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Abstract

Trichloroethene (TCE), a widely used industrial solvent, is associated with the development of
autoimmune diseases (ADs), including systemic lupus erythematosus and autoimmune hepatitis.
Increasing evidence support a linkage between altered gut microbiome composition and the onset
of ADs. However, it is not clear how gut microbiome contributes to TCE-mediated autoimmunity,
and initial triggers for microbiome-host interactions leading to systemic autoimmune responses
remain unknown. To achieve this, female MRL+/+ mice were treated with 0.5 mg/ml TCE for 52
weeks and fecal samples were subjected to 16S rRNA sequencing to determine the microbiome
composition. TCE exposure resulted in distinct bacterial community revealed by p-diversity
analysis. Notably, we observed reduction in Lactobacillaceae, Rikenellaceae and
Bifidobacteriaceae families, and enrichment of Akkermansiaceae and Lachnospiraceae families
after TCE exposure. We also observed significantly increased colonic oxidative stress and
inflammatory markers (CD14 and IL-1p), and decreased tight junction proteins (ZO-2, occludin
and claudin-3). These changes were associated with increases in serum antinuclear and anti-
smooth muscle antibodies and cytokines (IL-6 and IL-12), together with increased PD1+CD4+ T
cells in TCE-exposed spleen and liver tissues. Importantly, fecal microbiota transplantation (FMT)
using feces from TCE-treated mice to antibiotics-treated mice induced increased anti-dsDNA
antibodies and hepatic CD4+ T cell infiltration in the recipient mice. Our studies thus delineate
how imbalance in gut microbiome and mucosal redox status together with gut inflammatory

"Corresponding author at.: Professor, Department of Pathology, University of Texas Medical Branch, 2.319 Mary Moody Northen,
Galveston, TX 77555-0438, mfkhan@utmb.edu.

Credit Author Statement

HW designed, conducted the study, and participated in manuscript writing.

NB, YL, GW conducted part of the study.

KLH performed the 16S rRNA sequencing and participated in manuscript writing.

MFK designed the study and participated in manuscript writing.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final form. Please note that during the production process errors may be discovered
which could affect the content, and all legal disclaimers that apply to the journal pertain.

Declaration of interests
The authors declare that they have no known competing financial interests or personal relationships that could have appeared to
influence the work reported in this paper.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wang et al.

Page 2

response and permeability changes could be the key factors in contributing to TCE-mediated ADs.
Furthermore, FMT studies provide a solid support to a causal role of microbiome in TCE-
mediated autoimmunity.
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Introduction

Autoimmune diseases (ADs) are chronic inflammatory diseases primarily mediated by
autoreactive lymphocytes and circulating autoantibodies (Floreani ef a/., 2018; Doycheva et
al., 2019). The etiology of ADs remains largely unclear but a number of factors, including
genetic predisposition, hormonal and environmental exposures, can potentially contribute to
disease progression (Cho and Gregersen, 2011). Trichloroethene (TCE), an organic solvent
which is widely used as a cleaning and degreasing agent, is a ubiquitous environmental
pollutant. TCE exposure via inhalation, ingestion or dermal contact results in of immune
dysregulation in humans (Anagnostopoulos et al., 2004; lavicoli et a/., 2005; Kamijima et
al., 2008). An estimated 3.5 million people are occupationally exposed to TCE, and more
importantly, an estimated 14 million Americans are exposed to it via contaminated water
(ATSDR, 2011). TCE exposure via drinking water in our established mouse model (MRL
+/+) has been shown to result in increased oxidative stress (OS), impaired Kupffer cell
function, hepatic inflammation/ inflammasome activation, glomerulonephritis and
autoantibody production leading to autoimmune hepatitis (AIH) and systemic lupus
erythematosus (SLE) (Khan et al., 1995; Cai et al., 2008; Wang et al., 2012b; Wang et al.,
2019). A recent study showed that an early life TCE exposure is also associated with altered
gut microbiome (Khare et al., 2019). However, whether TCE-induced gut microbiome
dysbiosis is a causal factor or an outcome of the ADs remains unknown, and necessitates a
clear understanding of how crosstalk between gut microbiota and host immune system
promotes TCE-mediated systemic autoimmune responses.

Recent studies provide evidence that ADs are associated with an altered gut microbiome
composition and impaired barrier function (Lin et al., 2015; Cai et al., 2017). AD patients
with active disease have imbalances (dysbiosis) in the distribution/diversity of bacterial taxa
in their intestinal microbiome with lower bacterial diversity and altered relative abundances
(Hevia et al., 2014; DeGruttola et al., 2016; Luo et al., 2018). Increases in Ruminococcus
gnavus of Lachnospiraceae family, and higher levels of fecal secretory IgA and calprotectin
levels are reported in SLE patients (Azzouz et al., 2019). Also, enrichment in \&illonella
genus correlated with AIH disease activity (Wei et al., 2020). Furthermore, impaired
intestinal integrity as a result of decreased expression of tight junction proteins can lead to
elevated plasma endotoxin lipopolysaccharide (LPS) levels, and chronic systemic microbial
translocation can contribute to pathogenesis of SLE/AIH (Lin et al.,, 2015; Manfredo Vieira
et al., 2018; Khan and Wang, 2019; Albillos et al., 2020). Even through, impaired gut
epithelial integrity and barrier function are considered important predisposing factors to a
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number of inflammatory diseases, it is not known if TCE exposure also predisposes the host
through a similar mechanism, resulting in autoimmune responses.

Increased activation of autoimmune effector T cells or inhibition of regulatory T cells are
contributing factors in ADs (Skapenko et a/., 2005). Our previous studies have shown that
TCE exposure is associated with increased OS and substantial inflammatory T and B cell
activation (Wang et al., 2008; Wang et al., 2019). Programmed cell death protein 1 (PD-1),
an immune checkpoint, is mainly expressed by activated T and B cells, which infiltrate in
tissues and contribute to AD progression (Liang et al., 2003; Salama et al., 2003). Intestinal
microbiome can function as a trigger for autoreactive T and B cell responses that drive
autoimmune responses in target organs (Lee and Kim, 2017; Ruff ef a/., 2019). Microbiome-
derived short chain fatty acids (SCFAs) exhibit protective role in ADs through expansion of
regulatory T cells (Zeng and Chi, 2015). Gut microbiome dyshiosis-mediated inflammation
can also contribute to autoimmune responses by increasing membrane permeability and gut
barrier dysfunction (Yu, 2018; Zhang et a/., 2020). Although previous studies have shown
that changes in gut microbiome and related intestinal modifications are possibly associated
with ADs, there is a significant knowledge gap on the role of gut microbiome, especially
chemical-host interactions and underlying mechanisms leading to ADs.

This study was primarily focused on determining whether the gut microbiome contributes to
TCE-mediated SLE/AIH, and establishing a causal link between gut microbiome dysbiosis
and autoimmune responses. To achieve these objectives, we first characterized the gut
microbiome composition in female MRL+/+ mice after TCE treatment, and also analyzed
various lymphocyte populations and autoantibodies, which are typical characteristics of
SLE/AIH disease. Mechanistically, we evaluated intestinal OS, tight junction proteins (signs
of leaky gut) and inflammatory markers to establish whether TCE induced microbiome
dysbiosis can alter intestinal barrier function and mucosal immune responses, which could
potentially promote systemic aberrant autoimmune response. Furthermore, fecal microbiota
transplantation (FMT) from TCE-treated donor mice to antibiotic-treated recipient mice was
performed to establish casual role of gut microbiome in TCE-mediated autoimmunity. This
study thus identified changes in gut microbiome and unraveled potential mechanisms
(intestinal integrity and mucosal immunity) that could contribute to systemic inflammatory
immune disorders (SLE and AlH) following TCE exposure. Furthermore, FMT studies
provide a firm support to a causal role of microbiome in TCE-mediated autoimmunity.

Animals and TCE treatment

Five-week old female MRL+/+ (Murphy Roths Large, MRL/MpJ; stock No: 000486) mice
were purchased from the Jackson Laboratory (Bar Harbor, ME) and maintained under
specific pathogen-free facility and acclimatized for one week prior to any treatment. All
experiments were performed in accordance with protocols approved by the Institutional
Animal Care and Use Committee of the University of Texas Medical Branch. Mice,
randomly divided into groups of 8 each, were given TCE (Sigma, St. Louis, MO) at 0.5
mg/ml in drinking water ad /ibitum for 52 weeks. The MRL+/+ mouse spontaneously
develops autoantibodies after several months and SLE late in the second year of life, which
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makes it an ideal model to study the effects of TCE in exacerbating ADs (Andrews et al.,
1978; Khan et al., 1995; Gilbert et al., 1999). Female mice were chosen for these studies due
to higher prevalence of ADs in females and also based on existing studies using this animal
model, especially with TCE exposure (Andrews et al., 1978; Khan et al., 1995; Gilbert et al.,
1999). Also, the choice of TCE dose (0.5 mg/ml) was based on earlier published studies, and
this dose is lower than current 8-hour Permissible Exposure Limit [established by the
Occupational Safety and Health Administration (OSHA)] for TCE of 100 ppm or
approximately 76 mg/kg/day (Cai et al., 2008; Wang et al., 2012b; Gilbert et al., 2014). To
circumvent the low water solubility of TCE, 1% Alkamuls EL-620, an emulsifier (Rhodia
Chemicals, Cranbury, NJ), was used which has no adverse effects on mice or disease
outcome. Control mice received drinking water containing 1% emulsifier only. After 52
weeks of TCE treatment, all the animals were euthanized. Major organs and feces were
collected, and then stored at =80 °C for further analysis. Sera obtained from blood samples
were stored in small aliquots at =80 °C until further analysis.

Fecal microbiota transplantation (FMT) studies

Four-week-old MRL-Ipr mice were obtained from Jackson Laboratory. These mice can
develop rapid and aggressive SLE disease, with autoantibody generation as early as 6 weeks
and glomerulonephritis around 16 weeks (Chu et al., 1993). Mice were treated with broad-
spectrum antibiotics cocktail (0.5 g/l vancomycin, 1.0 g/l ampicillin, 1.0 g/l metronidazole
and 1.0 g/l neomycin) via drinking water for 4 days followed by 3 days of water only to
clear up the antibiotics from the system (Mu et al., 2017). Mice were then orally fed (3
times/week) with fecal materials from 52-week control (CON) or TCE-treated MRL+/+
mice for two weeks. Feces (200 mg) collected from both control and TCE-treated mice were
dissolved in 1 ml sterile PBS, centrifuged, and 200 pl supernatants were orally fed to the
recipient MRL-Ipr mice, essentially as described earlier (Mu et al., 2019). One week
following the microbiome inoculation, mice were sacrificed, blood and organs collected, and
the autoimmune parameters were assessed. Feces were collected for microbiome
composition analysis.

Microbiome analysis (16S rRNA sequencing)

Taking fecal samples form control and TCE-exposed mice, DNA isolation and 16S rRNA
sequencing were performed at the Alkek Center for Metagenomics and Microbiome
Research at Baylor College of Medicine. Briefly, total bacterial genomic DNA was extracted
using the MagAttract PowerSoil Kit (Qiagen, Redwood City, CA). The 16Sv4 region was
amplified by PCR and sequenced on the MiSeq platform (Illumina, San Diego, CA) using a
2x250 bp paired-end protocol, yielding paired-end reads that overlap almost completely.
Agile Toolkit for Incisive Microbial Analyses (ATIMA) was used to analyze microbiome
data, which is a stand-alone tool for analyzing and visualizing trends in taxa abundance,
alpha diversity, and beta diversity as they relate to sample metadata (Quast et a/., 2013).
Quantitative PCR was performed to further verify certain bacterial changes.

Enzyme-linked immunosorbent assays (ELISAs) and Bio-Plex assay

Serum autoantibodies were determined by using mouse-specific ELISA Kits for antinuclear
antibodies (ANA), anti-dsDNA antibodies (Alpha Diagnostic Int’l, San Antonio, TX) and

Toxicol Appl Pharmacol. Author manuscript; available in PMC 2022 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wang et al.

Page 5

anti-smooth muscle antibodies (ASMA) (Cusabio LLC, Houston, TX), respectively. Serum
lipocalin-2 levels were measured by mouse lipocalin-2/NGAL quantikine ELISA kit (R&D
Systems, Minneapolis, MN), according to the manufacturer’s instructions. MDA-protein
adducts in the liver and colon tissues were analyzed according to our earlier published
methods (Wang et al., 2008; Wang et al., 2012a; Wang et al., 2012b). Serum cytokines were
determined using Cytokine 17-Plex Mouse ProcartaPlex Panel (Invitrogen, Carlsbad, CA) by
following the manufacturer’s instructions.

Isolation of lymphocytes from spleen and liver tissues

Intrahepatic lymphocytes were isolated following our earlier published method (Wang et af.,
2019). Briefly, the liver was perfused with PBS, minced and digested with RPMI-1640
containing 0.05% collagenase IV (Roche, Indianapolis, IN) at 37 °C for 30 min. Cell
suspensions were passed through 70-um cell strainers, followed by a enrichment
centrifugation (400g for 30 min) over a 30/70% discontinuous Percoll density gradient
(Sigma) at room temperature. The cells were then collected from the interphase, washed,
and resuspended in complete RPMI-1640 containing 10% FBS. The spleens were gently
mashed in RPMI-1640 medium through a cell strainer. Red blood cells were removed by
using Red Cell Lysis buffer (Sigma). Cells were harvested by centrifugation and
resuspended in complete RPMI-1640 containing 10% FBS.

Flow cytometry

For surface staining, cells were first incubated with FcryR blocker (CD16/32), followed by
fluorochrome-labeled antibodies (Abs). For intracellular staining, cells were stimulated by
phorbol myristate acetate (50 ng/ml) and ionomycin (750 ng/ml) for 5 hrs. After incubation,
cells were stained for surface markers first, then fixed by using Foxp3/transcription factor
staining set followed by intracellular staining. The specific antibodies and their
corresponding isotype controls were purchased from Biolegend (San Diego, CA) and
eBioscience (Waltham, MA). The following Abs were used in combinations: PE-Cy7 anti-
mouse CD3, Pacific Blue anti-mouse CD4, APC-Cy7 anti-mouse CD8, APC anti-mouse
CD11b, APC-Cy7 anti-mouse CD11c, AF700 anti-mouse CD19, Percp-cy5.5 anti-mouse
CD45R/B220, FITC anti-mouse CD279 (PD-1) and PEAF610 anti-mouse IFN-y Abs (BD
Pharmingen, San Jose, CA). Flow cytometric analysis were done using an LSRII Fortessa
(Becton Dickinson, San Jose, CA), and the data analyzed by using FlowJo software 10.0
(TreeStar, Ashland, OR).

Quantitative reverse transcriptase PCR (QRT-PCR) analysis

RNA was extracted from colon tissues using Trizol reagent (Sigma) followed by treatment
with Qiagen DNase | (Qiagen, Hilden, Germany). cDNA was prepared using iScript reverse
transcription supermix (Bio-Rad, Hercules, CA). gPCR was performed using universal
SYBR green supermix kit (Bio-Rad) on a Bio-Rad CFX96 real time PCR machine. The
MRNA expression of selected genes related to inflammation was determined. Mouse
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as the housekeeping gene.
The primer sequences for the genes analyzed were according to our previous publication
(Wang et al., 2019).
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Western blot analysis

Total colon tissues were homogenized in T-PER lysis buffer containing 1% protease
inhibitor cocktail (Sigma) and protein concentration was determined by Pierce™ BCA
Protein Assay Kit (Thermo Fisher Scientific, Waltham, MA). Western blot analysis was
done for tight junction proteins. Ten g protein per lane was loaded onto 4-20% Trisglycine
gel (Thermo Fisher Scientific) and transferred to PVDF membrane. The membrane was
blotted with primary antibodies at 4°C overnight. Antibody detection was accomplished
using horseradish peroxidase conjugated secondary antibodies and visualized with ECL. The
signal intensity was quantified with Image Studio Lite Ver 5.2 (LI-COR).

Statistical analysis

Results:

Statistical analysis was performed using GraphPad Prism software 7.0 (GraphPad, La Jolla,
CA). Data are shown as mean + SEM and were analyzed using the two-tailed Student’s #test
when comparison was made between two groups. One-way analysis of variance (ANOVA)
followed by Tukey-Kramer test was used for multiple group comparisons. The p values
<0.05 were considered to be statistically significant. *p < 0.05; **p < 0.01. For microbiome
data processed via ATIMA website, statistical tests used are Kruskall-Wallis and Mann-
Whitney for alpha diversity and taxa abundance, and the PERMANOVA test for beta
diversity.

Long-term TCE exposure induces autoimmune response in MRL +/+ mice

To demonstrate that TCE exposure induces autoimmune responses and to relate these
responses with changes in microbiome, female MRL +/+ mice were treated with TCE via
drinking water for 52 weeks. TCE treatment led to significant increases in ANA and ASMA,
indicating that chronic low-dose TCE exposure exacerbates the autoimmune disease
activities (Figure 1A-B). In addition, TCE exposure led to systemic inflammatory response,
evidenced by increased serum levels of IL-6 and IL-12 (Figure 1C). The increases in ANA
are consistent with our earlier findings showing that long-term TCE exposure can induce
SLE-like disease in MRL+/+ mice (Wang et al., 2012b). The observed increases in ASMA
along with ANA also suggest the onset of AIH disease in these mice after TCE exposure.

Splenic and hepatic immune responses after TCE exposure

To determine the contribution of immune cells in TCE-mediated SLE/AIH, various cell
populations from spleen and liver were analyzed. TCE exposure resulted in significantly
increased CD4+ T cells (Figure 2A) and a reducing trend for macrophages (CD11b+F4/80+)
(Suppl. Figure 1) in the spleen. Although hepatic CD4+ T cells did not show any significant
change after TCE exposure, reduced percentage of macrophages and dendritic cells were
observed (Suppl. Figure 1). Furthermore, hepatic infiltrating CD4+ T cells from TCE-treated
mice produced more INF-y than those of controls (Figure 2E). Interestingly, we also
observed significantly increased PD-1 expression in CD4+ T cells in the spleen and liver
after TCE exposure (Figure 2C,F). Overall, our data show that TCE-mediated autoimmunity
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is associated with immune cell dysregulations, especially hepatic CD4+ T cell activation and
reduced macrophages and dendritic cells.

TCE exposure alters gut microbiome composition in MRL +/+ mice

Changes in gut microbiome composition (dysbiosis) can play a pivotal role in triggering an
autoimmune response in susceptible individuals (Belkaid and Hand, 2014; Khan and Wang,
2019). To determine the potential of TCE in causing microbiome dysbiosis, fecal samples
from TCE-treated and control mice were collected at 52 weeks and subjected to 16S rRNA
sequencing. The a-diversity of bacterial communities was evaluated according to observed
OTUs and Shannon’s diversity index. No significant change was observed in a-diversity of
gut microbiome after TCE exposure (Figure 3A). As revealed by p-diversity analysis, TCE
exposure resulted in distinct bacterial community clustering (Figure 3B). Notably,
differences were observed for both unweighted and weighted measures, indicating that TCE
treatment impacted not only the type of bacteria present but also the distribution of shared
bacteria (Figure 3B). We subsequently identified significant TCE-induced changes at
different taxonomical levels, including 6 bacterial families and 8 bacterial genera.
Specifically, we observed reductions in the relative abundance of bacterial families
Erysiopelotrichaceae and Lactobacillaceae under Firmicutes phylum and bacterial families
Marinifilaceae and Rikenellaceae under Bacteroidetes phylum in TCE-treated animals as
compared to controls (Figure 3C,D). In addition, significantly reduced Bifidobacteriaceae
and Erysipelotrichaceae were observed in TCE-treated group (Figure 3D). At the lower
taxonomic level, TCE exposure led to consistent decreasing trend in the genera
Lactobacillus and Bifidobacterium (Figure 3E), which are established probiotics known to
promote induction of Treg cells, and their reduced levels could thus promote ADs(Mu et a/.,
2017). TCE exposure, on the other hand, also showed enrichment of Akkermansia and
Oscillibacter (Figure 3E). Other reductions at the genus level included 7uricibacterand
Faecalibaculum under Firmicutes phylum, and Alistipes and Odoribacter under
Bacteroidetes phylum (Figure 3E). We further verified the enrichment of Akkermansiaby
RT-PCR with primers specific for Akkermansia muciniphila following TCE exposure.
Consistently, TCE exposure induced significantly increased fecal Akkermansia muciniphila
(Figure 3F). In addition, we also observed decreasing trend for Faecalibacterium prausnitzii
after TCE exposure (Figure 3F). Our data thus show that TCE exposure causes significant
alterations in the gut microbiome and suggest an association of gut dysbiosis with SLE
disease pathogenesis.

TCE exposure led to intestinal oxidative stress and barrier dysfunction

Our earlier studies have established that TCE exposure causes OS which contributes to TCE-
mediated autoimmunity (Khan et a/., 2001; Wang et al., 2008; Wang et al., 2012b; Wang et
al., 2015; Wang et al., 2019). However, contribution of OS and its impact on intestinal
barrier function are not known, which prompted us to evaluate the effect of TCE exposure
on colonic OS and subsequent impact on intestinal permeability. TCE exposure led to
significantly increased MDA-protein adducts, a conjugated form of lipid peroxidation
product MDA with proteins and also a measure of OS (Khan et a/., 2001; Wang et al., 2008;
Wang et al., 2015), in the colon of TCE-treated mice (Figure 4A). To test whether TCE
exposure alters gut barrier function-related proteins, we determined tight junction proteins
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(claudinl, claudin2, claudin3, ZO1, ZO2 and occludin). Among the tight junction proteins,
the colon protein levels of ZO-2, occludin and claudin-3 were significantly decreased
following TCE exposure (Figure 4B—C). More importantly, the decreases in tight junction
proteins were associated with an increasing pattern for serum LPS in TCE-treated mice (data
not shown). Our studies thus suggest that TCE-induced microbiome changes could
potentially influence the host redox status and gut integrity, and suggest the importance of
the gut microbiome in extra-intestinal immunomodulatory responses.

TCE exposure regulated intestinal inflammation

To determine if TCE-induced microbiome changes and their interaction with host result in
intestinal inflammatory responses, we examined the inflammation markers (CD14, TNF-a,
IL1-B, mucin-1, mucin-2 and lipocalin-2). The mRNA level of colonic CD14, a
transmembrane co-receptor for TLRs, was significantly increased in TCE-exposed mice
(Figure 4D). Moreover, TCE exposure showed an increasing trend for IL-1p and reduction
in mucinl at mRNA levels (Figure 4D). The serum lipocalin-2 and IgA levels, indicators of
intestinal inflammation, also showed increasing trend following TCE exposure (Figure 4E—
F). These data reveal that the gut microbiome host interactions can affect the intestinal and
systemic immune responses.

Fecal microbiota transplantation from TCE-treated MRL+/+ mice generates autoimmune
response in antibiotic-treated young MRL-Ipr mice

To directly examine the potential contribution of TCE-mediated gut dysbiosis in SLE/AIH
pathogenesis, FMT studies were conducted to assess if microbiome from TCE-exposed
MRL +/+ mice could exacerbate the disease outcome in very young MRL-Ipr mice (Figure
5A). FMT studies using fecal microbiome from TCE-treated mice (positive for SLE
markers) and control mice to antibiotic-treated MRL-Ipr mice were thus performed followed
by evaluation of induction of inflammatory and autoimmune responses in the recipient mice.
Feces from donor mice and recipient mice before or after FMT were subjected to 16S rRNA
sequencing to monitor microbiome compositional changes. Generally, a.- and B-diversity
analysis revealed that microbiome compositions were significantly abated following
antibiotics treatment in W0-CF and WO-TF mice (WO0: before FMT), and recovered after
FMT in W3-CF and W3-TF mice (W3: 3 weeks after FMT) (Figure 5B,C). Distinct
microbiome compositions were further evaluated at the family level, which showed an
increasing trend in Bacteroidaceae while a decreasing trend in Bifidobacteriaceae,
Lactobacillaceae and Rikenellaceae (statistically not significant) in W3-TF groups compared
to W3-CF(Figure 5D) — a pattern similar to microbiome of donor mice.

Remarkably, oral feeding of antibiotic-pretreated MRL-Ipr mice with fecal microbiota from
TCE-treated mice resulted in significantly increased serum levels of anti-dsDNA
autoantibodies (a prominent SLE disease marker) in TF mice, compared to CF group (Figure
6A). ANA levels also showed a similar increasing trend (Figure 6B). Interestingly, mice
transplanted with microbiome from TCE-treated mice had increased total hepatic
lymphocytes and CD4+ T cells than animals colonized with microbiome from controls, but
no difference in the liver weight was noted (Figure 6C-D; Suppl. Figure 2A, E). Spleen was
enlarged in TF group, however no significant changes were observed in the spleen
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lymphocyte or CD4+ T cells between TF and CF groups (Suppl. Figure 2B-E). Our data
thus strongly support a causative role of microbiome in TCE-mediated autoimmunity.

Discussion

Increasing evidence suggest that alterations in the microbiome composition are critical
players in numerous immune-mediated diseases in humans (Belkaid and Hand, 2014; Zheng
et al., 2020). In fact, microbiome dysbiosis has also been associated with the pathogenesis of
various ADs (Lin et al., 2015; De Luca and Shoenfeld, 2019; Zhang et al., 2020). However,
efforts to establish a causal relationship between chemical-mediated microbiome dysbiosis
and ADs, especially linking the microbes to SLE/AIH, are lacking. TCE exposure at an early
developmental stage was shown to result in intestinal microbial dysbiosis (Blossom et al.,
2020). However, there is no evidence to support the association of gut microbiota with
SLE/AIH and their role in the pathogenesis of such ADs. Here, we report that chronic low
dose TCE exposure causes aberrant gut microbiome, modulates intestinal redox potential,
epithelial integrity and results in an inflammatory response. Furthermore, these changes
were associated with significantly increased autoantibodies, representative of SLE/AIH.
More importantly, microbiota transplantation using feces from TCE-exposed mice increased
hepatic inflammation and systemic autoantibodies in recipient mice, further supporting a
causal role of microbiome in such ADs.

Recent studies provide evidence to support that environmental chemicals can indeed affect
the composition of gut microbiome and interferes with their metabolic activity, leading to
dysbiosis of gut microbiome (Lu et al., 2015; Zhang et al., 2020), and contribute to intestinal
and systemic inflammatory diseases (Bailey et a/., 2020). To understand the impact of TCE
in the modulation of gut microbiome and its casual effects in the pathogenesis of ADs, mice
were exposed to 0.5 mg/ml TCE in drinking water for 52 weeks. The choice of TCE dose
and the duration of exposure were based on findings that TCE exacerbates the development
of both SLE (Cai et al., 2008; Wang et al., 2012b) and AIH (Gilbert et al., 1999; Wang et al.,
2019) within this exposure period in MRL+/+ mice. It is clearly evident from our data that
TCE exposure alters gut microbiome composition, particularly decreased relative abundance
of Lactobacillus and Bifidobacterium, which have been implicated in the pathogenesis of
multiple ADs (de Oliveira et al.,, 2017). Our findings are in agreement with and supported by
the recent publication of Khare et al. (Khare et a/., 2019) showing that gestational TCE
exposure alters the gut microbiome with decreasing Bacteroides and Lactobacillus
abundance. These findings are thus consistent with reported reductions in Lactobacillaceae
and an increase of Lachnospiraceaein SLE patients (De Luca and Shoenfeld, 2019) and also
in MRL-Ipr mice with severe lupus symptoms (Zhang et al., 2014). Moreover, the observed
TCE-induced decreasing trend for Faecalibacterium prausnitzii, which is predominant in the
human microbiome, may contribute to increased intestinal inflammation (Miquel et a/.,
2013). Interestingly, Akkermansia muciniphila, which is associated with various metabolic
disorders and ADs, especially multiple sclerosis (Berer et al., 2017; Cekanaviciute et al.,
2018), was significantly increased in TCE-exposed mice. Akkermansia muciniphila, a
mucin-degrading bacterium under the phylum Verrucomicrobia, was also significantly
higher in mice exposed to ambient ultrafine particles (Li ef al., 2017). A recent study has
demonstrated that Akkermansia muciniphila can accelerate epithelial wound healing via
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intestinal ROS generation (Alam et a/., 2016), suggesting that TCE-mediated enrichment of
Akkermansia muciniphila may promote ROS production. Another important finding related
to TCE exposure is enrichment in Oscillibacter under Firmicutes phylum, which is
associated with increased gut permeability (Lam et al., 2012). Thus, our findings of aberrant
microbiome profile following TCE exposure in MRL+/+ mice suggest a link and potential
role of gut microbiome dysbiosis with inflammatory and autoimmune responses.

Another significant finding of this study was increased colonic OS as evident from higher
levels of MDA-protein adducts, a marker of OS (Wang et al., 2012b), in TCE-treated mice.
Levels of MDA-protein adducts are known to correlate with SLE-related autoantibodies and
SLE disease activity in humans (Wang et a/., 2010), and have also been shown to promote
inflammatory cytokine production (1L17 and IL-21) in splenic cells form TCE-exposed mice
(Wang et al., 2008), and thus could contribute to the pathogenesis of lupus. Studies depicting
host-microbe interactions reveal that microorganisms can induce ROS generation from
epithelium. In fact, certain intestinal epithelial cells can rapidly generate ROS in response to
microbial signals, and supplementation of probiotics can indeed modulate gut redox status to
restore homeostasis (Kumar et al., 2007); (Peterson et al., 2015). Furthermore, intestinal
ROS is critical in enhancement of gut permeability through oxidative damage to epithelium
(Aviello and Knaus, 2017; Bourgonje et al., 2020). OS can also alter tight junction proteins,
thereby enhancing intestinal dysfunction (Rao, 2008). Tight junctions are intercellular
junctions critical for intestinal integrity, and damage to tight junctions is accompanied by a
leaky intestinal barrier, bacterial translocation and inflammation (Lee, 2015; Chelakkot et
al., 2018). Z0-1, claudin-1 and occludin play pivotal roles in maintaining the integrity of
tight junction between cells and the normal function of epithelial cell barriers. Mucinl, one
of the transmembrane mucins, acts as a protective barrier underlying the epithelium
(Grondin et al., 2020). 1t is clear from our results that TCE exposure leads to significant
reductions in these tight junction proteins and decreasing mucinl at mMRNA level, and thus
suggest a barrier dysfunction leading to increased permeability following TCE exposure.
Impaired gut barrier function and microbial translocation are observed in AD patients and
lupus-prone mice (Manfredo Vieira et al., 2018; Ruff et al., 2020). It is thus apparent that
TCE-induced gut permeability might be the potential mechanism for hepatic or renal
inflammation and eventually systemic autoimmune responses.

Oxidative stress is also an essential factor in the induction of host inflammation
(Bhattacharyya et al., 2014; Mittal et al., 2014). Our previous studies have provided
evidence that TCE exposure promotes oxidative responses and modulates redox-sensitive
transcriptional factor NRF2 and microbial recognition receptor TLR4 in the spleen,
contributing to autoimmunity (Banerjee et al., 2020; Wang et al., 2020). Here, our data show
that TCE exposure induced transmembrane co-receptor CD14 and led to an increased trend
for IL-1p in the colon tissues. In fact, higher levels of soluble CD14 are shown to correlate
with SLE disease activity, also suggesting the involvement of free circulating LPS in SLE
pathogenesis (Nockher et al., 1994). Excessive ROS generation, through microbial contact,
can enhance IL-1p secretion via NLRP3 inflammasome activation (Bauer et a/., 2010), and
intestinal inflammation can enhance epithelial permeability (Ahmad et a/., 2017).
Subsequently, we compared systemic cytokine production and found that TCE also induced
serum IL-6 and 1L-12 levels, suggesting that the microbiome dysbiosis is a major
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determinant of TCE-mediated inflammatory responses. Our data thus provide evidence that
TCE-mediated microbiome modifications can reshape the intestinal microenvironmental
physiology and reveal that host-microbe interactions can promote intestinal and
extraintestinal inflammation.

One of our most significant findings of this study was the demonstration that the
transplantation of fecal microbiota from TCE-exposed mice with evident disease to
antibiotic-treated mice induced relevant SLE/AIH phenotypes compared to those with FMT
from control mice. Notably, we discovered that FMT of TCE-exposed feces led to increased
autoantibodies and hepatic immune cell activation. These studies are thus critical first steps
towards establishing a firm role of gut dysbiosis in the pathogenesis of chemical-mediated
ADs, and warrant detailed characterization of microbiome during the disease initiation and
progression. Extensive studies are needed to clarify the causal groups of bacterial involved
in the pathogenesis of ADs.

In summary, the current study highlights the contribution of environmental chemical TCE-
microbiome-host interactions in the development of autoimmunity and establishes a causal
link between TCE-induced fecal microbiome dyshiosis and autoimmune disease
manifestations. Mechanistically, our data provides evidence that TCE exposure induces
microbiome dysbiosis along with excessive OS, impairing gut barrier integrity and
inflammation, ultimately leading to ADs in autoimmune-prone mice. Our results not only
provide insight into the molecular mechanisms of host-microbe interactions, but also reveal
that manipulation of microbial compositions could be an effective therapeutic approach for
ADs.
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Highlights

. TCE alters gut microbiome composition and mucosal inflammation in MRL
+/+ mice.

. TCE-induced microbiome dysbiosis is linked to altered gut redox status and
integrity.

. TCE-mediated autoimmunity is associated with hepatic immune cell
dysregulations.

. Fecal microbiota transplantation from TCE-treated mice generates

autoimmune response.
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Figure 1.

Chronic TCE exposure leads to autoimmune and inflammatory responses in MRL+/+ mice.
Mice were exposed to 0.5 mg/ml TCE for 52 weeks. The autoantibodies and cytokines were
measured to monitor autoimmune disease activities. Serum levels of ANA levels (A), ASMA
levels (B) and pro-inflammatory IL-6 and IL-12 levels (C). Results are mean + SEM. n=5
*p<0.05.
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Figure 2.

Splenic and hepatic T cell infiltration in CON and TCE-exposed MRL+/+ mice.
Lymphocytes were harvested from the spleen and liver, then characterized for T cells.
Quantification of flow cytometry analysis for CD4+ and CD8+ T cells (A), IFN-y+ CD4+ T
cells (B), PD1+ CD4+ T cells (C) in the spleen. Flow cytometry analysis for CD4+ and
CD8+ T cells (D), IFN-y+ CD4+ T cells (E), PD1+ CD4+ T cells (F) in intrahepatic
lymphocytes. Results are mean £ SEM. n=5 *p<0.05; **p<0.01.
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TCE exposure altered gut microbiome composition. Fecal pellets from CON and TCE-
treated MRL+/+ mice were collected; bacterial DNA was isolated and subjected to 16s

rDNA sequencing to evaluate the composition of microbiome. A. a-diversity of gut

microbiota in each group. B. Distinct microbiome patterns revealed as p-diversity in each
group. C. Average relative abundances of taxa at the phylum level. D. Relative abundance at
taxonomic level of family. E. Relative abundance of major genera in fecal samples from
CON and TCE-treated mice. F. Quantitative PCR analysis of the fecal samples from CON
and TCE groups for Akkermansia muciniphilaand Faecalibacterium prausnitzii. Results are

mean = SEM. CON: n=4; TCE: n=5 # p<0.1; *p<0.05; **p<0.01.
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TCE exposure induced colonic oxidative stress, barrier dysfunction and inflammation. A.
MDA-protein adducts in the colon of CON and TCE exposed mice at 52 weeks. B.

Representative pictures for tight junction proteins in the colon. C.

quantification of the signal

intensity of tight junction proteins. D. Quantitative PCR analysis of inflammation related
genes in the colon after TCE exposure. E. Serum Lipocalin-2 level. F. Fecal IgA levels.

Results are mean + SEM. n=5 # p<0.1; *p<0.05.
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Figure 5.

Fecal microbiota transplantation from CON and TCE-treated mice in microbiome-depleted
young MRL-Ipr mice. A. Study design of fecal transplantation from CON and TCE-exposed
mice to MRL-Ipr mice, designated as CF and TF. B. a-diversity of gut microbiota in donor
(CON; TCE) and recipient mice before (WO0-CF; WO-TF) and after FMT (W3-CF; W3-TF).
C. p-diversity of gut microbiome in donor and recipient mice after FMT. D. Average relative
abundances of taxa at the family level in donor and recipient mice after FMT. Results are
mean = SEM. CF: n=4; TF: n=5 *p<0.05.

Toxicol Appl Pharmacol. Author manuscript; available in PMC 2022 August 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Wang et al. Page 22

O

A. 600 x p=0.045 B. 401 # p=0.099 C. 154
—_

35

o
)
i
=
L
L

104

25+

w
(=
e

o

N
h
[ J

20

Anti-dsDNA (kU/ml)
»
8
-m
Anti-nuclear antibodies (kU/ml)
8
| 4 I "
:
* }—\—‘
L ]
Liver lymphcyte count (X1 05)
T
°
®
Absol. no. of CD4+ T cells
(x10)
o
' .

o
o

200 ; ; 15 , y
CF F CF TF CF TF CF T

Figure 6.
Effect of FMT from CON and TCE-treated mice in microbiome-depleted young MRL-Ipr

mice. Serum levels of anti-dsDNA (A) and ANA (B), total lymphocyte counts (C) and CD4+
T cell number (D) in the liver of recipient mice (CF and TF). Results are mean £ SEM. n=7
# p<0.1; *p<0.05.
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