Chapter 2
Trichloroethylene and Autoimmunity
in Human and Animal Models

Kathleen M. Gilbert

Abstract Based on likelihood of exposure and potential health impact
trichloroethylene (TCE) is consistently ranked 16th out of 275 chemicals on the
annual CERCLA (Comprehensive Environmental Response, Compensation, and
Liability Act) list of hazardous substances. Although environmental contact with
TCE in the water, air or soil, is generally thought to be risk-free, there is evidence
that chronic exposure to TCE at levels too low to be overtly toxic can generate
autoimmune diseases including lupus, scleroderma, and autoimmune liver disease.
This chapter examines human exposure data. It also discusses the mechanistic
information that has been provided by animal studies, and identifies some important
gaps in our understanding. Since human exposure to TCE will continue for the
foreseeable future, we need to understand and prevent the autoimmune-promoting
effects of this toxicant.
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2.1 Introduction to Autoimmune Disease

The immune system is supposed to be restricted to recognizing and attacking
foreign antigens such as disease-causing micro-organisms. If the immune system
instead attacks self-antigens chronic incurable disorders characterized as autoim-
mune diseases occur. There are over 80 different autoimmune diseases, and at least
one for every organ system in the body. The NIH estimates up to 23.5 million
Americans have at least one type of autoimmune disease. In comparison, cancer
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affects up to 9 million and heart disease up to 22 million. The most prevalent of the
more than 80 autoimmune diseases identified include Type 1 diabetes, rheumatoid
arthritis, multiple sclerosis, systemic lupus erythematosus, Sjogren’s Syndrome,
and the several types of autoimmune thyroid disease. Most of these diseases are
found much more often (3—10 fold) in women. Some autoimmune diseases are life-
threatening; all are debilitating and require lifelong medical care.

There is much we do not know about autoimmune disease. We have been most
successful at identifying the type of immune pathology (e.g. autoantibody vs T cell-
mediated) associated with a particular autoimmune disease, and sometimes charac-
terizing the specific autoantigens targeted. This information has been used to
classify autoimmune diseases as type II, III or IV hypersensitivity reactions.
However, this is only somewhat useful, since many autoimmune diseases involve
more than one type of immune pathology. Even if we can document the type of
immune pathology associated with a particular autoimmune disease, we don’t know
what initiates this pathology. Studies involving identical twins have provided some
useful hints in this regard. Even though autoimmune diseases as a group affect
between 5 and 8 % of the population in the US, the incidence for any one autoim-
mune disease is relatively rare. Thus, the fact that the concordance rate for develop-
ing a particular autoimmune disease in identical twins is much higher than the
general population demonstrates the involvement of genetic susceptibility (He et al.
2001). On the other hand, the finding that the concordance rate is not 100 %, and is
indeed usually much less than 50 % for any autoimmune disease, demonstrates that
environmental factors also contribute to disease etiology. The environmental contri-
bution to autoimmune disease is a relatively vague and wide-ranging concept that
has come to include lifestyle (e.g. diet) and history of bacterial and/or viral infec-
tion. It also includes exposure to environmental chemicals which impact the immune
system. One such chemical, trichloroethylene (TCE), will be examined here for its
contribution to autoimmune disease. The current state of knowledge will be out-
lined as will the information gaps that need to be filled.

2.2 TCE and Autoimmunity/Hypersensitivity in Humans

As noted by a National Research Council report evidence on human health hazards
from TCE exposure, either occupational or environmental, has strengthened in
recent years (Committee on Human Health Risks of Trichloroethylne 2006). One of
the predominant non-cancer outcomes associated with TCE exposure in humans is
immunotoxicity, most notably the development of hypersensitivity responses.
Although not all types of TCE-induced hypersensitivity has been classified as auto-
immune, at least some of the hypersensitivity responses induced by TCE clearly
mimic idiopathic autoimmune diseases.

The links between autoimmune disease and TCE were originally described in
humans exposed to the chemical at work. Going back to the 1970s numerous case
reports have correlated sometimes fatal systemic or localized sclerosis or diffuse
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fasciitis with industrial TCE exposure (Czirjak et al. 1994; Flindt-Hansen and Isager
1987; Karamfilov et al. 2003; Lockey et al. 1997; Pralong et al. 2009; Saihan et al.
1978; Waller et al. 1994). Systemic sclerosis, also known as scleroderma, is an
autoimmune disease of normally unknown etiology. The autoimmune response tar-
gets connective tissue of the skin, internal organs and the walls of blood vessels. It
is characterized by alterations of the microvasculature and by massive deposition of
collagen and other matrix substances in the connective tissue. At least three case
control studies of men or women with scleroderma identified TCE exposure in
occupational or hobby settings as a likely risk factor (Diot et al. 2002; Garabrant
et al. 2003; Nietert et al. 1998). Possible mechanisms by which TCE triggers sclero-
derma are not known.

Scleroderma is not the only autoimmune disease associated with TCE exposure.
A cohort study of people living near a TCE-contaminated Superfund Site in New
York demonstrated an increased prevalence of the autoimmune disease primary bili-
ary cirrhosis (Ala et al. 2006). In another study TCE-exposed individuals from
metal industries were shown to have increased urine levels of N-acetyl-beta-D-
glucosaminidase, a marker of autoimmune lupus nephritis (Brogren et al. 1986).
Case reports from around the world have also linked chronic occupational TCE
exposure to sometimes fatal non-viral hepatitis that is worsened by rechallenge
(Anagnostopoulos et al. 2004; Joron et al. 1955; McCunney 1988; Pantucharoensri
et al. 2004; Schattner and Malnick 1990). Although the rechallenge exacerbation of
this TCE-induced hepatitis suggests an immune component, this aspect of the dis-
ease was not tested.

There are several studies which have linked TCE exposure to the generation of
autoantibodies, biomarkers of an autoimmune response if not actual autoimmune
disease. Between 1964 and 1979 domestic water supplies in East Woburn, MA,
were unknowingly contaminated with industrial solvents, with TCE as the main
volatile organic found (267 ppb). Five years after the wells were closed individuals
from East Woburn demonstrated increased numbers of total T cells (both CD4* and
CD8) and increased incidence of anti-nuclear antibodies compared to controls
(Byers et al. 1988). A cohort study of individuals exposed to TCE in contaminated
well water in Arizona demonstrated significantly increased levels of anti-nuclear
antibodies and increased ARA (American Rheumatism Association) scores for
lupus (Kilburn and Washaw 1992). A recent serological proteome analysis showed
that sera from patients with active TCE-induced hypersensitivity, unlike control
sera, contained antibodies specific for several ontologically diverse self antigens
including NM23 (nucleoside disphosphate kinase), and lactate dehydrogenase B
(Liu et al. 2009). Interestingly, although TCE appeared to increase the levels of
specific autoantibodies, it has also been shown to decrease serum levels of total IgG
and IgM (Zhang et al. 2013). The mechanism by which TCE exposure activates
specific antibodies or alters total immunoglobulin, and their functional significance,
remains to be determined.

Even if overt autoimmune pathology was not revealed (in many cases not exam-
ined) other epidemiological studies have demonstrated TCE-induced immunotoxic-
ity. Data collected from subjects who had worked at least 3 years in the in the
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printing industry showed that levels of TCE in the breathing zone and levels of a
TCE metabolite in urine correlated with increased serum levels of T cell-derived
cytokines IL-2 and IFN-y and decreased levels of IL-4 (Iavicoli et al. 2005). TCE
has also been shown to induce a hypersensitivity disorder that targets the skin and
liver (Bond 1996; Xu et al. 2009a). The number of patients suffering from occupa-
tional TCE-related severe skin disorders has been increasing in areas where TCE is
still widely used as a solvent, including the Philippines, Taiwan, Singapore, and the
Guangdong Province, China. The clinical manifestations are different from irritat-
ing contact dermatitis caused by TCE defatting action. Instead, the subjects experi-
ence a relatively long period of exposure before disease onset, rash, fever,
lymphadenopathy, liver dysfunction and recurrence after just minimal re-exposure
(Nakajima et al. 2003). The TCE-induced dermatitis is considered to be a T cell-
mediated type IV hypersensitivity disease. Although the pathology appears to be
immune mediated, it is not clear whether the immune response is directed toward
self. More information about this type of TCE-induced hypersensitivity will be pro-
vided in Chap. 3.

2.3 Xenobiotics and Autoimmunity in Animal Models

Defining toxicant exposure as a risk factor for a particular type of human disease,
autoimmune or otherwise, is difficult. Many times people do not realize they have
been in contact with a particular chemical such as TCE, and there are often few if
any biomarkers of exposure. In addition, since people are never exposed to a single
chemical how do you accurately assess the contribution of a single toxicant? These
challenges make it difficult to define a direct cause and effect relationship between
toxicant exposure and autoimmune disease. This has led to the popularity of animal
models in which toxicant exposure can be controlled and monitored. Several animal
models have been used to test the immunotoxicity of environmental chemicals.
When testing chemicals such as TCE that are thought to inappropriately stimulate
rather than suppress the immune system animal models with a genetic susceptibility
to hypersensitivity are often selected. This is designed to mimic the similar ill-
defined predisposition thought to be important for human idiopathic disease, and to
increase the likelihood that toxicant-induced hypersensitivity can be detected.

There are several well-characterized mouse strains that are genetically predis-
posed to develop autoimmune disease. In some cases the diseases occur spontane-
ously, and in some cases they need to be triggered by administration of antigen or
mitogen. Of the mouse models that develop disease spontaneously the most widely
studied include NOD mice (type 1 diabetes), BXD1/TyJ (rheumatoid arthritis) and
MRL/lpr, NZBWF1/J and BXSB/MplJ mice (lupus). Several of these models have
been used to test the role of xenobiotics in autoimmune disease etiology. A recent
excellent review describes the different animal models, and discusses environmen-
tal agents that have been shown to trigger or exacerbate autoimmune disease in
these models (Germolec et al. 2012).
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2.4 TCE-Induced Autoimmunity in Mice

2.4.1 Disease Characterization

In terms of TCE, its capacity to promote autoimmunity has been studied most
extensively in the model consisting MRL+/+ mice. MRL+/+ mice are related to
MRL/lpr mice which have a defect in Fas expression and spontaneously develop
lupus within 3—4 months of age. Due to the rapidity of disease development in
MRL/lpr mice, it can be difficult to test whether exposure to a toxicant exacerbates
the response. In contrast to MRL/Ipr mice, the genetically-similar but not identical
MRLA+/+ mice have normal Fas expression and spontaneously develop a relatively
mild lupus-like disease late in life (50 % mortality at 17 months). MRL+/+ mice can
also spontaneously develop other autoimmune disorders such as Sjogren’s syn-
drome and T cell-infiltrating pancreatitis (Qu et al. 2002; Skarstein et al. 1997). The
basis for the autoimmune predisposition in MRL+/+ mice is not known. Before they
reach 1 year of age most female MRL+/+ mice do not exhibit autoimmune tissue
pathology and indications of autoimmunity are minor. Thus, young adult female
MRLA+/+ mice, with their propensity for autoimmunity but absence of overt disease,
make a good model to test whether TCE can boost autoimmunity.

In our initial study we expected TCE to accelerate the development of lupus in
young adult female MRL+/+ mice. Instead, adding TCE at concentrations lower
than sanctioned occupational exposure to drinking water at for 26 or 23 weeks
generated a T cell-mediated liver disease commensurate with human idiopathic
AIH (Griffin et al. 2000c). The TCE-induced AIH in the MRL+/+ mice was associ-
ated with several alterations in CD4* T cells, an immune subset that play a large
role in driving autoimmune disease. One such alteration included decreased sensi-
tivity to activation-induced apoptosis (Gilbert et al. 2006). Activation-induced
apoptosis is supposed to keep CD4* T cells in check and thus help prevent autoim-
mune disease. This process occurs when autoreactive CD4* T cells repeatedly stim-
ulated with self antigen co-express death receptors such as Fas as well as the ligand
for the death receptor (e.g. FasL). Cross-linking of death receptors on the surface
of susceptible T cells promotes the release of active caspase-8 thereby initiating
apoptosis (Crispe 1994; Kischkel et al. 1995). Activation-induced cell death is
widely believed to help the host protect itself against repeated stimulation and
expansion of autoreactive CD4* T cells (Green et al. 2003; Marrack and Kappler
2004; Van Parijs et al. 1998).

Supporting the important protective effects of activation-induced apoptosis is the
fact that defects in this process has been linked to the development of several idio-
pathic autoimmune diseases such as systemic lupus erythematosus, multiple sclero-
sis, and rheumatoid arthritis in both humans and mice (Bona et al. 2003; Kovacs
et al. 1996; Semra et al. 2002; Sneller et al. 1997; Szodoray et al. 2003; Waiczies
et al. 2002). On the other hand, therapies that facilitate Fas-mediated T-cell apopto-
sis can ameliorate autoimmune disease (Hong et al. 1998; Nishimura-Morita et al.
1997; Zhou et al. 1999). Events such as TCE exposure that inhibit this protective
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mechanism could thus promote autoimmunity by promoting the expansion of
autoreactive CD4* T cells. Perhaps because of its ability to decrease susceptibility
to apoptosis TCE exposure in MRL+/+ mice also increased expansion of an
activated/memory population (CD62L" and/or CD44") of CD4* T cells that
produced more of the pro-inflammatory cytokine IFN-y (Griffin et al. 2000c).
Compared to naive CD4* T cells activated/memory CD4* T cells have been shown
to have a more robust effector function and cytokine production. Thus, work in our
laboratory showed that chronic exposure of female MRL+/+ mice to TCE in drink-
ing water induced T cell-mediated autoimmune hepatitis in association with several
alterations in CD4+ T cells that align with increased autoreactivity.

Other laboratories have also studied the effects of TCE on autoimmune disease
in the MRL+/+ mouse model. A series of important studies conducted by research-
ers at the University of Texas at Galveston showed that long term exposure to TCE
(0.5 mg/ml) in drinking water increased production of lupus-associated autoanti-
bodies as well as promoting the generation of autoimmune hepatitis (Cai et al. 2008;
Khan et al. 1995). The autoantibodies induced by TCE encompassed nuclear pro-
teins as well as lipid peroxidation products (Khan et al. 2001; Wang et al. 2007).
More about these TCE-induced antibodies will be described in Chap. 4.

2.4.2 Need for Metabolism

The toxicity of many chemicals requires their metabolism. TCE can be metabolized
by a glutathione-dependent pathway in the kidney. However, in both mice and
humans the majority of TCE absorbed into the circulation is metabolized by an
oxidative pathway in the liver (Lipscomb et al. 1996). In this pathway cytochrome
P450s (CYPs) rapidly converts TCE to trichloroacetaldehyde (TCAA; also known
as chloral), which in solution is in equilibrium with trichloroacetaldehyde hydrate
(TCAH ;also known as chloral hydrate) (Fig. 2.1). Once formed, TCAA and TCAH
are converted to trichloroacetic acid (TCA), or trichloroethanol (TCOH) which is
excreted as the alcohol glucuronide [see review(Lash et al. 2000)]. This later path-
way is regulated by alcohol dehydrogenase that works to convert TCOH back to
aldehyde. Thus, the level of TCAH depends on the activity of several metabolizing
enzymes, all of which display considerable genetic variation in both humans and
mice. For example, MRL+/+ mice have much higher levels of alcohol dehydroge-
nase than C3H/Hel mice (Teichert-Kuliszewska et al. 1988), and may therefore be
expected to have an increased steady-state level of TCAH if exposed to the
chemical.

It appears that many of the CD4* T cell modulating effects of TCE are in fact
induced by its metabolite TCAH. It was shown that immune dysfunction induced by
TCE in MRL+/+ mice could be blocked by suppressing the activity of CYP2EI
(Griffin et al. 2000a). Similarly, MRL+/+ mice exposed to TCAH instead of TCE in
their drinking water developed the same alterations in CD4* T cells as mice exposed
to the parent compound (Blossom et al. 2007b). In humans, TCE-induced
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Fig. 2.1 Metabolism of trichloroethylene

hypersensitivity dermatitis has been linked to single nucleotide polymorphisms of
TCE metabolizing enzymes CYP2E1 and CYP1A1 (Xu et al. 2009b). CYP2E1 was
also shown to be the main enzyme involved in TCE-induced hepatoxicity in mice
(Ramdhan et al. 2008). Taken together, it seems likely that similar to many of its
other toxic effects TCE-induced immunotoxicity requires its metabolism.

2.4.3 Mechanisms of Immune Alteration

How TCE, seemingly via TCAH, alters CD4* T cell function is not clear. However,
the structure of TCAH may provide a clue. As an aldehyde TCAH has the capacity
to form a chemical reaction known as Schiff base, a transient covalent bond between
nucleophiles on proteins (e.g. amino group on lysine) and electrophilic carbonyl
carbons of aldehydes. As it turns out, Schiff base formation is the foundation for
some of the stimulatory interactions that normally occur between specific molecules
on the CD4* T cell surface and associated ligands on the surface of accessory cells
such as dendritic cells or endothelial cells (Chen et al. 1997). These interactions
between CD4* T cell and accessory cells are crucial for many aspects of CD4* T cell
activation and effector function. The role of Schiff base formation in these interac-
tions means that certain small Schiff-base-forming compounds may be able to
bypass the need for ligand-bearing accessory cells and co-stimulate CD4* T cells
directly. One such compound, tucaresol, is being clinically tested as a drug capable
of stimulating T cells to combat neoplasia and opportunistic infection (Charo et al.
2004; Rhodes et al. 1995). The ultimate effect of Schiff base formation on CD4* T
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Fig. 2.2 Possible mechanism of TCE-induced autoimmune hepatitis

cells may depend on the existing baseline immune response; in immunosuppressed
individuals this event may be beneficial, while in individuals with a predisposition
for hypersensitivity, it may be enough to trigger autoimmune disease.

The stimulatory Schiff base-forming compounds identified thus far are alde-
hydes, similar to TCAH. Schiff base formation by TCAH should be a major reac-
tion because of the electron withdrawing of the three chloro groups on the adjacent
carbon. In vitro experiments demonstrated that TCAH could form a functionally-
active Schiff base with molecules on the surface of CD4* T cells (Gilbert et al.
2004). This interaction triggered signaling events in the CD4* T cells similar to
those initiated by interaction with ligand-bearing accessory cells. A better under-
standing of the signaling events triggered in CD4* T cells by this chemical interac-
tion is required. This includes identifying the molecules on the CD4* T cell surface
that are altered by the TCAH-induced Schiff base formation. In addition, the pos-
sibility that these signaling events encompass epigenetic alterations by TCE in
CD4* T cells is being studied, and will be discussed in more detail in Chap. 10.

2.4.4 Liver Events

Although TCE appeared to induce CD4* T cells alterations commensurate with
autoimmunity, it was not clear why the pathology targeted the liver instead of some
other organ in the MRL+/+ mice. Simultaneous events in the liver such as nitrosa-
tive/oxidative stress and/or adduct formation which are induced by TCE may repre-
sent a second requirement for disease pathology that involves protein modification
(Fig. 2.2). It has been proposed that formation of chemically-modified self-proteins
capable of triggering an immune response represents a mechanism by which chemi-
cals could initiate autoimmunity.
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Very early in its metabolism in the liver (prior to TCAH formation) TCE
produces a highly reactive intermediate (TCE-O-CYP) that can form adducts with
nearby proteins. TCE has been shown to form adducts with a number of liver pro-
teins, most predominantly CYP2E1 (Halmes et al. 1997). Some of these adducted
proteins are immunogenic; antibodies specific for TCE-protein adducts have been
found in TCE-treated MRL+/+ mice (Griffin et al. 2000b). We have demonstrated
a time-dependent increase in the repertoire of liver microsomal proteins recog-
nized by antibodies in the sera of TCE-treated MRL+/+ mice as compared to age-
matched untreated MRL+/+ mice. Interestingly, the antibodies in the sera
recognized liver microsomal protein from control mice. This indicated that even if
chemically-altered liver protein was required to initiate the autoimmune response,
the resulting antibody reaction recognized non-modified liver protein. The liver
protein epitopes targeted by the TCE-induced autoantibodies, and the specificity
of the CD4* T cells that promote the autoantibody production remains to be
determined.

TCE-induced nitrosative/oxidative stress may also increase the immunogenicity
of liver proteins. Nitrosative/oxidative stress occurs when the generation of reactive
oxygen species (ROS) and/or reactive nitrogen species (RNS) is not balanced by the
appropriate detoxification by various antioxidant compounds (e.g. glutathione or
vitamin E) and enzymes (e.g. glutathione peroxidase). One important consequence
of nitrosative/oxidative stress is the generation of the superoxide anion which can
interact with another free radical nitric oxide to form the extremely reactive per-
oxynitrite. Peroxynitrite can trigger a variety of cellular responses ranging from
lipid peroxidation, protein tyrosine nitration, DNA damage and cell death. Tissue
damage associated with increased levels of inducible nitric oxide synthase (iNOS)
(an enzyme which produces nitric oxide), and/or the accumulation of nitrotyrosine
residues has been found in a variety of autoimmune diseases in humans, including
autoimmune hepatitis (Pemberton et al. 2004; Sanz-Cameno et al. 2002). Similarly,
both iNOS and nitrotyrosine accumulation in the liver have been found in TCE-
treated mice (Wang et al. 2007). In addition, investigators have shown that sera from
TCE-treated MRL+/+ mice contain antibodies specific for lipid peroxidation-
derived aldehydes such as malondialdehyde (MDA) and 4-hydroxynonenal (HNE)
(Khan et al. 2001). More about these antibodies, and the CD4* T cells that support
their production, will be discussed in Chap. 4.

2.5 Susceptibility Factors for Toxicant-Induced
Autoimmunity

It has not been possible for researchers to define a single causative agent for idio-
pathic autoimmune disease. Even those linked to contact with a particular toxicant
only occur in a fraction of people with the seemingly same level of exposure.
Consequently, etiology is largely suspected of having several contributing factors
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which may be additive or synergistic in nature. Defining these factors, and
estimating their relative contribution to autoimmunity is proving to be a huge
challenge. Some of the susceptibility factors that appear to contribute to
TCE-induced autoimmune disease (Fig. 2.3) are described below.

2.5.1 Genetics

As mentioned above the high concordance rate for identical twins developing the
same autoimmune disease demonstrates the importance of genetic susceptibility in
human idiopathic autoimmune disease (Jarvinen and Aho 1994; Tomer and Davies
1997). If one assumes that some idiopathic autoimmunity is actually triggered by
undetected chemical exposure this implies that genetics also plays a role in toxicant-
induced autoimmune disease and other forms of hypersensitivity. Genetic predispo-
sition has also been found in certain hypersensitivity disorders such as asthma,
atopic eczema, drug hypersensitivity and food allergies that represent a response to
exogenous irritants (Dreskin 2006; Pirmohamed 2006; Mohrenschlager et al. 2006;
Meurer et al. 2006). The mechanism for this increased sensitivity is not known.
Aside from MRL+/+ mice, other strains of mice [i.e. (NZBXxNZW)F1, and
female BXSB] with ill-defined genetic patterns that make them “autoimmune-
prone”, have been used to test the disease-promoting capacity of xenobiotics. The
insecticide chlordecone was shown to accelerate the development of lupus in
(NZBxNZW)F1 mice, but had no effect in non-autoimmune-prone BALB/c mice
(Sobel et al. 2006). Similarly, exposure to low doses of mercuric chloride has been
shown to promote autoimmunity in female BXSB mice, but not in MHC-compatible
non-autoimmune-prone C57BL/6 mice (Pollard et al. 2001). Thus, a propensity
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for autoimmunity appears to be a requirement for at least some types of
xenobiotic-induced autoimmunity in mice.

The need for genetic susceptibility in TCE-induced autoimmunity in mice is still
being debated. Keil et al. reported that chronic exposure to TCE in drinking water
slightly increased renal pathology in non-autoimmune-prone B6C3F1 mice but not
autoimmune-prone NZBWF1 mice (Keil et al. 2009). Similarly, TCE was shown to
increase serum levels of lupus-related autoantibodies (i.e. anti-ds and anti-ss DNA)
at only early time points in NZBWF1 mice, but at multiple time points in B6C3F1
mice. However, the levels of autoantibodies and renal pathology at every time point
were higher in the untreated NZBWF1 mice than in the TCE-treated B6C3F1 mice.
Since the levels of lupus-associated autoantibodies increase spontaneously in most
lupus-prone strains of mice as they age, a high baseline response may mask a
TCE-induced effect on this type of autoantibodies. Regardless of the effect of TCE
in the NZBWF1 mice, the immunotoxicity of the pollutant could be observed in
non-autoimmune-prone mice.

Although we have not examined the effects of TCE itself in non-autoimmune-
prone mice we have examined whether its metabolite TCAH required a genetic
predisposition to be effective. Chronic exposure to TCAH induced autoimmunity
and CD4* T cell alterations in female MRL+/+ mice, but had much more modest
effects when added to the drinking water of non-autoimmune-prone but genetically-
related female C3H/HeJ mice (Blossom et al. 2007a). This result would suggest that
at least in terms of some parameters, an autoimmune-predisposition increased sus-
ceptibility to TCE immunotoxicity.

In order to better define a possible autoimmune-predisposition to TCE we per-
formed a transciptomic analysis comparing unstimulated splenic CD4* T cells from
untreated female age-matched MRL+/+ and C3H/HeJ mice. Table 2.1 provides a
list of some of the most robustly altered functionally significant genes flagged in the
transcriptomic analysis, and confirmed by qRT-PCR. Also included in Table 2.1 are
gRT-PCR results for genes examined as specificity controls for the flagged genes, or
because they that had been identified through other assays. The expression levels of
some genes were not surprising; a mutation in 77r/ is a hallmark of C3H/HelJ mice.
Not as predictable, CD4* T cells from female MRL+/+ mice expressed higher con-
stitutive levels of Stra6, which acts as a high-affinity cell-surface receptor for the
complex comprised of retinol (main metabolite of Vitamin A) and retinol-binding
protein. Stra6 removes retinol from the complex and transports it across the cell
membrane where it has been shown to promote CD4* T cell differentiation and
recruitment to inflammatory sites (Pino-Lagos et al. 2011). CD4* T cells from the
MRLA+/+ mice also expressed higher baseline levels of Spp1, a gene that encodes for
pro-inflammatory cytokine osteopontin (OPN). Interestingly, quantitative trait loci
(QTL) analysis conducted by others revealed that the locus for susceptibility to
lupus nephritis in MRL mice corresponded to the OPN gene, and that allelic poly-
morphism of OPN caused the functional differences in antibody production between
MRL and C3H strains (Miyazaki et al. 2005).

Also flagged by the transcriptomic analysis was the differential expression of a
member of the tumor necrosis factor receptor superfamily (Tnfrsf). The CD4* T
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Table 2.1 Differential gene expression in T cells from MRL+/+ and C3H/HeJ mice

Transcriptomics

fold change qRT-PCR fold
Gene ID Gene name Gene description (p-value) change + SD
Splenic CD4* T cells
NM_030682 Tirl Toll-like receptor 1 11.221 (0.0001)
NM_009291  Stra6 Stimulated by retinoic acid 9.0145 (0.0002) 1.89+0.30
gene 6
NM_009263  Sppl Secreted phosphoprotein 1; 7.6511 (0.0001)  4.18+1.34
osteopontin
NM_011838 Lynxl Ly6/neurotoxin 1 5.2374 (0.0001) 13.24+6.52
NM_013599 Mmp9 Matrix metallopeptidase 9 4.6446 (0.0007)  5.34%0.51
NM_007399 ADAMI10 A disintegrin and metallopro- 1.14+0.26
teinase domain-containing
protein 10
NM_178589  Tnfrsf21 Tumor necrosis factor 0.3198 (0.0001)  0.32+0.10
receptor superfamily,
member 21
NM_013869  Tnfrsf19 Tumor necrosis factor 16.406 (0.0001) 10.88+5.70
receptor superfamily,
member 19
NM_178931  Tnfrsfl4 Tumor necrosis factor 1.79+0.88
receptor superfamily,
member 14
Lap Intracisternal A particle 0.04+0.02
Y12713 Muery Murine endogenous retrovirus 1.1+£0.18
NM_010066 Dnmtl DNA methyltransferase 1 1.05+0.26
NM_007872 Dnmt3a DNA methyltransferase 3 0.83+0.35
alpha
Thymocytes
NM_013869  TnfrsfI9r  Tumor necrosis factor 3.24+0.52
receptor superfamily,
member 19
NM_054039  Foxp3 Forkhead box P3 1.85+0.44
NM_009646 Aire Autoimmune regulator 1.51+0.26

All shaded results were statistically different from results obtained from control CD4+ T cells or
thymocytes

cells from MRL+/+ mice expressed comparatively lower levels of Tnfrsf21, a gene
that encodes for a protein known as death receptor 6 (DR6). Interestingly, a decrease
in DR6 in CD4* T cells has been shown to enhance proliferation and production of
IL-2 (Liu et al. 2001), effects which may enhance expansion and effector function
of autoreactive CD4* T cells. Tnfrsf14 was not differentially expressed in CD4* T
cells from MRL+/+ and C3H/HeJ mice. On the other hand, Tafrsf19 was highly
increased (>10 fold) in CD4* T cells from MRL+/+ mice. The protein encoded by
Tnfrsf19 is highly expressed during embryonic development, but in adults is primar-
ily expressed in pulmonary and ductal epithelium, but can be detected in lympho-
cytes. The functional significance of its increased expression in the CD4* T cells
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from MRL+/+ mice is not known. However, the cell-inappropriate expression of
Tnfrsfl9 suggests some kind of epigenetic mechanism.

Several epigenetic mechanisms have been shown to regulate CD4* T cell activity
and autoimmune pathology in MRL/Ipr mice (Pan et al. 2010; Sawalha and Jeffries
2007; Yang et al. 2013). Although distinct from the MRL+/+ mice used to test the
effects of TCE, MRL/Ipr are closely related. Consequently, as a preliminary look at
epigenetics in our model we compared expression of the retrotransposon lap (intra-
cisternal A particle) in the CD4* T cells from MRL+/+ mice and C3H/HeJ mice.
Since lap expression is largely dependent on DNA methylation, its expression is
often used as an indirect measurement of this epigenetic process. As shown in
Table 2.1 expression of lap was dramatically suppressed in CD4* T cells from the
MRLA+/+ mice. This finding suggests that epigenetics plays a role in at least some of
the differential gene expression in CD4* T cells from the MRL+/+ and C3H/Hel
mice. The effects of DNA methylation on susceptibility to toxicant-induced autoim-
munity is currently being investigated in and will be described in more detail in
Chap. 10.

Taken together, the results demonstrated that CD4* T cells from MRL+/+ mice
differentially express several genes which may make them more likely to be autore-
active. Defining the relative contribution of these alterations to the autoimmune-
prone phenotype of the MRL+/+ mice, not to mention determining how they impact
the response to TCE exposure, constitutes an important challenge.

2.5.2 Gender

Aside from an ill-defined genetic predisposition autoimmune disease in humans is
also regulated by sex. At least 75 % of people with autoimmune disease are women,
with the male/female ratios varying among disease. For example, type 1 diabetes is
found in both sexes at about the same ratio, while most thyroid autoimmune dis-
eases (e.g. Graves’ disease) occur ten times more often in women. In most mouse
models of spontaneous lupus nephritis females are more susceptible. In the MRL+/+
mouse model both sexes develop lupus, but the disease is more robust in females
which die at about 73 weeks of age compared to males which die at about 93 weeks
of age. There is not much known about the role of sex differences in toxicant-
induced autoimmune disease in humans. This is largely due to the fact that in epide-
miology studies the particular exposure being studied is often gender biased, either
toward men (e.g. occupational exposure to toxicants such as silica) or women (e.g.
exposure to cosmetics). Animal studies have also been conducted primarily using
females except in those few cases in which autoimmunity primarily occurs in males
(e.g. BXSB mice). A recent review highlights what is known about gender differ-
ences in autoimmunity induced by chemical exposure (Pollard 2012).

In terms of TCE, very little is known about sex-specific immunotoxicity. With
regard to adult exposure one meta-analysis of case—control studies concluded
that although scleroderma affected women predominantly, among subjects with
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occupational exposure to solvents (which included TCE) men were at higher risk
for developing the disease (Kettaneh et al. 2007). Developmental exposure to
TCE at 14,000 ppb reportedly decreased all thymic T cell subsets in male but not
female MRL+/+ mice (Peden-Adams et al. 2008). Developmental exposure to
lower levels of TCE has been shown to induce subtle differences in double-neg-
ative lineage thymocytes in male and female MRL+/+ mice (Blossom and Doss
2007). How the sex-specific thymocyte alterations induced by developmental
TCE exposure impact the peripheral immune phenotype during the lifespan of
the mice is not clear. Based on the paucity of information, it is currently impos-
sible to predict whether TCE does in fact induce sex-specific alterations in
immune function. This represents a gap in the knowledge base that needs to be
filled.

2.5.3 Age of Exposure

Most epidemiological studies of immunotoxicity have focused on adult occupa-
tional contact with the particular chemical since it is easier to document and often
involves relatively higher exposure levels. However, the developing immune system
is especially sensitive to environmental perturbation. A recent review compared
early vs adult exposure to several immunosuppressive toxins including lead and
tributyltin in animal models (Luebke et al. 2006). In all cases sensitivity was greater
if exposure occurred during development. In fact, immune suppression in develop-
mentally exposed offspring often occurred at doses that were ineffective in adults.
Developmental sensitivity to toxicants has also been found in humans. For example,
prenatal exposure to polychlorinated biphenyls decreased the immune response to
standard immunizations (Heilmann et al. 2006). Prenatal exposure to polybromi-
nated diphenyl ethers produced a persistent decrease in lymphocyte numbers (Leijs
et al. 2009). Aside from immune suppression, there is increasing evidence that adult
onset autoimmunity can be triggered by pre- and early post-natal toxicant exposure
to environmental factors such as cigarette smoke or organochlorines (Colebatch and
Edwards 2011; Langer et al. 2008).

Developmental exposure to TCE is not uncommon; one study showed that 100 %
of breast milk samples from 4 US urban areas had detectable levels of TCE
(Pellizzari et al. 1982). TCE exposure is also a possible concern for bottle-fed
infants because they ingest more water on a bodyweight basis than adults. Gestational
and early-life TCE exposure has primarily been examined for its neurotoxicity
rather than immunotoxicity (Gist and Burg 1995). However, children continuously
exposed for 3—19 years beginning in utero to a water supply contaminated with
solvents [with TCE being the predominant toxicant (267 ppb)] had altered ratios of
T cell subsets and increased levels of autoantibodies (Byers et al. 1988). Autoimmune
disease was not assessed. Blossom et al. have shown that continuous exposure to
TCE in mice (gestation, lactation and early life) generated CD4" T cell alterations
and early signs of tissue inflammation (Blossom and Doss 2007). More information
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about the effects of developmental exposure to TCE is available in the Chap. 7. The
published experiments concerning developmental effects of TCE on immunotoxic-
ity in MRL+/+ mice to TCE were not extended past 6—8 weeks of age, and although
they detected early signs of liver inflammation, they did not assess actual autoim-
mune disease. The experiments to make such an assessment are currently underway
in our laboratory.

2.5.4 Toxicant Co-exposure

In addition to genetics, gender and age of the immunotoxic response to TCE may
also be influenced by chemical co-exposure. Anyone exposed to TCE, either as an
adult or during development, is also exposed to other chemicals with defined or
potential immunotoxicity. Co-exposure to another immunotoxicant with additive or
synergistic effects may promote autoimmunity at concentrations that would be
harmless for either chemical alone. One such toxicant is mercury.

Human exposure to mercury (#3 CERCLA Priority List of Hazardous sub-
stances) is common due to its existence as a natural element and its anthropogenic
release from industrial use. Blood mercury analyses in the 1999-2000 National
Health and Nutrition Examination Survey for 16-49 year old women showed that
approximately 8 % of women in the survey had blood mercury concentrations
greater than 5.8 pg/L (which is a blood mercury level equivalent to the current RfD).
TCE and mercury are often found together; 44 % of the active Superfund sites on
the National Priorities List contaminated with TCE also list mercury as a contami-
nant. In addition, since both are listed in the top 20 chemicals of the almost 300
chemicals on the CERCLA list based in part on the likelihood of human contact,
co-exposure is probable. Mercury has been implicated as a co-factor in systemic
human autoimmunity, where studies showed that mercury exposure increased levels
of anti-nucleolar antibodies (Cooper et al. 2004; Gardner et al. 2010). The ability of
mercury to promote autoimmunity has been especially well-documented in mice
where it promotes autoantibodies specific for fibrillarin and other nuclear antigens
such as chromatin, and induces immune complex-mediated lupus nephritis (Hultman
et al. 1996; Pollard et al. 2001).

A recent study examined the combined effects of mercury and TCE exposure on
the induction of autoimmune disease in adult female MRL+/+ mice. Mice received
either 0, 0.1 or 2.0 mg/ml TCE in their drinking water for 8 weeks. Some mice were
injected sc twice per week for 8 weeks with 40 pg HgCl,. Exposure to TCE alone at
these concentrations for only 8 weeks was not expected to induce autoimmune hep-
atitis. And indeed the livers of mice exposed to HgCl, or TCE alone exhibited no
significant pathology. However, based on cumulative scores of mononuclear cell
infiltration, fibrosis, and hepatocellular enlargement, liver pathology in mice
exposed to HgCl, and either 0.1 or 2.0 mg/ml TCE was significantly increased from
that of control mice, indicating the early stages of autoimmune hepatitis. In addi-
tion, TCE and heavy metals have been shown by others to have an additive effect on
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antioxidant endpoints (Tabrez and Ahmad 2011), an effect that can promote
immunotoxicity.

Documenting the ability of TCE to augment the activity of other known or
suspected immunotoxicants is needed to accurately evaluate the role of TCE in
promoting seemingly idiopathic autoimmune disease. This however, represents a
large challenge. There seems to be little consensus in how to study mixtures
regardless of the outcome measured. Should we use a labor-intensive and expensive
full-factorial design in a mouse model starting with TCE-containing binary mix-
tures and expanding to include other immunotoxicants? Or, should we study the
murine effects of complex TCE-containing mixtures selected because they include
those found most commonly in ground water or Superfund sites? Alternatively,
should we identify the chemical mixtures to which a particular patient subset (e.g.
children recently diagnosed juvenile autoimmune hepatitis) are most commonly
exposed, and test those mixtures for immunotoxicity in mice? The fact that there are
pros and cons associated with all of these approaches should not preclude selecting
one to further this important area of toxicity assessment.

2.6 Challenges

Both epidemiological studies and work with animal models provide evidence that
TCE exposure contributes to autoimmunity. However, as mentioned in the text
there are several aspects of TCE-induced immunotoxicity that remain to be
explored. Studying the ability of a toxicant such as TCE to promote autoimmune
disease is complicated by the difficulty of determining exposure in humans, and by
the contribution of risk factors such as ill-defined genetic susceptibility, differential
sensitivity based on sex or age, and possible augmentation or antagonism by co-
exposure to other environmental triggers (e.g. additional chemicals, diet, infec-
tions, changes in the microbiome or obesity). Similarly, determining which of the
TCE-induced alterations in CD4* T cells (e.g. susceptibility to apoptosis, expan-
sion of memory/activated populations, and skewing of cytokine production) are
actually required for pathology represents another challenge. Nevertheless, in view
of the increased prevalence of certain autoimmune diseases in humans, and the
widespread nature of TCE exposure, determining the contribution of the later to the
former should remain a priority. Once the mechanism(s) of action have been more
clearly defined it should be possible to circumvent at least some of these processes,
and thereby decrease the likelihood of TCE-induced autoimmunity. For example,
dietary interventions that combat DNA methylation could be used until TCE reme-
diation is more advanced. The changes induced in CD4" T cells by often unde-
tected TCE exposure may make the host more sensitive to a variety of
hypersensitivity/autoimmune responses. Instead of focusing on a few specific syn-
dromes such as scleroderma we should consider the possibility that TCE and other
immunotoxic chemicals contribute to a wide array of idiopathic chronic inflamma-
tory diseases.



2 Trichloroethylene and Autoimmunity in Human and Animal Models 31

References

Ala A, Stanca CM, Bu-Ghanim M, Ahmado I, Branch AD, Schiano TD, Odin JA, Bach N (2006)
Increased prevalence of primary biliary cirrhosis near Superfund toxic waste sites. Hepatology
43(3):525-531

Anagnostopoulos G, Sakorafas GH, Grigoriadis K, Margantinis G, Kostopoulos P, Tsiakos S,
Arvanitidis D (2004) Hepatitis caused by occupational chronic exposure to trichloroethylene.
Acta Gastroenterol Belg 67(4):355-357

Blossom SJ, Doss JC (2007) Trichloroethylene alters central and peripheral immune function in
autoimmune-prone  MRL(+/4+) mice following continuous developmental and early life
exposure. J Immunotoxicol 4(2):129-141

Blossom SJ, Doss JC, Gilbert KM (2007a) Ability of environmental toxicant trichloroethylene to
promote immune pathology is strain-specific. J Immunotoxicol 3:179-187

Blossom SJ, Doss JC, Gilbert KM (2007b) Chronic exposure to a trichloroethylene metabolite in
autoimmune-prone MRL+/+ mice promotes immune modulation and alopecia. Toxicol Sci
95(2):401-411

Bona G, Defranco S, Chiocchetti A, Indelicato M, Biava A, DiFranco D, Dianzani I, Ramenghi U,
Corrias A, Weber G, De Sanctis V, Iughetti L, Radetti G, Dianzani U (2003) Defective function
of Fas in T cells from paediatric patients with autoimmune thyroid diseases. Clin Exp Immunol
133(3):430-437

Bond GR (1996) Hepeatitis, rash and eosinophilia following trichloroethylene exposure: a case
report and speculation on mechanistic similarity to halothane induced hepatitis. J Toxicol Clin
Toxicol 34(4):461-466

Brogren CH, Christensen JM, Rasmussen K (1986) Occupational exposure to chlorinated organic
solvents and its effect on the renal excretion of N-acetyl-beta-D-glucosaminidase. Arch Toxicol
Suppl 9:460-464

Byers VS, Levin AS, Ozonoft DM, Baldwin RW (1988) Association between clinical symptoms
and lymphocyte abnormalities in a population with chronic domestic exposure to industrial
solvent-contaminated domestic water supply and a high incidence of leukemia. Cancer
Immunol Immunother 27:77-82

Cai P, Konig R, Boor PJ, Kondraganti S, Kaphalia BS, Khan MF, Ansari GA (2008) Chronic
exposure to trichloroethene causes early onset of SLE-like disease in female MRL +/+ mice.
Toxicol Appl Pharmacol 228(1):68-75

Charo J, Lindencrona JA, Carlson LM, Hinkula J, Kiessling R (2004) Protective efficacy of a DNA
influenza virus vaccine is markedly increased by the coadministration of a Schiff base-forming
drug. J Virol 78(20):11321-11326

Chen H, Hall S, Heffernan B, Thompson NT, Rogers MVF, Rhodes J (1997) Convergence of Schiff
base costimulatory signaling and TCR signaling at the level of mitogen-activated protein
kinase ERK2. J Immunol 159:2274-2281

Colebatch AN, Edwards CJ (2011) The influence of early life factors on the risk of developing
rheumatoid arthritis. Clin Exp Immunol 163(1):11-16

Committee on Human Health Risks of Trichloroethylne NRC (2006) Assessing the human health
risks of trichloroethylene: key scientific issues. National Research Council, Washington, DC:
The National Academies Press

Cooper GS, Parks CG, Treadwell EL, St Clair EW, Gilkeson GS, Dooley MA (2004) Occupational risk
factors for the development of systemic lupus erythematosus. J Rheumatol 31(10):1928-1933

Crispe IN (1994) Fatal interactions: Fas-induced apoptosis of mature T cells. Immunity
1:347-349

Czirjak L, Pocs E, Szegedi G (1994) Localized scleroderma after exposure to organic solvents.
Dermatology 189(4):399-401

Diot E, Lesire V, Guilmot JL, Metzger MD, Pilore R, Rogier S, Stadler M, Diot P, Lemarie E,
Lasfargues G (2002) Systemic sclerosis and occupational risk factors: a case—control study.
Occup Environ Med 59(8):545-549



32 K.M. Gilbert

Dreskin SC (2006) Genetics of food allergy. Curr Allergy Asthma Rep 6(1):58-64

Flindt-Hansen H, Isager H (1987) Scleroderma after occupational exposure to trichloroethylene
and trichlorethane. Toxicol Lett 95:173-181

Garabrant DH, Lacey JV Jr, Laing TJ, Gillespie BW, Mayes MD, Cooper BC, Schottenfeld D
(2003) Scleroderma and solvent exposure among women. Am J Epidemiol 157(6):493-500

Gardner RM, Nyland JF, Silva IA, Ventura AM, de Souza JM, Silbergeld EK (2010) Mercury
exposure, serum antinuclear/antinucleolar antibodies, and serum cytokine levels in mining
populations in Amazonian Brazil: a cross-sectional study. Environ Res 110(4):345-354

Germolec D, Kono DH, Pfau JC, Pollard KM (2012) Animal models used to examine the role of
the environment in the development of autoimmune disease: findings from an NIEHS Expert
Panel Workshop. J Autoimmun 39(4):285-293

Gilbert KM, Whitlow AB, Pumford NR (2004) Environmental contaminant and disinfection by-
product trichloroacetaldehyde stimulates T cells in vitro. Int Inmunopharmacol 4(1):25-36

Gilbert KM, Pumford NR, Blossom SJ (2006) Environmental contaminant trichloroethylene
promotes autoimmune disease and inhibits T-cell apoptosis in MRL+/+ mice. J Immunotoxicol
3:263-267

Gist GL, Burg JR (1995) Trichloroethylene — a review of the literature from a health effects
perspective. Toxicol Ind Health 11(3):253-307

Green DR, Droin N, Pinkoski M (2003) Activation-induced cell death in T cells. Immunol Rev
193:70-81

Griffin JD, Gilbert KM, Pumford NR (2000a) Inhibition of CYP2EI reverses CD4+ T cell
alterations in trichloroethylene-treated MRL+/+ mice. Toxicol Sci 54:384-389

Griffin JM, Blossom SJ, Jackson SK, Gilbert KM, Pumford NR (2000b) Trichloroethylene
accelerates an autoimmune response in association with Th1 T cell activation in MRL+/+ mice.
Immunopharmacology 46:123-137

Griffin JM, Gilbert KM, Lamps LW, Pumford NR (2000c) CD4+ T cell activation and induction of
autoimmune hepatitis following trichloroethylene treatment in MRL+/+ mice. Toxicol Sci
57:345-352

Halmes NC, Samokyszyn VM, Pumford NR (1997) Covalent binding and inhibition of cyto-
chrome P4502E1 by trichloroethylene. Xenobiotica 27(1):101-110

He XS, Ansari AA, Gershwin ME (2001) Xenobiotic considerations for the development of
autoimmune liver diseases: bad genes and bad luck. Rev Environ Health 16:191-202

Heilmann C, Grandjean P, Weihe P, Nielsen F, Budtz-Jorgensen E (2006) Reduced antibody
responses to vaccinations in children exposed to polychlorinated biphenyls. PLoS Med
3(8):e311

Hong NM, Masuko-Hongo K, Sasakawa H, Kato T, Shirai T, Okumura K, Nishioka K, Kobata T
(1998) Amelioration of lymphoid hyperplasia and hypergammaglobulinemia in lupus-prone
mice (gld) by Fas-ligand gene transfer. J] Autoimmun 11(4):301-307

Hultman P, Turley SJ, Enestrom S, Lindh U, Pollard KM (1996) Murine genotype influences the
specificity, magnitude and persistence of murine mercury-induced autoimmunity. J Autoimmun
9(2):139-149

Tavicoli I, Marinaccio A, Carelli G (2005) Effects of occupational trichloroethylene exposure on
cytokine levels in workers. J Occup Environ Med 47(5):453-457

Jarvinen P, Aho K (1994) Twin studies in rheumatic diseases. Semin Arthritis Rheum
24(1):19-28

Joron GE, Cameron DG, Halpenny GW (1955) Massive necrosis of the liver due to trichlorethyl-
ene. Can Med Assoc J 73(11):890-891

Karamfilov T, Buslau M, Durr C, Weyers W (2003) Pansclerotic porphyria cutanea tarda after
chronic exposure to organic solvents. Hautarzt 54(5):448-452

Keil DE, Peden-Adams MM, Wallace S, Ruiz P, Gilkeson GS (2009) Assessment of trichloroeth-
ylene (TCE) exposure in murine strains genetically-prone and non-prone to develop autoim-
mune disease. J Environ Sci Health A Tox Hazard Subst Environ Eng 44(5):443—453

Kettaneh A, Al MO, Tiev KP, Chayet C, Toledano C, Fabre B, Fardet L, Cabane J (2007)
Occupational exposure to solvents and gender-related risk of systemic sclerosis: a metaanalysis
of case—control studies. J Rheumatol 34(1):97-103



2 Trichloroethylene and Autoimmunity in Human and Animal Models 33

Khan MF, Kaphalia BS, Prabhakar BS, Kanz MF, Ansari GAS (1995) Trichloroethylene-induced
autoimmune response in female MRL +/+ mice. Toxicol Appl Pharmacol 134:155-160

Khan MF, Wu X, Ansari GA (2001) Anti-malondialdehyde antibodies in MRL+/+ mice treated
with trichloroethene and dichloroacetyl chloride: possible role of lipid peroxidation in autoim-
munity. Toxicol Appl Pharmacol 170(2):88-92

Kilburn KH, Washaw RW (1992) Prevalence of symptoms of systemic lupus erythematosus (SLE)
and of fluorescent antinuclear antibodies associated with chronic exposure to trichloroethylene
and other chemicals in well water. Environ Res 57:1-9

Kischkel FC, Hellbardt S, Behrmann I, Germer M, Pawlita M, Krammer PH, Peter ME (1995)
Cytotoxicity-dependent APO-1 (Fas/CD95)-associated proteins form a death-inducing signal-
ing complex (DISC) with the receptor. EMBO J 14(22):5579-5588

Kovacs B, Vassilopoulos D, Vogelgesang SA, Tsokos GC (1996) Defective CD3-mediated cell
death in activated T cells from patients with systemic lupus erythematosus: role of decreased
intracellular TNF-alpha. Clin Immunol Immunopathol 81(3):293-302

Langer P, Kocan A, Tajtakova M, Koska J, Radikova Z, Ksinantova L, Imrich R, Huckova M,
Drobna B, Gasperikova D, Sebokova E, Klimes I (2008) Increased thyroid volume, prevalence
of thyroid antibodies and impaired fasting glucose in young adults from organochlorine
cocktail polluted area: outcome of transgenerational transmission? Chemosphere 73(7):
1145-1150

Lash LH, Fisher JW, Lipscomb JC, Parker JC (2000) Metabolism of trichloroethylene. Environ
Health Perspect 108:177-200

Leijs MM, Koppe JG, Olie K, van Aalderen WM, de Voogt P, ten Tusscher GW (2009) Effects of
dioxins, PCBs, and PBDEs on immunology and hematology in adolescents. Environ Sci
Technol 43(20):7946-7951

Lipscomb JC, Mahle DA, Brashear WT, Garrett CM (1996) A species comparison of chloral
hydrate metabolism in blood and liver. Biochem Biophys Res Commun 227(2):340-350

LiuJ, Na S, Glasebrook A, Fox N, Solenberg PJ, Zhang Q, Song HY, Yang DD (2001) Enhanced
CD4+ T cell proliferation and Th2 cytokine production in DR6-deficient mice. Immunity
15(1):23-34

Liu J, Xing X, Huang H, Jiang Y, He H, Xu X, Yuan J, Zhou L, Yang L, Zhuang Z (2009)
Identification of antigenic proteins associated with trichloroethylene-induced autoimmune
disease by serological proteome analysis. Toxicol Appl Pharmacol 240(3):393-400

Lockey JE, Kelly CR, Cannon GW, Colby TV, Aldrich V, Livingston GK (1997) Progressive
systemic sclerosis associated with exposure to trichloroethylene. J Occup Med 29:493-496

Luebke RW, Holsapple MP, Ladics GS, Luster MI, Selgrade M, Smialowicz RJ, Woolhiser MR,
Germolec DR (2006) Immunotoxicogenomics: the potential of genomics technology in the
immunotoxicity risk assessment process. Toxicol Sci 94(1):22-27

Marrack P, Kappler J (2004) Control of T cell viability. Annu Rev Immunol 22:765-787

McCunney RJ (1988) Diverse manifestations of trichloroethylene. Br J Ind Med 45(2):122-126

Meurer JR, Lustig JV, Jacob HJ (2006) Genetic aspects of the etiology and treatment of asthma.
Pediatr Clin North Am 53(4):715-725

Miyazaki T, Ono M, Qu WM, Zhang MC, Mori S, Nakatsuru S, Nakamura Y, Sawasaki T, Endo Y,
Nose M (2005) Implication of allelic polymorphism of osteopontin in the development of lupus
nephritis in MRL/Ipr mice. Eur J Immunol 35(5):1510-1520

Mohrenschlager M, Darsow U, Schnopp C, Ring J (2006) Atopic eczema: what’s new? J Eur Acad
Dermatol Venereol 20(5):503-511, 513

Nakajima T, Yamanoshita O, Kamijima M, Kishi R, Ichihara G (2003) Generalized skin reactions
in relation to trichloroethylene exposure: a review from the viewpoint of drug-metabolizing
enzymes. J Occup Health 45(1):8-14

Nietert PJ, Sutherland SE, Silver RM, Pandey JP, Knapp RG, Hoel DG, Dosemeci M (1998) Is
occupational organic solvent exposure a risk factor for scleroderma? Arthritis Rheum
41:1111-1119

Nishimura-Morita Y, Nose M, Inoue T, Yonehara S (1997) Amelioration of systemic autoimmune
disease by the stimulation of apoptosis-promoting receptor Fas with anti-Fas mAb. Int Immunol
9(12):1793-1799



34 K.M. Gilbert

Pan W, Zhu S, Yuan M, Cui H, Wang L, Luo X, LiJ, Zhou H, Tang Y, Shen N (2010) MicroRNA-21
and microRNA-148a contribute to DNA hypomethylation in lupus CD4+ T cells by directly
and indirectly targeting DNA methyltransferase 1. J Immunol 184(12):6773-6781

Pantucharoensri S, Boontee P, Likhitsan P, Padungtod C, Prasartsansoui S (2004) Generalized
eruption accompanied by hepatitis in two Thai metal cleaners exposed to trichloroethylene. Ind
Health 42(3):385-388

Peden-Adams MM, Eudaly JG, Lee AM, Miller J, Keil DE, Gilkeson GS (2008) Lifetime exposure
to trichloroethylene (TCE) does not accelerate autoimmune disease in MRL +/+ mice.
J Environ Sci Health A Tox Hazard Subst Environ Eng 43(12):1402-1409

Pellizzari ED, Hartwell TD, Harris BS III, Waddell RD, Whitaker DA, Erickson MD (1982)
Purgeable organic compounds in mother’s milk. Bull Environ Contam Toxicol 28(3):322-328

Pemberton PW, Aboutwerat A, Smith A, Burrows PC, McMahon RF, Warnes TW (2004) Oxidant
stress in type I autoimmune hepatitis: the link between necroinflammation and fibrogenesis?
Biochim Biophys Acta 1689(3):182-189

Pino-Lagos K, Guo Y, Brown C, Alexander MP, Elgueta R, Bennett KA, De Vries V, Nowak E,
Blomhoff R, Sockanathan S, Chandraratna RA, Dmitrovsky E, Noelle RJ (2011) A retinoic
acid-dependent checkpoint in the development of CD4+ T cell-mediated immunity. J Exp Med
208(9):1767-1775

Pirmohamed M (2006) Genetic factors in the predisposition to drug-induced hypersensitivity
reactions. AAPS J 8(1):E20-E26

Pollard KM (2012) Gender differences in autoimmunity associated with exposure to environmen-
tal factors. J Autoimmun 38(2-3):J177-J186

Pollard KM, Pearson DL, Hultman P, Deane TN, Lindh U, Kono DH (2001) Xenobiotic accelera-
tion of idiopathic systemic autoimmunity in lupus-prone bxsb mice. Environ Health Perspect
109:27-33

Pralong P, Cavailhes A, Balme B, Cottin V, Skowron F (2009) Diffuse systemic sclerosis after
occupational exposure to trichloroethylene and perchloroethylene. Ann Dermatol Venereol
136(10):713-717

Qu WM, Miyazaki T, Terada M, Okada K, Mori S, Kanno H, Nose M (2002) A novel autoimmune
pancreatitis model in MRL mice treated with polyinosinic: polycytidylic acid. Clin Exp
Immunol 129(1):27-34

Ramdhan DH, Kamijima M, Yamada N, Ito Y, Yanagiba Y, Nakamura D, Okamura A, Ichihara G,
Aoyama T, Gonzalez FJ, Nakajima T (2008) Molecular mechanism of trichloroethylene-
induced hepatotoxicity mediated by CYP2E1. Toxicol Appl Pharmacol 231(3):300-307

Rhodes J, Chen H, Hall SR, Beesley JE, Jenkins DC, Collins P, Zheng B (1995) Therapeutic poten-
tiation of the immune system by costimulatory Schiff-base-forming drugs. Nature 377:71-75

Saihan EM, Burton JL, Heaton KW (1978) A new syndrome with pigmentation, scleroderma,
gynaecomastia, Raynaud’s phenomenon and peripheral neuropathy. Br J Dermatol
99:437-440

Sanz-Cameno P, Medina J, Garcia-Buey L, Garcia-Sanchez A, Borque MJ, Martin-Vilchez S,
Gamallo C, Jones EA, Moreno-Otero R (2002) Enhanced intrahepatic inducible nitric oxide
synthase expression and nitrotyrosine accumulation in primary biliary cirrhosis and autoim-
mune hepatitis. J Hepatol 37(6):723-729

Sawalha AH, Jeffries M (2007) Defective DNA methylation and CD70 overexpression in CD4+ T
cells in MRL/Ipr lupus-prone mice. Eur J Immunol 37(5):1407-1413

Schattner A, Malnick SD (1990) Anicteric hepatitis and uveitis in a worker exposed to trichloro-
ethylene. Postgrad Med J 66(779):730-731

Semra YK, Seidi OA, Sharief MK (2002) Disease activity in multiple sclerosis correlates with T
lymphocyte expression of the inhibitor of apoptosis proteins. J Neuroimmunol 122:159-166

Skarstein K, Johannessen AC, Holmdahl R, Jonsson R (1997) Effects of sialadenitis after cellular
transfer in autoimmune MRL/Ipr mice. Clin Immunol Immunopathol 84(2):177-184

Sneller MC, Wang J, Dale JK, Strober W, Middelton LA, Choi Y, Fleisher TA, Lim MS, Jaffe ES,
Puck JM, Lenardo MJ, Straus SE (1997) Clinical, immunologic, and genetic features of an
autoimmune lymphoproliferative syndrome associated with abnormal lymphocyte apoptosis.
Blood 89(4):1341-1348



2 Trichloroethylene and Autoimmunity in Human and Animal Models 35

Sobel ES, Wang F, Butfiloski E, Croker B, Roberts SM (2006) Comparison of chlordecone effects
on autoimmunity in (NZBxNZW) F(1) and BALB/c mice. Toxicology 218(2-3):81-89

Szodoray P, Jellestad S, Nakken B, Brun JG, Jonsson R (2003) Programmed cell death in rheuma-
toid arthritis peripheral blood T-cell subpopulations determined by laser scanning cytometry.
Lab Invest 83(12):1839-1848

Tabrez S, Ahmad M (2011) Some enzymatic/nonenzymatic antioxidants as potential stress
biomarkers of trichloroethylene, heavy metal mixture, and ethyl alcohol in rat tissues. Environ
Toxicol 26(2):207-216

Teichert-Kuliszewska K, Israel Y, Cinader B (1988) Alcohol dehydrogenase is not a major
determinant of alcohol preference in mice. Alcohol 5(1):45-47

Tomer Y, Davies TF (1997) The genetic susceptibility to Graves’ disease. Baillieres Clin Endocrinol
Metab 11(3):431-450

Van Parijs L, Peterson DA, Abbas AK (1998) The Fas/Fas lignad pathway and Bcl-2 regulate T
cell responses to model self and foreign antigens. Immunity 8:265-274

Waiczies S, Weber A, Lunemann JD, Aktas O, Zschenderlein R, Zipp F (2002) Elevated Bcl-X(L)
levels correlate with T cell survival in multiple sclerosis. J Neuroimmunol 126:213-220

Waller PA, Clauw D, Cupps T, Metcalf JS, Silver RN, Leroy EC (1994) Fasciitis (not scleroderma)
following prolonged exposure to an organic solvent (trichloroethylene). J Rheumatol
21:1567-1570

Wang G, Cai P, Ansari GA, Khan MF (2007) Oxidative and nitrosative stress in trichloroethene-
mediated autoimmune response. Toxicology 229(3):186-193

Xu X, Yang R, Wu N, Zhong P, Ke Y, Zhou L, Yuan J, Li G, Huang H, Wu B (2009a) Severe
hypersensitivity dermatitis and liver dysfunction induced by occupational exposure to
trichloroethylene. Ind Health 47(2):107-112

Xu XY, Chen GH, Wu N, Yu L, Huang F, Yang LQ (2009b) Relationship between gene
polymorphism of CYP2E1, CYP1AIl, IL-4 and medicamentosa-like dermatitis induced by
trichloroethylene. Zhonghua Lao Dong Wei Sheng Zhi Ye Bing Za Zhi 27(2):71-73

Yang ML, Gee AJ, Gee RJ, Zurita-Lopez CI, Khare S, Clarke SG, Mamula MJ (2013) Lupus
autoimmunity altered by cellular methylation metabolism. Autoimmunity 46(1):21-31

Zhang L, Bassig BA, Mora JL, Vermeulen R, Ge Y, Curry JD, Hu W, Shen M, Qiu C, Ji Z, Reiss B,
McHale CM, Liu S, Guo W, Purdue MP, Yue F, Li L, Smith MT, Huang H, Tang X, Rothman
N, Lan Q (2013) Alterations in serum immunoglobulin levels in workers occupationally
exposed to trichloroethylene. Carcinogenesis 34:799-802

Zhou T, Song L, Yang P, Wang Z, Lui D, Jope RS (1999) Bisindolylmaleimide VIII facilitates
Fas-mediated apoptosis and inhibits T cell-mediated autoimmune diseases. Nat Med
5(1):42-48



	Chapter 2: Trichloroethylene and Autoimmunity in Human and Animal Models
	2.1 Introduction to Autoimmune Disease
	2.2 TCE and Autoimmunity/Hypersensitivity in Humans
	2.3 Xenobiotics and Autoimmunity in Animal Models
	2.4 TCE-Induced Autoimmunity in Mice
	2.4.1 Disease Characterization
	2.4.2 Need for Metabolism
	2.4.3 Mechanisms of Immune Alteration
	2.4.4 Liver Events

	2.5 Susceptibility Factors for Toxicant-Induced Autoimmunity
	2.5.1 Genetics
	2.5.2 Gender
	2.5.3 Age of Exposure
	2.5.4 Toxicant Co-exposure

	2.6 Challenges
	References


