subcutaneous injection of an emulsion of myelin oligodendrocyte glycoprotein (MOG3g_ss;
200 pg/mouse; AnaSpec, Freemont, CA) and complete Freund’s adjuvant (4 mg/ml; M.
Tuberculosis, Becton Dickinson, Franklin Lakes, NJ) (Stromnes and Goverman 2006). This
is considered Day 0 for triggering EAE. Two IP doses of pertussis toxin (400 ng/mouse; List
Biologicals, Campbell, CA), were also administered; one contemporaneously with MOG
peptide and the other 2 days later. Mice were maintained on drinking water containing

the chemical mixture or vehicle control following immunization and for the duration of

the disease. After administration of MOG peptide, disease progression was monitored and
scored every other day for 42 days, using the following scoring system: 0 = normal mouse,
1 = limp tail, 2 = limp tail and hind limb weakness, 3 = partial hind limb paralysis, 4 =
complete hind limp paralysis, 5 = moribund (Robinson et al. 2014). The percentage and
number of T-cell subsets in the cervical lymph nodes were determined on Day 42 after
immunization.

House dust mite (HDM)-induced allergic airway disease

HDM (Dermatophagoides pteronyssinus) extract (lot #262538, Greer Laboratories, Lenoir,
NC) was diluted in sterile endotoxin-tested PBS. After 10 weeks of exposure to the chemical
mixture or vehicle control, mice were sensitized and challenged for 10 days by daily
oropharyngeal administration of 3 ug HDM (in volume of 30 pl) which induces CD4*
T-cell-dependent allergic airway disease (Knowlden et al. 2016). Mice continued to receive
water containing either the chemical mixture or vehicle control throughout HDM treatments.
Forty-eight hours after the final HDM dosing, the mice were euthanized by a lethal overdose
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of anesthetic (0.1 ml Euthasol; Virbac, Greeley, CO). Bronchoalveolar lavages (BAL) was
performed by instilling 0.75 ml PBS twice into the lungs via a Teflon cannula to permit
examination of leukocytes in the airways by differential cell counting. Differential counts
of the BAL cells were performed after cytocentrifugation onto coded slides, and staining
with Hema3 Staining Set (Fisher Scientific, Waltham, MA). The lung-draining mediastinal
lymph nodes (MLN) were removed for examination of T-cells using flow cytometry. BAL
and MLN cells were collected from the same mice (BAL cells obtained first).

Tissue collection and cell processing

For the termination of studies using immunologically-naive mice, and from mice used in the
HDM, 1AV, or EAE models, animals were sacrificed with a lethal dose of anesthetic (Avertin
> 0.5 ml or 0.1 ml Euthasol), followed by a secondary method (e.qg., cervical dislocation or
exsanguination). Tissue collection was started between 8:30 and 9:30 AM. The mediastinal,
cervical, inguinal, axillary, and brachial lymph nodes, as well as the thymus, spleen, lung
airways, and/or bone marrow were collected at necropsy and processed into single cell
suspensions (Vorderstrasse et al. 2006; Bauer et al, 2012, Reilly et al. 2015). Cells from
individual mice were re-suspended in cold Hank Balanced Salt Solution (HBSS) containing
2.5% FBS (HBSS/FBS; Hyclone, Logan, UT). To remove red blood cells, pelleted cells
were incubated in a solution containing 0.15 M NH4CI, 10 mM NaHCOg, and 1 mM EDTA
for 5 min at room temperature. Erythrocyte lysis was terminated by adding a 10-fold volume
of cold HBSS/FBS. After centrifugation (200 x g; 10 min), cells were re-suspended in cold
HBSS/FBS for enumeration using a TC10 automated cell counter (BioRad, Hercules, CA),
or a hemocytometer and Trypan blue exclusion. Cells were used immediately for analysis by
flow cytometry or centrifuged onto microscope slides.

Analytical flow cytometry

Before incubation with fluorochrome-conjugated reagents, single cell suspensions
containing 2 x 106 cells were incubated with anti-mouse CD16/32 mAb (clone 93;
eBioscience, San Diego, CA) for 15 min at 4°C to prevent non-specific binding. Cells

were then incubated for 20 min at 4°C with fluorochrome-conjugated antibodies directed
against cell surface antigens. To identify virus-specific CD8* T-cells in IAV-infected

mice, allophycocyanin (APC)-labeled Major Histocompatibility (MHC) Class | tetramers
containing an immunodomi-nant peptide epitope of the viral nucleoprotein (DPNP3g6_375)
were used (Lawrence et al. 2006; Boule et al. 2018). After cell surface labeling, cells were
fixed using 2% formaldehyde in PBS for 20 min, and analyzed directly by flow cytometry,
or permeabilized using a FoxP3 Staining Kit (eBioscience, San Diego, CA). Specifically,
intracellular staining was used to identify CD4* T-cell subsets in immune-challenged mice,
using fluorochrome-conjugated antibodies against transcription factors unique to Tyl, TH2,
TH17, or Treg cells (Boule et al. 2018). Table S1 lists all antibodies used. Antibodies

were purchased from eBioscience (San Diego, CA), Biolegend (San Diego, CA), or BD
Biosciences (San Jose, CA). All staining procedures were performed as previously described
(Lawrence et al. 2006; Bauer et al. 2012; Boule et al. 2018). Fluorescence minus one (FMQO)
controls were used to determine non-specific fluorescence and define gating parameters.
Cellular viability was assessed using a fluorescent viability dye (fixable viability dye
eFlour506, Invitrogen/e-Bioscience). Data were obtained using an LSRII flow cytometer
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(BD Biosciences, San Jose, CA), and analyzed using FlowJo software (TreeStar, Ashland,
OR). For all samples, a minimum of 500,000 events/sample was acquired.

Statistical analysis

Results

All data were analyzed using JMP software (SAS, Cary, NC). Differences between exposure
groups and sex were evaluated using a two-way analysis of variance (ANOVA). Analyses
included comparisons within sex between the two exposure groups, and across sex and
exposure groups, using Tukey post-hoc tests. Comparisons at a single point in time and
within sex were analyzed using a Student’s #test. Onset of symptoms in mice with EAE
was analyzed using a Kaplan-Meier curve, and comparisons between treatment groups were
performed using a Wilcoxon test. Differences were considered statistically significant when
p-values were < 0.05. Error bars on all graphs represent the standard error of the mean
(SEM).

Effect of exposure to 23-chemical mixture on the immune system at homeostasis

To determine whether this mixture of 23 chemicals affects immune cell populations, the
cellularity of primary and secondary lymphoid organs in female and male mice exposed

to the mixture and control water were compared. In female mice, there were no statistically-
significant differences in the percentage (Table 2) or number (Table 3) of hematopoietic
stem and progenitor populations, such as HSC, MPP, LSK, or CLP cells, in bone marrow
cells from mixture-exposed females, compared to females in the control group (Tables 2
and 3). There were also no significant differences in the total number of cells recovered
from bone marrow or spleen in female mice exposed to the mixture compared to control
water (Table 3). Yet, there were several significant differences in percentage and number of
distinct immune cell populations from the thymus, spleen, and PLN (Tables 2 and 3). For
example, in the thymus, the number of double-negative, double-positive, and single-positive
thymocytes was ~ 2-fold higher in mixture-exposed female mice compared to in control
female mice (Table 3). Similarly, there were 1.8-times more peripheral lymph node (PLN)
cells in these hosts as compared to in female mice that received water containing the
vehicle (Table 3). In the spleen, the percentage of CD19* cells was about 10% lower in the
mixture group (Table 2). However, the majority of cell types examined were not significantly
different between the two treatment groups of female mice.

In males, there were also several statistically-significant differences in cell populations in
the bone marrow, thymus, and spleen due to exposures to the chemical mixture (Table 2).
These altered populations included those for bone marrow pre-GM and pre-MegE cells,
thymic CD4" cells, regulatory T (Tyeg) cells, and TCRy8" cells, and CD19* cells in the
spleen. In the male mixture group, there was also a significant decrease compared to control
males in the total number of bone marrow cells; however, no differences in total cell number
were observed in the thymus, spleen, or PLN due to treatment (Table 3). In contrast to

the female mixture-exposed mice, there were no significant differences in the number of
lineage-committed immune cell populations in the thymus, spleen, or PLN of the exposed
males. However, there were significant differences in several immune progenitor populations
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in the bone marrow of mixture-exposed males compared to bone marrow cells from control
exposed males. Along with observing differences between mixture and control groups
within sex, there were also some differences in cellularity between males and females from
all lymphoid organs examined (Tables 2 and 3).

Influenza A virus infection

To determine if exposure to the chemical mixture altered immune responses during mild
acute respiratory viral infection, mice here were infected with influenza A virus (1AV). Mice
were weighed daily after infection to assess morbidity. There were no significant differences
in morbidity between mixture and vehicle control-treated mice of either sex (Figures 1A
and 1C). CD8* cytotoxic T-lymphocytes (CTL) are a central means to fight acute primary
virus infection (Tscharke et al. 2015). Using flow cytometry, numbers of CD8" T-cells in
the MLN of 1AV-infected mice exposed to the mixture or vehicle control were compared.
There were no significant differences in number (Figure 1B) or percentage (Table S3) of
CD8™" T-cells in mixture-exposed female mice compared to in counterpart controls. There
was also no significant difference in number (Figure 1E) or percentage (Table S3) of

IAV nucleoprotein (NP)-specific CD8* T-cells or CTL among the female mice (Figure 1F
and Table S3). In contrast, there were significantly fewer CD8* T-cells, CTL, and virus
NP-specific CD8* T-cells in the male mice that had been exposed to the chemical mixture
(compared to infected control male mice) (Figures 1D, 1G, and 1H, and Tables S2 and S3).
Lymph nodes harvested from 1AV-infected male mice in the mixture-exposed group also had
a significantly lower number of cells compared to control males. Comparatively, there was
not a significant difference in total cellularity of lymph nodes from the female mice (Tables
S2 and S3).

CD4"* T-cells also play an important role in the immune response to 1AV infection. Two
CD4" T-cell sub-populations particularly important during acute primary 1AV infection are
T-helper (Tw)-1, T-follicular helper (T+,), TH17, and T-regulatory (Tyeg) cells (Swain et

al. 2012; Strutt et al. 2013). Flow cytometric analyses here did not reveal any significant
differences in the CD4+ T-cell numbers or in the numbers of Ty1, Ty17, T, O Treg

cell subsets in the MLN of female mice as a result of their exposure paradigms (Figures
2A-2E). There were also no significant differences between the females with respect to
percentages of these subsets or in the Treg:TH1, Treg:Tsn and Tyeq: TH17 cell ratios (Table
S3). In contrast, in male mice, the number of all CD4* T-cell subsets, except for T417 cells,
were significantly lower in the mixture-treated group compared to in the vehicle controls
(Figures 2F=2J). Also, in the infected males exposed to the mixture, the percentage of Ty17
cells was 33% greater than in the controls, and the Tyeq: TH17 ratio was significantly lower
compared to infected control mice (Table S3).

Experimental Autoimmune Encephalomyelitis (EAE)

To determine if exposure to the chemical mixture affected disease progression in a model

of autoimmune disease, experimental autoimmune encephalomyelitis (EAE), which induces
a pathology similar to multiple sclerosis (Mendel et al. 1995) was induced. Female mice
exposed to the mixture exhibited a higher severity of disease compared to their control
counterparts (Figure 3A). However, neither the percentage of mice that develop disease
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(Figure 3B) nor the mean day of disease onset (Figure 3C) significantly-differed between
the mixture and control females. In contrast to females, mixture-exposed male mice showed
no significant differences in disease severity, frequency, or time of onset compared to their
control male counterparts (Figures 3D-3F).

EAE is a T-cell-mediated disease, and the primary CD4* T-cell subsets that drive EAE are
T and TH17 cells; conversely, Treq cells dampen this immunopathology (Fletcher et al.
2010). In mixture-exposed female mice, there were no significant differences in the number
or percentage of Tyl (Figures 4A and 4B) or TH17 (Figures 4C and 4D) cells compared

to in female controls. However, there was a significant decrease in the number of Tgq

cells in the exposed females (Figure 41). In contrast, there were no significant differences

in percentages of Teq cells (Table S4) and the Treq: Tl and Treg: TH17 cell ratios due to
exposure (Figures 4J and 4K). Male mice that were exposed to the chemical mixture had

a significantly lower number (Figure 4E) and percentage (Figure 4F) of Tyl cells, but no
difference in Ty17 cells (Figures 4G and 4H), compared to values seen in vehicle control
males. In contrast to in the females, there was no significant difference in number of Teq
cells between the mixture and control males (Figure 2L, Table S5). However, Treq:TH1 cell
ratios were significantly higher, while Treq:TH17 ratios did not change in the mixture males,
indicating a higher proportion of Tyeq cells compared to T1 cells in these hosts (Figures 2M
and 2N).

House Dust Mite (HDM)-Induced Allergic Airway Disease

Male and female mice from both exposure groups were sensitized and challenged with
HDM, which induces many hallmarks of allergic airway disease (Knowlden et al. 2016).
The primary CD4* T-cell subsets that drive the immune-mediated pathology observed in this
case are T2 and Ty17 cells (Vroman et al. 2015; Hirahara and Nakayama 2016). Again,
Treg cells play a role in dampening the response (Langier et al. 2012). Female mice that
were exposed to this 23-chemical mixture mice had a 2.4-fold higher number (Figure 5A)
and 1.8-times greater percentage (Figure 5B) of T2 cells in their mediastinal lymph nodes
as compared to in the control females. Further, the ratio of Treq: T2 cells was significantly
lower in the female mixture-exposed mice. While the number of Tyeq cells did not differ
between the two groups, there was a significantly lower percentage of Teq cells in the
mediastinal lymph nodes of mixture-exposed female mice compared to in control females
(Table S6). In contrast, there were no significant differences in number (Figure 5G) or
percentage (Figure SH) of T17 cells nor in the ratio of Tyeq:T17 cells (Figure 51) due to
mixture exposure in the females. In the lungs, exposure to this chemical mixture did not
change the number of lavageable leukocytes (Table S7); however, it altered the proportion
of leukocytes from the airways of the exposed female mice compared to from the control
females (Figure 5M). Specifically, the percentage of eosinophils was 1.5-fold higher, while
those of macrophages and lymphocytes were 2.1- and 1.6-fold lower, respectively, in these
females when compared to in controls (Figure 5M, and Table S6).

In contrast to what was observed in the females after HDM sensitization\challenge, mixture
exposure had no significant impact on the number or percentage of T2 (Figures 5D and
5E), TH17 (Figures 5J and 5K) or Tyeq (Tables S6 and S7) cells of male mice. There were
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also no differences between Tyeq: TH2 Or Tyeq: TH17 ratios of the two groups (Figures 5F
and 5L). Unlike the females, male mice exposed to the mixture did not exhibit any increase
in percentage of airway eosinophils or macrophages (Figure 5N); however, compared to
control males, they had a significantly higher number of airway macrophages (Tables S6
and S7). These males also had a significantly lower percentage (but not number) of airway
lymphocytes compared to control males (Figure 5N, Tables S6 and S7). There were no
differences in number or percentage of eosinophils or neutrophils between the two male
groups (Figure 5N, Tables S6 and S7).

Discussion

Water contamination is a major global health concern (WHO 2016). However, investigating
links between environmental chemical contaminants in water and adverse health outcomes
can be difficult. Multiple reasons underlie these challenges, including lack of comprehensive
knowledge of anthropogenic chemicals in water supplies and a delayed nature in which
many health effects from such exposures occur. Another limitation is that research often
examines the consequences of exposure to environmental contaminants one at a time.

Thus, there is limited knowledge of specific physiologic functions affected by exposure

to mixtures of chemical contaminants, including what cell types are affected. This further
complicates the ability to assess causality between water contaminants and disease.

In the present study, links between exposure to a mixture of chemicals associated with

water tainted by UOG operations and changes in the cellular repertoire\function of an

adult mammalian immune system was investigated. This study established that exposure

to a 23-chemical mixture led to multiple changes in the composition of immune cell
populations at homeostasis, as well as alterations in functionally distinct T-cell subsets in the
context of three different disease models. Interestingly, the extent of the effects observed
varied between sexes. These results indicated to us that exposure to this 23-chemical
mixture imparted modulatory effects on the immune system, and that these effects manifest
differently between sexes.

Overall, the study of immunotoxicity has largely focused on examining immune modulation
by single chemical exposures. This is a valuable and important approach, particularly to
understanding mechanisms of toxicity. For the mixture used in the current study, there is
minimal, and in some cases no, extant data on possible immunomodulatory effects of many
of the chemical constituents. However, there is some evidence that exposure to several
components of this mixture, such as naphthalene and 2-ethyl-hexanol disturbs aspects of
immune cell functions (Kawabata and White 1990; Yoshida et al. 2009; McGuire et al.
2021). Benzene and styrene are also known carcinogens and immunotoxicants in mammals
(\Veraldi et al. 2006; McHale et al. 2012). Other studies have shown that direct exposure

to volatile organics, including ethylbenzene, styrene, and benzene, was associated with
lymphopenia in an all-female study population (Baines et al. 2004). Similar to the current
findings, another study that found that inhalation exposure of male mice to formaldehyde,
benzene, toluene, and xylene decreased the number of T-cells in peripheral immune organs
(Wang et al. 2016).
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There is also considerable research into health effects of exposure to a mixture of benzene,
toluene, ethylbenzene, and xylenes (BTEX; Bahadar et al. 2014; Bolden et al. 2015). Most
BTEX research to-date has focused on cancer; consequently, non-carcinogenic effects are
less well-studied. Nonetheless, there is some evidence that the mammalian immune system
is a target of the BTEX (Bolden et al. 2015; Wen et al. 2016; Li et al. 2018); although

the majority of studies investigated effects of exposure to each component individually
rather than combined. Additionally, most studies of BTEX immunotoxicity focused on

the developing immune system in children (Webb et al. 2014) rather than direct exposure
of a fully mature adult immune system. While collectively these studies indicated some
components of the 23-chemical mixture impart immunomodulatory effects, research into
effects of these chemicals as a mixture remains limited. Lastly, in many of the cited studies,
the individual components were used at higher concentrations than those used in the present
study.

Another interesting aspect of findings from the current study was the apparent sex-biased
nature of effects on immune cell populations and function observed among the mixture-
exposed mice. The most notable example of this was in the EAE model. Exposure to

the 23-chemical mixture significantly increased disease severity and decreased Tyeg cell
numbers in female mice, but not in male mice. The Tyq cells play a central regulatory role
in EAE by dampening the immunopathology (Fletcher et al. 2010). This suggested to us that
modulating Tyeq cell numbers is a means by which exposure to this mixture could potentially
heighten disease severity in female hosts. Consistent with this idea is that mixture-exposed
males exhibited disease severities similar to in control males. Mixture males also had
significantly fewer T1 cells and an increase in Tyeq: TH1 cell ratios compared to values in
counterpart controls. Although a subtle distinction, this is important because it indicates the
male immune system was not unaffected by exposure to this mixture; rather, in the context
of this disease model, the consequences from this level of exposure did not exacerbate
disease.

In addition to modulating Tyeq cell numbers, attenuating Ty1 cell activation and proliferation
could reduce disease severity in the EAE model (Xie et al. 2018). Repeated host exposure to
this chemical mixture might have impacted disease severity via multiple changes in T-cells.
This would align with observations here. Specifically, exposure to the 23-chemical mixture
affected responses of some T-cell subsets, but did not uniformly affect the same T-cell
subsets across all immune challenges used. This indicated that exposure to this mixture may
affect pathways involved in regulating T-cell responses to specificimmune challenge.

Alterations in the number or frequency of T-cell subsets can affect relative proportions of
regulatory and effector T-cells. Such changes have been shown to impact on the progression
and severity of infections and allergic airway disease (Swain et al 2012; Strut et al 2013;
Chapman and Georas 2014). Evidence of the impact that these alterations could potentially
have were observed in the current work. For example, an increase in disease severity
coupled with a significant decrease in Tygq cell numbers in female mixture-exposed mice,
and conversely a lack of difference in disease severity coupled with a significant decrease
in Tyl cell levels in the cervical lymph nodes of male-exposed mice after EAE induction,
were observed. Further investigations into T-cell responses to various immune challenges,
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as well as an examination of pathways involved in these responses in affected populations,
will further illuminate the potential impact on the immune system from exposure to water
contaminants, such as those associated with UOG operations.

Numerous studies have shown that the immune response during many diseases, including
autoimmune diseases, asthma, and respiratory infections, differ in males vs. females
(McClelland and Smith 2011; Ngo et al. 2014; Klein and Flanagan 2016; Peckham et al.
2020). For instance, there are differences in the frequency and timing of T-cell responses
in female and male mice infected with AV (Oertelt-Prigione 2012; Gabriel and Arck 2014;
Fink et al. 2018). In addition, it is known that the endocrine system affects the immune
system (Oertelt-Prigione 2012; Gabriel and Arck 2014; Klein and Flanagan 2016). It is
unclear whether sex differences contribute to distinct toxicokinetic properties of chemicals
in this mixture. Assessment of non-occupational BTEX exposure did not demonstrate sex-
based differences in a human cohort study (Tsangari et al 2017), which suggests that this
is probably not a sufficient explanation. On the other hand, the compounds used in this
study are generally considered endocrine-disrupting chemicals (EDC). In particular, when
examined singly or in combination, these chemicals demonstrated evidence of agonism or
antagonism of the estrogen, androgen, progesterone, glucocorticoid, and thyroid receptors
(Kassotis et al. 2014; Kassotis et al. 2015). Also, some constituents of the mixture used

in this current work contain chemicals that have carcinogenic properties (Marina 2014).
Therefore, there may be intersections between immune modulation, EDC exposures and
cancers, providing opportunities to further explore causal underpinnings of a range of
disease processes.

While exogenous chemicals that interfere with normal actions of hormones are defined

as EDC, endocrine-active chemicals have also been shown to affect the immune system
(Robert et al. 2019). For example, the well-studied EDC bisphenol A has numerous
reported immunomodulatory effects (Bauer et al. 2012; Malaise et al. 2020). Moreovetr,
developmental exposure to the same 23-chemical mixture used in the current study altered
immune function in adult offspring (Boule et al. 2018; Nagel et al. 2020). Similar to

the present study, there were differences in the effect of developmental exposure to

this mixture based on sex, with female offspring generally showing a broader range

of immunomodulatory consequences (Boule et al. 2018). Thus, it is possible endocrine-
disrupting activity of components in this mixture contributed to the alterations in immune
function reported here. Moreover, in considering the impact of direct exposure to EDC in the
water, immunomodulatory effects may present differently between the sexes.

The present study demonstrated that direct exposure to a 23-chemical mixture significantly
altered immune cell populations and immune responses to antigenic challenge. Nevertheless,
the study had some limitations. One was that only a single dose was used. Dose-response
studies may reveal additional differences related to exposure. Another was that the female
mice used were not nulliparous, though they had all given birth at least 6 wk prior to
assessments of immune cellularity and immune function. It is possible their immune system
was altered by prior pregnancy. The female immune system post-pregnancy compared to
that of non-pregnant females is not well-characterized. Some studies suggest changes to
immune cell populations and function that occur during pregnancy revert to pre-pregnancy
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states during the post-partum period (Lima et al. 2016; Brann et al. 2019). One study
investigating the impact of pregnancy on the immune system in allergic asthma, found that
many of the changes to regulatory T- and B-cell subsets observed during pregnancy reverted
to non-pregnant levels within 6 wk after delivery (Martins et al. 2017). Based on those
reports, it is unlikely prior pregnancy affected the results of the present study in a substantive
manner.

Another potential limitation is that a strain and dose of 1AV that causes mild infection

was intentionally used (Lawrence et al. 2000, 2006; Boule et al. 2014). This approach

was chosen to ensure host survival, so that T-cell responses to infection, which reach

their peak 8-10 days after infection (Boule et al. 2014), could be examined. Assessment
using strains of IAV with a higher pathogenicity, as well as other types of pathogens, will
further characterize how T-cells are impacted by exposure to this mixture. Also, while the
present study chose to focus on T-cells, there are many other types of immune cells that
play important roles during disease, and these cell types could also have been affected by
exposure to the complex mixture. Studies of the effects from individual components of this
23-chemical mixture have yielded diverse impacts on a variety of immune cells (Kawabata
and White 1990; Zabrodskii et al. 2002; Yoshida et al. 2009). This then implies that the
effects of the mixture exposure may include other immune cell populations as well as the
T-cell subsets investigated here.

Conclusions

This study broadly and comprehensively examined the immune effects of direct exposure
to a mixture of 23 chemicals that have been associated with water contaminated by

UOG operations. The study employed three categories of disease models, i.e., infection,
autoimmune, and allergic. The primary finding was that exposure to the mixture altered

the immune system, but the consequences in male and female mice were not the same.

The alterations observed in the exposed mice ranged from subtle (such as differences in
number/percentage of cells) to more robust (such as increase in disease severity). Overall,
these findings indicate that direct exposure to mixtures of chemicals in drinking water can
alter the immune system in adult mammals in a manner that subsequently contributes to the
potential onset/increase in severity of a range of diseases.
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Figure 1. Effects of exposure to 23-chemical mixture on CD8* T-cells and morbidity after viral
infection.

Starting at 6 wk-of-age, C57BI/6 mice were placed on drinking water containing an
equimass mixture of 23 chemicals (Table 1) or vehicle. The final concentration of each
chemical in the water was 0.1 pg/ml; control water contained 0.2% ethanol. Mice were
maintained on these regimens for at least 8 wk prior to infection. After 8 weeks of exposure,
10 female and 10 male mice from each exposure group were infected intranasally (IN) with
IAV (H3N2). Mice were maintained on their respective water treatment regimens throughout
infection. (A,C) Mean change in body weight of (A) female and (C) male mice following
infection. (B,D-H) CD8" T-cells were examined 9 days post-infection in female mice, and

8 days after infection male mice, using flow cytometry. Mean number of CD8* T-cells in
mediastinal lymph nodes (MLN) of infected (B) female and (D) male mice. Mean number
of cytotoxic T-lymphocytes (CTL; CD8*CD44NCD62L° cells) in IAV-infected (E) female
and (G) male mice from each group. Mean number of IAV NP-specific CD8* T-cells
(DPNP3g6_375"CD8* T-cells) in infected (F) female and (H) male mice. *Significantly
different compared to same-sex control mice (p < 0.05; Student’s #test). Data presented as
means + SEM. Numerical values that correspond to graphs, as well as p-values for each
comparison, are listed in Tables S2 and S3.
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Figure 2. Consequences of mixture exposure on CD4" T-cells during viral infection.
Starting at 6 wk-of-age, C57BI/6 mice were placed on drinking water containing a mixture

of 23 chemicals or containing vehicle control, and 10 female and 10 male mice from each
exposure group were infected with 1AV at least 8 wk later (see Figure 1). CD4" T-cell
responses were measured 9 days and 8 days after infection in, respectively, the female and
male mice. Cell suspensions of MLN cells were prepared and stained for flow cytometry.
CD4" T-cells were defined as CD3*CD4*; CD4* T-cell subsets were further defined using
the following markers: TBet* (Ty1 cells), RORyt* (Ty17 cells), PD1TCXCR5™ (T, cells),
and Foxp3"CD25" (Tyeq cells). Bar graphs shows numbers of (A,F) CD4* T, (B,G) Th1,
(C,H) TH17 (C,H), (D,I) Treg, and (E,J) Ty cells in, respectively, infected female and male
mice. *Significantly different compared to same sex control mice (p < 0.05; Student’s £test).
Data presented as means = SEM. Numerical values that correspond to graphs as well as
p-values for each comparison are listed in Tables S2 and S3.
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Figure 3. EAE disease symptom onset and severity.
Following 8 wk of exposure to chemical mixture or vehicle control, 10 female and 10 male

mice from each exposure group were immunized with CFA/MOGg35_s5 emulsion. Disease
progression was monitored and scored every other day for 42 days. Average disease score

for each treatment group over time was determined in (A) female, and (D) male mice.
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Graphs also depict the day of disease onset (disease score = 1) in (B) female, (E) male, and
the average day of onset in (C) female and (F) male mice. Disease scores were 0 = normal
mouse, 1 = limp tail, 2 = limp tail and hind limb weakness, 3 = partial hind limb paralysis,

4 = complete hind limp paralysis, 5 = moribund. *Significantly different compared to control
mice (p < 0.05; ANOVA). Data presented as means + SEM.
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Figure 4. CD4+ T-cell subsets in EAE disease.
Following 8 wk of exposure to the mixture of 23 chemicals or water containing the vehicle

control, 10 female and 10 male mice in each exposure group were immunized with CFA/
MOG3s_55 emulsion to induce EAE (see Figure 3). All mice were euthanized 42 days

after immunization, and cervical lymph nodes then obtained. (A,C,E,G) Mean number and
(B,D,F,H) percentage of Tyl (TBet*CD4*CD3" cells) and Ty17 (RORyt*CD4*CD3") cells
based on flow cytometry. (I,L) Mean number of Teq cells (Foxp3*CD25* CD4* CD3") in
(1) female and (L) male mice. (J,M) Mean Teg:TH1 ratios in (J) female and (M) male mice.
(K,N) Mean Tyeq:TH17 ratios in (K) female and (N) male mice. *Significantly different
compared to control mice (p < 0.05; Student’s #test). Data presented as means + SEM.
Numerical values that corre-spond to graphs as well as p-values for each comparison are
listed in Tables S4 and S5.
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Figure 5. Effects of exposure to chemical mixture on immune response in allergic airway disease
model.
Following 10 wk of exposure to to the mixture or vehicle control, 10 female and 8 male

mice in each exposure group were sensitized and challenged with HDM. To assess CD4*
T-cell subsets in their MLN, mice were euthanized 10 days after HDM administration.

MLN of female mice: mean (A,G) number, (B,H) percentage, and (C,1) ratios of indicated
CD4™* T-cell types based on flow cytometry. MLN of male mice: mean (D,J) number,

(E,K) percentage, and (F,L) ratios of indicated CD4* T-cell types. Airway leukocytes

were examined via bronchoalveolar lavage (BAL); mean percentage neutrophil, lymphocyte,
macrophage, and eosinophil in BAL from (M) female and (N) male mice. *Significantly
different compared to control mice (p < 0.05; Student’s ~test). Data presented as means +
SEM. Numerical values that correspond to graphs as well as p-values for each comparison
are listed in Tables S6 and S7.
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The 23 chemicals present in equimass proportions in the drinking water.

Table 1.

Chemical CAS No Catalog number
1,2,4-trimethylbenzene 95-63-6 47324
2-ethylhexanol 104-76-7 04050-250ML
Acrylamide 79-06-1 A9099-25G
Benzene 71-43-2 270709-100ML
Bronopol 52-51-7 32053-250MG
Cumene 98-82-8 36698-1G
Diethanolamine 111-42-2 31589-500G
Diethylene glycol methyl ether | 111-77-3 579548-1L
Dimethylformamide 68-12-2 227056-100ML
Ethoxylated nonylphenol 9016-45-9 | 74385-1L
Ethoxylated octylphenol 9002-93-1 | T8787-100ML
Ethylbenzene 100-41-4 296848-100ML
Ethylene glycol 107-21-1 324558-100ML
Ethylene glycol butyl ether 111-76-2 256366-1L
Methyl-isothiazolin 2682-20-4 | 73569-1G
Naphthalene 91-20-3 PHR1275-1G
Phenol 108-95-2 PHR1047-1G
Propylene glycol 57-55-6 P4347-500ML
Sodium tetraborate decahydrate | 1303-96-4 | S9640-25G
Styrene 100-42-5 45993-250MG
Toluene 108-88-3 244511-100ML
Triethylene glycol 112-27-6 95126-100ML
Xylenes 1330-20-7 | 214736-1L

All chemicals are at final concentration of 0.1 w/ml. All chemicals purchased from Sigma
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