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Abstract

Sex differences in autoimmune diseases are evolutionarily tied to the fact that the female immune
system is confronted with intense alterations during menstrual cycles, pregnancy and childbirth.
These events may be associated with breaches in the mucosal epithelial layers that are shielding us
from environmental factors. Associations between environmental agents and autoimmune diseases
have been described extensively in prior studies. Little evidence, however, exists for sex-specific
environmental effects on autoimmune diseases. In this review, we summarize studies involving
this often-neglected aspect. We give examples of environmental factors that may influence the sex
bias in autoimmunity. We conclude that most studies do not give insight into sex-specific
environmental effects due to the influence of gender-selective social, occupational or other
exposures. Prospective studies are needed in order to determine true sex-biased environmental
influences. Finally, humanized murine models might aid in better understanding the mechanisms
involved in sex-specific environmental effects on autoimmune diseases.
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1. INTRODUCTION

Autoimmune diseases include more than 70 different disorders affecting 5-8% of the
general population [1-3]. Autoimmunity is thought to result from a combination of genetic
factors and environmental triggers with a wide variability in terms of targeted tissues, age of
onset, and response to immunosuppressive treatments. One feature that is shared by many
autoimmune conditions, however, is the dramatically increased predisposition to
autoimmunity among women. The predisposition is seen in organ-specific diseases such as
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multiple sclerosis, primary biliary sclerosis and myasthenia gravis. A striking female bias is
especially evident in many systemic rheumatic diseases such as Sjogren's syndrome,
systemic lupus erythematosus (SLE), mixed connective tissue disease and secondary
antiphospholipid syndrome. These often co-existing diseases show a female predominance
of approximately 70-90%. Rheumatoid arthritis (RA), polymyalgia rheumatica and primary
antiphospholipid syndrome are about two-to-three times more common in females. The
exceptions to the rule include ankylosing spondylitis and reactive arthritis where the sex
ratio is reversed [2, 4]. Fig. 1 summarizes the spectrum of gender bias across various
autoimmune diseases [2, 5].

Many theories have been developed trying to explain sex disparities in autoimmune disease
prevalence. While the underlying mechanisms across the spectrum of autoimmune diseases
are often related, they also have disease-specific and different underlying etiologies.
Therefore, diseases should be examined separately in many cases, ideally with adequate
numbers of subjects of both sexes.

Potential explanations for sex skewing of the autoimmune diseases include genetic factors,
environmental exposures, gene-environment interactions and epigenetic effects [4, 6].

The influence of genetic factors includes effects of the genes encoded on sex chromosomes
themselves, as well as indirect effects mediated by genes encoding sex hormones and related
pathways [7]. Observations in humans show an elevated risk of developing SLE among
XXY Klinefelter’s males and XX females, and a lower risk among XO females [8]. This
phenomenon could be attributed to the presence of an extra X chromosome, although it has
been difficult to separate this from the influence of sex hormones. To this end, Smith-
Bouvier et al used an elegant model of sex chromosome complement without the
confounding effects of differences in gonadal type [7]. They used this model system to study
both multiple sclerosis and pristane-induced lupus, respectively, and demonstrated that the
presence of two female sex chromosomes predisposes to autoimmunity independently of
gonadal hormone production [7]. Several important SLE-associated X-linked genes,
including FOXP3, CD40L (CD154), TLR7, SHPZ2, IL-13R a2, MECP2and IRAKI[5, 9],
may be relatively over-expressed in women due to incomplete X inactivation. Increased
dosage of one or more of these X-linked genes could theoretically promote development of
systemic autoimmunity by various mechanisms. For example, follicular helper CD4* T cells
provide crucial costimulatory and survival signals to B cells via CD40L [10], and increased
levels of TLR7 can augment RNA-autoantibody immune complex-driven IFNaproduction
[11].

Besides the contribution of sex chromosomes to the female sex bias in autoimmune diseases,
the female hormones themselves exert an effect on autoimmunity. There is ample evidence
for that which is also reviewed elsewhere [8]. Androgens, for instance, tend to favor a Thl
response and activation of CD8" cells, whereas estrogens exert the opposite effect,
promoting Th2 dominance leading to antibody production. They promote extramedullary
hematopoiesis, thereby increasing the likelihood of autoreactive B cells to escape negative
selection. Estrogens are also known to support the survival of autoreactive T cell clones,
which directly promotes autoimmunity [8]. Estrogen may also have immune-independent
effects that may impact autoimmunity. Estrogen, for instance, induces DNA instability in
breast and ovarian tissues through a mechanism that involves activation-induced deaminase
transcription and function, which, in turn may play a role in autoimmunity as suggested by
Pauklin et al [12]. These examples give some insights into the manifold hormonal influences
on sex bias and autoimmunity development. This topic, however, goes beyond the focus of
this review and is discussed elsewhere in this supplement of Clinical Immunology (pp..-..
“Sex Differences in Incidence and Prevalence of RA and SLE” by Tedeschi and
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Costenbader). In addition to endogenous (genetic or hormonal) factors, environmental
factors may have effects on the sex skewing of autoimmune diseases. This additional
variable will be discussed in the next section.

2. SEX DISPARITIES IN ENVIRONMENTAL EXPOSURES POTENTIALLY
RELATED TO AUTOIMMUNE DISEASES

In a 1998 report, the Institute of Medicine addressed gender differences in susceptibility to
environmental factors and defined the terms “sex”, as referring to biologic differences
between males and females, and “gender” for societal or culturally-based observed
differences [13]. The sex-biased development of autoimmunity could be associated with
exposure to differential environmental agents or differential amounts of these agents.
Patterns of these exposures may be due to mainly culturally constructed, gender-based
reasons. Females are exposed to different factors than males for social and occupational
reasons. For example, women in Western societies frequently wear lipstick whereas men are
more likely to have occupational exposure to asbestos and silica. In order to be able to
establish these as risk factors related to observed disparities, epidemiologic studies should
include both men and women equally exposed to them. Environmental effects could be
mediated through a variety of mechanisms including alterations in genetic or epigenetic
regulation, i.e. changes in gene expression without affecting the DNA sequence itself [14,
15].

Quantification of exposure to environmental agents is another challenge for epidemiologic
studies of sex-biased autoimmune diseases. For example, men generally tend to smoke more
and heavier than do women. Many past investigations have been based on sampling of one
sex, which precludes conclusions about sex disparities. When both sexes are included, it
may be difficult to discern whether observed effects are due to chance, dose-effect or
differential exposures. The data on sex-specific environmental influences in autoimmune
diseases are therefore limited. We have included in this review primarily clinical studies
with human subjects that have shown statistically significant differences (Table 1) but did
not incorporate ex vivo or in vitro studies with human cells or tissues although these studies
would provide additional insight in human disease. Finally, we allude to some studies in
murine models where causal relationships are more easily addressed than in human
epidemiological studies.

We applied the following methods that led to compilation of the studies listed in Table 1.
We identified original, published, peer-reviewed studies and systematic reviews relevant to
our subject that are published in English. The databases used were PubMed and Google
Scholar. The search terms included ‘autoimmunity’, ‘sex’, ‘gender’ and ‘environment’. In
addition, each factor was used separately with the above terms, i.e. silica, mercury, smoking,
cosmetics, pristane, ultraviolet radiation, infections (EBV), commensals, microbiota,
exogenous hormones, and oral contraceptive pills. Furthermore, distinction was made
between murine and human studies with an emphasis on the latter. The initial screen of the
literature using these parameters rendered 138 studies and reviews, that were subsequently
supplemented with additional papers identified based on the references herein and targeted
searches. We next focused only on those studies that appeared most relevant to the topic,
and cited the ones that came closest to explaining the gender or sex predominance in
autoimmune diseases (Table 1).
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3. SEX- AND GENDER-BIASED ENVIRONMENTALLY INDUCED
AUTOIMMUNITY

3.1. CHEMICAL EXPOSURES

3.1.1. SILICA—The major classes of synthetic amorphous silica are used in a variety of
products, e.g. as fillers in the rubber industry, in tire compounds, as free-flow and anti-
caking agents in powder materials, and as liquid carriers, particularly in the manufacture of
animal feed and agrochemicals; other uses are found in toothpaste additives, paints, silicon
rubber, insulation material, liquid systems in coatings, adhesives, printing inks, plastisol car
undercoats, and cosmetics.

A meta-analysis published in 2002 included two case-control studies, two proportionate
mortality studies and six cohort studies addressing the association between rheumatoid
arthritis and silica exposure. Most of the included studies reported consistent elevation in the
risk of RA with exposure to silica. The combined relative risk (RR) for silica exposure was
3.43 with 95% confidence interval (2.25-5.22) for all studies, and 4.45 (95% CI 2.24-8.86)
for male cohorts, as most of them included only men [16]. Due to the insufficient number of
female subjects, one cannot infer any firm conclusions about sex bias, but that the findings
are most likely attributed to the fact that silica is largely a male occupational exposure.

A meta-analysis of sixteen studies (three cohort studies, nine case-control and four of other
designs) examined the association between scleroderma and occupational exposure to silica.
The authors detected a combined estimator of relative risk of 3.02 (95% Cl, 1.24-7.35) for
males, but no significant elevation in risk [1.03 (95% CIl, 0.74-1.44)] among females [17-
22].

Studies related to silica exposure and SLE and vasculitis have not shown sex predominance
[23-25]. The Carolina Lupus Study and the Roxbury Lupus Study, both of which
demonstrated associations of agricultural and occupational silica exposure with risk of SLE,
included only women [26, 27]. Women may tend to work in professions with shorter or less
intense silica exposures than typically encountered in the dusty trades; however, most SLE
patients are women.

3.1.2. SMOKING—Many studies have demonstrated higher risk of RA associated with
cigarette smoking, especially rheumatoid factor- or anti-citrullinated protein/peptide
antibody-positive patients [28]. Epidemiologic studies have revealed that the risk higher in
men (odds ratio [OR] summary for ever, current and past smokers were 1.89 (95% CI 1.56
t0 2.28), 1.87 (1.49t0 2.34) and 1.76 (1.33 to 2.31), respectively [29] or in total 1.9-4.4[30-
35]) compared to women (OR range 0.6— 2.5 [31, 32, 34, 36-46], for ever, current and past
smokers were 1.27 (1.12 to 1.44), 1.31 (1.12 to 1.54) and 1.22 (1.06 to 1.40), respectively
[29]). However, the risk for female smokers is now well established [34, 35].

An association between current cigarette smoking and risk of SLE has been reported in
several past epidemiologic studies [44, 47, 48], but no direct comparison between the two
sexes has been made.

3.1.3. COSMETICS—Cosmetic exposure is very common, especially among women. Five
case-control studies and one cohort study examining permanent hair dye use have
demonstrated no or weak association with SLE development [24, 49-54]. The interest in
hair dyes and other hair products was based in part on the similarities of some of the
constituents of these products (acrylamides) to medications involved in drug-induced lupus
such as hydralazine and procainamide. One case-control study was conducted showing that
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ever using lipstick at least three days/week was significantly associated with an increased
risk of SLE (OR = 1.71, 95%CI = 1.04-2.82) [55]. These studies are, of course, limited to
the female population. Among women, hairdressers and beauticians (OR 2.7, 95% CI1 0.8 —
8.6), as well as those exposed to hairdressing chemicals (OR 3.0, 95% CI 1.0 — 9.4) and
meat products (OR 2.0, 95% CI 1.0-4.0), have been found to have an increased risk for
rheumatoid arthritis [56, 57]. Another case-control study found associations between SLE
and work that included applying nail polish or nail applications (OR 10.2; 95% CI 1.3, 81.5)
[24]. Again, all the participants were females. Given the rarity of SLE among men, quite
sensibly there have been no controlled randomized studies exposing male subjects to nail
polish or lipsticks.

3.1.4. PRISTANE—The chemical tetramethylpentadecane (TMPD) is also called pristane.
Little is known about the role of pristane or related substances in human SLE, but a well
established model of pristane-induced lupus exists in mice [58]. Pristane (TMPD) is an
isoprenoid alkane found in small quantities in many plants. It also occurs in crude oils and is
a common constituent of mineral oil, a byproduct of the fractional distillation of petroleum.
It has been shown that SJL/J female mice injected with pristane exhibit greater mortality,
kidney disease, serum anti-nuclear and anti-dsDNA antibodies than their male siblings [58].
A female sex predominance exists in a murine, chemically-induced lupus model [58], which
was also investigated for the relative contribution of sex chromosomes. The mechanisms of
pristane-induced SLE involve chronic inflammation and formation of ectopic lymphoid
tissue, and have been linked to the overproduction of the type 1 interferons (IFN) a and f3
[59-62].

3.2. PHYSICAL

3.2.1. ULTRAVIOLET RADIATION—Exposure to increased UV radiation intensity has
been associated with increased risk of dermatomyositis (OR 2.3, 95% confidence interval
[95% CI] 0.9-5.8) and with the expression of anti-Mi-2 autoantibodies (OR 6.0, 95% ClI
1.1-34.1) in the U.S. A retrospective study demonstrated that these associations were found
only among women (OR 3.8, 95% CI 1.3-11.0 for dermatomyositis and OR 17.3, 95% CI
1.8-162.4 for anti-Mi2 antibodies), suggesting that the threshold for UV radiation to trigger
the development autoimmune disorders such as dermatomyositis may be lower among
women [64].

3.3. BIOLOGICAL/MICROBIAL

3.3.1. HORMONES—Sex hormones have pleiotropic effects on the immune system.
Progenitor and mature lymphocytes express receptors for both estrogen and androgens. This
effect has been attributed to an enhanced Th2 response [8, 65]. Estrogens also support the
survival of autoreactive T-cells, promoting autoimmunity, as it has been shown in patients
with SLE [66]. Sex hormones have profound effects on sex-specific responses of the
immune system as reviewed elsewhere [8, 67].

Estrogen, for instance, influences the cytokine profile of NKT cells [68], which are critical
cell types at mucosal surfaces. Specifically in SLE, exposure to exogenous estrogens has
been associated with the onset of disease among women. Oral contraceptive pills and
postmenopausal hormone use have both been associated with an increased risk of
developing SLE in large cohort studies of women [69]. Environmental estrogens are
increasingly abundant in today’s societies and may also play a role in triggering
autoimmunity in women and perhaps even men (reviewed in [70]). They can be found in a
variety of foods and have immunomodulatory potential. Examples include daidzein in
soybeans, genistein in vegetables, zearalenone in corn or 17B-estradiol in poultry meat.
Furthermore, estrogen-mimicking chemicals are found in many household items like
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detergents, surfactants and plastics [70]. Finally, several estrogenic pesticides can exert
immunologic effects, thereby contributing potentially to sex-biased autoimmunity, e.g.
DDT, methoxychlor, chlordane, hexachlorbenzene, pentachlorphenol and aldicarb [70].

3.3.2. INFECTIOUS AGENTS—As any environmental or infectious agent needs to enter
the host through mucosal or skin sites (so called “barrier organs” [71]; Fig. 2), it is not
surprising that a sex-specific mucosal immune response leads to different responses to
parasite infection or human vaccines based on sex [72, 73]. Given the manifold
immunologic sex differences that exist in healthy subjects, it is likely that infectious agents
contribute to a sex-skewed innate or adaptive immune response that may lead to
inflammation or autoimmunity. This has been shown, for example, for coxsackieinduced
myocarditis in mice [74]. Various pathogens have been associated with the onset or flare of
human autoimmune diseases, most notably Epstein-Barr virus (EBV) in SLE [75]; a causal
role, however, remains to be shown definitively. Molecular mimicry and concomitant
adjuvant effects are thought to mediate these effects in murine models [76].
Antiphospholipid syndrome is particularly frequently associated with infectious triggers
[77]. Interestingly, antiphospholipid antibodies can be induced by estrogen in mice [74, 78],
but a link between sex, microbial agents and antiphospholipid syndrome has not yet been
established.

3.3.3. COMMENSALS—Even less is known about a potential contribution of commensal
organisms in sex-specific effects on autoimmunity although intriguing examples exist in
mice. Remarkable progress has been made in the last few years in our understanding of host/
commensal interactions that are critical for the homeostasis of the immune system [79]. The
collection of all bacteria that colonize a host, the microbiota, has now been extensively
characterized in healthy subjects as part of the Human Microbiome Project [80]. Since the
microbiota persists throughout life and is tolerated by the host’s immune system, it should
be considered an “extended self”. The composition, however, changes over time and is
easily disrupted by various interventions, which is why one could consider it also an external
variable.

Some sex differences exist in the composition of the microbial communities in healthy
humans [80, 81]. Similar to a sex-biased response to pathogens, the host immune system
appears to be also skewed in response to commensals based on sex. A study of P. gingivalis-
induced alveolar bone loss in mice revealed a sex-dependent effect of IL-17 signaling [82].
Female mice lacking the 1L-17 receptor were significantly more susceptible to alveolar bone
loss than males. Of note, the periodontal bacterium P. gingivalis has also been suggested to
play a role in the generation of citrullinated antibodies in RA patients [83]. Interestingly,
RA, an IL-17-driven autoimmune disease in murine models, is caused by a gut commensal
in the K/BxN arthritis-prone strain [84] and associates with a less dynamic gastrointestinal
microbiome in a female-biased, HLA-DR-transgenic model for collagen-induced arthritis
[85]. Finally, it is notable that the K/BxN arthritis model is based on the autoimmune-prone
non-obese diabetic (NOD) mouse strain. The NOD mouse, a model for female-biased
polyglandular autoimmunity, exhibits a clear commensal-related sex bias based on
segregation studies with naturally transmitted segmented filamentous bacteria [86].
Remarkably, it was more recently shown that sex differences in the gut microbiome drive
hormone-dependent regulation of autoimmunity in the same model [87]. The microbiome of
immature female NOD mice could be altered by transfer of gut microbiota from adult males,
which subsequently led to protection from autoimmunity in the female recipients. These
effects were accompanied by moderate elevations of testosterone levels that did not impair
fertility of the female mice [87]. While the various animal studies cited here support that the
gut microbiota is very likely another contributor to the sex bias of human autoimmune
diseases, this notion remains to be tested in future studies in humans.
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4. CONCLUSION

Sex differences in autoimmune diseases have long been known and are likely in part related
evolutionarily to the fact that the female immune system must deal with major changes
during menstrual cycles, pregnancy and childbirth — events that are associated with breaches
in the mucosal barriers that are shielding us from environmental factors [71, 88] (Fig. 2).
Numerous epidemiologic studies have shown an association between environmental factors
and autoimmune diseases [89]. However, there is little evidence for sex-specific
environmental influences on autoimmune diseases. We have summarized studies that relate
to this important aspect of biology, and have included examples of potential chemical,
physical and biological factors that may influence the sex bias in human systemic
autoimmune diseases. Many studies are difficult to interpret due to the influence of gender-
selective social, occupational or other exposures, and the sampling of exclusively, or
predominantly, one sex versus the other. Studies that are largely missing in this field are
those with sufficient and equal numbers of both male and female patients, as well as
controlled for exposure and dosage of the environmental factor(s) prospectively prior to
disease onset in order to avoid recall bias. Furthermore, observational studies typically can
only establish an association, but cannot inform us about a potential causal relationship.
Reverse causality is particularly difficult to exclude in human studies, which examine
biomarkers among affected and unaffected individuals.

Ex vivoand in vitro studies using human tissues and/or peripheral blood cells exposed to
environmental factors are potential ways to study causal relationships in humans and would
nicely supplement prospective clinical trials. In addition, animal models can be very useful
in leading to new to mechanistic insights, in particular in areas that have not yet been studied
systematically in humans, such as the role of microbial pathogens or the benign microbiota.
Animal models could point to further epidemiologic studies to investigate sex bias in
autoimmune diseases. Since murine models are also limited, however, due to species
differences in the immune system between mice and humans, generation of humanized mice
might prove to be useful for this purpose [90]. Independently from clinical trials, more
studies on human cells, cell lines and tissues would be useful. in order to delineate a non-
causal association from causal influence of the environmental factors on the human immune
system. Such ex vivo studies could, for instance, be carried out in sorted CD4™ cell
subpopulations as done for the study of certain sex-biased endogenous factors (e.g.
peroxisome proliferator activated receptor-aand -y [91] The environmental factors derived
from such studies would then need to be reproduced in animal models in order to further
investigate cause versus effect /n vivo. Going forward, we need more translational
approaches of this nature combined with cohorts of well-defined patients and appropriate
controls that are ideally tested at different stages of the disease [92]. While difficult to
execute and not always feasible, such combined efforts should provide eventually important
insight into the pathogenesis of sex-biased autoimmunity. In summary, much work is still to
be done in order to advance our knowledge of sex-specific environmental influences on
autoimmune diseases, but one can make incremental progress by considering both data
obtained from murine models and those from human studies.
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Sex distribution of organ-specific and systemic autoimmune diseases [2, 5]. Panel A shows
systemic rheumatic diseases. Panel B shows organ-specific autoimmune diseases.
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Fig. 2.

Inflammation and autoimmunity as a consequence of gene-environment interactions at
mucosal sites (modified after [71]). The effects of environmental factors that penetrate
human epithelial barriers, i.e. the skin, eyes, nasal/oral mucosa, lungs, urogenital or
gastrointestinal (Gl) tract, are influenced by the genetic predisposition of each individual.
The combined effects of both genes and environment converge at the mucosal barrier organs
where the majority of immunologically active cells reside physiologically. Any
dysregulation at the epithelial barriers can lead to an inflammatory response to
environmental agents that enter the body and may subsequently initiate or perpetuate
autoimmune processes. Females are more frequently affected than males by autoimmune
diseases due to different genetic, hormonal and immunologic factors (discussed in the main
text). They may also be more susceptible to environmental (particularly microbial/
commensal) agents due to physiologic changes in mucosal integrity during menses and
childbirth, although this aspect is largely unexplored. Th, T helper cell (Th1/Th2/Th17, not
shown is T follicular helper cell); Treg, T regulatory cell.
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