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Autoimmunity is a condition that generates autoantibodies which attack the immune system, leading to sensitivity and severe
inflammation. The causes remain largely unclear. Alarmingly, many autoimmune diseases disproportionately affect women
over men. X chromosome inactivation (XCI) could significantly contribute to these sex discrepancies. This review serves as a
comprehensive resource that reviews the multifaceted aspects of XCI and autoimmunity in women. To date, no single study has
synthesized information on XIST RNA function, miRNA interference, pregnancy, birth control, and thyroid function in the context
of XClI to identify their collective role in severe female autoimmunity. Drawing on global research from 1996 to 2025, this article
utilizes a narrative literature synthesis approach to analyze the role of XCI in autoimmunity, including current findings on the
molecular basis of XIST RNA. This review highlights XCI, XIST function, and exceptions to the process, such as gene escape
and skewing, in the context of female autoimmunity. Various studies on patients with thyroid autoimmune diseases are used
quantitatively to further the hypothesis. The thyroid itself exhibits a complex relationship between the immune and endocrine
system. Overall, XCI may significantly impact the sex ratio in autoimmunity by increasing gene dosage, impacting female
hormones, contributing to epigenetics, and altering thyroid function. Continued research is necessary to support the development
of specialized treatments tailored to women suffering from autoimmune diseases.
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Introduction began a program of studies in the 1960s to define the health and
nutritional status of adults and children in the United States, in-
Introduction cluding the prevalence of autoimmunity?. NHANES data have

shown the prevalence of autoantibodies increasing in the past
decades: 11% in 1988-1991, 11.4% in 1999-2004, and 16.1%
in 2011-2012. This represents 22.3, 26.6, and 41.5 million
individuals respectively?.

The immune system is a complex set of cells, tissues, and organs
that work together to protect against pathogens, cancers, and
other foreign substances. Women are more likely than men to
inherit a stronger, more sensitive immune system, which grants
the female body a powerful line of defense against the natural
world. However, the immune system can lose its ability to dis-
tinguish self from nonself, leading to autoimmunity—described
as “horror autotoxicus” by German immunologist Paul Ehrlich,
directly translating to “the horror of self-toxicity”'. Essentially,
autoimmunity refers to the body’s immune cells losing the abil-
ity to distinguish between self and non-self-antigens, mistaking
the body’s own cells for foreign invaders and thus destroying
them through autoantibody production. Autoantibodies, like
the name suggests, target body cells even if they are harmless.
Simply put, autoimmune disease can be interpreted as the body
being allergic to itself, inducing severe immune system reac-

An alarming pattern has been noticed among the rising cases
of autoimmune disease, that being, there is a significantly greater
number of women who are diagnosed with autoimmunity com-
pared to men, with some diseases showing ratios as high as
10:1. XCI will increase the risk of autoimmunity in women
as measurable through genetic analyses. This review aims to
investigate how the mechanisms of XCI can contribute to the
disproportionate ratio of autoimmune diseases in women com-
pared to men, while also discussing other possible influences
on the disproportionate ratio such as other epigenetic factors
and nongenomic factors. This review also covers the concern-
ing implications on autoimmunity that come with uniquely fe-
male processes—namely pregnancy and birth control—at the

tions. Autoimmunity is fairly uncommon and the exact cause
of disease development is still not fully understood. The Na-
tional Health and Nutrition Examination Survey (NHANES)

genomic and hormonal level.

One of the most notable distinctions between women and men
is the sex chromosomes each inherits: XX for women and XY
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for men. Indeed, the X chromosome boasts the most amount
of immune related genes that code for different proteins, recep-
tors, and regulators of the immune system in the entire human
genome, suggesting a relationship between autoimmunity and
the chromosome. Because women inherit two X-chromosomes,
a phenomenon known as XCI occurs which randomly silences
one of the X chromosomes in order to maintain genetic balance,
leading to only one active X chromosome in each female cell.
The active X chromosome can be either paternal or maternal and
it differs between each individual cell. However, the process
is not perfect and can incompletely silence the chromosome it
attempts to, leading to some genes escaping the phenomenon,
which may contribute to dysregulation in the immune system
and the development of autoimmunity.

Although researchers are still investigating the many myster-
ies of XCI, the process likely contributes to the higher prevalence
of autoimmune diseases in women by disrupting genetic balance,
altering hormone signaling, influencing epigenetic mechanisms,
and affecting thyroid function. While data is limited, studies
examining XCI in thyroid autoimmune diseases suggest a strong
correlation.

Significance and Purpose

Autoimmunity is a worldwide issue, but it is challenging to
research in large part because of the complexity of the immune
system, and because there is still debate among the scientific
community on the very definition of what constitutes an autoim-
mune disease. Even the number of identified autoimmune dis-
eases differs between sources, some claiming there are around
80 while others claim there are over 100. More importantly,
patients who suffer from autoimmunity are often told there is no
cure or cause to their disease, leaving many puzzled and even
distressed by the idea they are stuck with an incurable illness.

With the rising number of women being diagnosed with au-
toimmune conditions, it is crucial to be aware of the impacts
this can have on women in all communities. The financial bur-
den and psychological distress associated with treating obscure
health conditions underscore the need for continued support of
autoimmune disease research. This research benefits not only
women, but public health as a whole.

The sex ratio of autoimmunity is staggering—around 80%
of autoimmune disease patients being female—and this review
serves as a call for advancements in medical research and treat-
ment that specifically addresses autoimmunity in women=. This
article reviews what is currently known about XCI and autoim-
mune diseases, including recent developments in the field, with
the goal of identifying relationships between these areas to
prompt new hypotheses and deepen understanding of this press-
ing issue.

Scope and Limitations

Data availability is limited, as intensive research on the molec-
ular basis of XCI and XIST RNA is still ongoing, moreover,
its connection to women’s heightened susceptibility to autoim-
munity. There are a broad range of autoimmune diseases that
individuals can be diagnosed with and it is not feasible to inves-
tigate each in a single review. Therefore, this review relies on
studies focused specifically on thyroid autoimmune diseases to
be used for quantitative data.

Other autoimmune diseases that largely target women are sys-
temic lupus erythematosus, rheumatoid arthritis, and systemic
sclerosis'. It is also important to consider that potential biases
may eXIST in studies conducted by researchers of different gen-
ders and experiments may differ due to different geographical or
cultural environments. However, the data itself remains highly
informative and valuable to this analysis.

Methodology Overview

This article reviews literature on what is currently known about
XCl, its link to autoimmunity in women, and the latest research
developments addressing this connection. Sources were de-
rived from a diverse range of researchers worldwide via Google
Scholar. This review uses a narrative literature synthesis ap-
proach to analyze the role of XCI in female autoimmunity.

An in-depth description of XCI and its exceptions is provided
with the goal of understanding how the process works and how
it may contribute to autoimmunity. In addition, quantitative
data from experiments and statistical analyses are incorporated,
specifically from studies on females with thyroid autoimmune
diseases. Two experiments, conducted in Japan and the United
Kingdom, both used similar methods to examine the relationship
between X chromosome skewing and thyroid autoimmunity, and
their findings are used here to further investigate XCI’s role in
female autoimmunity.

X Chromosome Inactivation

The sheer size of the X chromosome causes females to inherit
twice the amount of genetic information males receive, result-
ing in the need for epigenetic interference to maintain genetic
balance. Humans are sensitive to chromosomal dosage, and in
most cases, aneuploid humans, those with an extra or a missing
chromosome, suffer damaging malformations in their lifetime.
This dosage sensitivity is one of the driving factors behind the
evolutionary development of XCI in females.

XClI is an epigenetic mechanism that occurs in every female
and silences one X chromosome in each female cell to balance
genetic expression. XCI occurs independently in each cell dur-
ing the blastocyst stage of embryogenesis and either the paternal
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or maternal X chromosome is silenced®. Because this silencing
is, for the most part, random, every female becomes a genetic
mosaic, with different cells expressing either the maternal or pa-
ternal X chromosome. This phenomenon is visually displayed in
calico and tortoiseshell cats. This uniquely female cellular mo-
saicism is due to each cell expressing exclusively her mother’s
or father’s X-linked genes®.

In addition, the key driver of XCI that is responsible for
triggering the inactivation of more than 1,000 genes on the
X chromosome is X-inactive specific transcript, or XIST (pro-
nounced “eXIST""), a long noncoding RNA (IncRNA) molecule®.
Molecularly, almost half of the XIST transcript is composed of
tandem repeats designated A through F; A, B, and F are the
most highly conserved in copy number across species, suggest-
ing their function for silencing®. The IncRNA initiates gene
silencing, large scale chromatin remodeling, and formation of
the inactive X chromosome through interacting with chromatin-
modifying proteins, transcriptional silencers, and other RNA-
binding proteins””. Interestingly, XIST does not code for a pro-
tein itself; it remains an RNA molecule that spreads from its
transcription site and coats the X chromosome while remaining
in the nucleus as the chromosome soon inactivates, suggest-
ing a causative role for XIST in XCI®. Using a fluorescence
in situ hybridization analysis, researchers observed that XIST
appeared highly particulate and was noted to be located to a
larger nuclear domain corresponding to the space occupied by
the inactive X chromosome throughout the entire cell cycle®.
XIST also enacts cis-localization to the chromosome from which
it is expressed in addition to silencing genes, and these tasks
are mediated by genetically independent domains of the RNA®.
A model for explaining the marking of one X chromosome to
be the active chromosome hypothesizes that a blocking factor,
named since it functions to block XCI, is responsible for mak-
ing this mark. It is hypothesized that XIST RNA decreases the
affinity of a cis-linked counting element for blocking factors,
negatively influencing the active X chromosome choice®. As
studied in mammalian cells, XIST has been implicated as a
“choice element” of XCI, meaning a chromosome which has
XIST will likely be chosen to be inactivated®. When compared
to a mouse model, the XIST gene structure is conserved, but
sequences vary®. Again using a mouse model, XIST RNA was
observed to be able to trigger the formation of facultative hete-
rochromatin by recruiting different interactive factors, such as
spen and rbml5, to impact nuclear localization and 3D chro-
mosome architecture®. In humans, many XIST RNA isoforms
are produced by extensive alternative splicing occurring within
the 3’ half of the gene, but the significance of this heterogeneity
is unknown®. XIST is not expressed in male cells because it is
only activated when more than one X chromosome is present,
consistent with its function in females. However, this does not
apply to men with Klinefelter’s syndrome, who inherit two X
chromosomes and one Y. These individuals also undergo XCI”.

Notably, males with Klinefelter’s are more prone to developing
autoimmunity than typical XY males: studies show that men
carrying one or more extra X chromosome had an equivalent
risk to women of developing lupus or Sjogren’s syndrome, two
diseases that disproportionately affect women?. Furthermore,
XCI works by methylating gene promoters and deacetylating hi-
stones to form a Barr body, which is the tightly packed, inactive
chromosome.

Choose Xp or
Xm to silence

~

X/
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Fig. 1 The figure depicts the random silencing of one X chromosome.
XIST is expressed in either the maternal or paternal chromosome
(labeled X,,, and X, respectively), which then coats the chromosome,
silencing its expression. Adapted from B.K Sun, H. Tsao.
X-Chromosome Inactivation and Skin Disease. Journal of Investigative
Dermatology. 128, 2753-2759 (2008).

Regardless, XCI does not fully resolve female genetic imbal-
ance because the process is imperfect and some genes escape
inactivation. In fact, in certain cells, about 15-23% of genes
from the inactive X chromosome escape XCI, leading to biallelic
expression of X-linked genes®. This results in the overexpres-
sion of specific X-linked genes in certain female tissues. XCI
escape varies between genes and individuals, manifesting in
detectable sex differences in gene expression and phenotypic
traits. As observed in mammalian cells, some escape genes are
common to multiple tissues while others are tissue specific. In
2015, researchers used a mouse model to observe genes that es-
caped XCI using a RT-PCR approach. The study used the Patski
cell line, derived from embryonic kidney mouse cells, as well as
mouse brain, spleen, and ovary tissue to examine gene expres-
sion'l. The gene Rlim escaped both XCI in Patski cells and XCI
in brain cells, while genes such as Shroom4 and Car5b escaped
XCI only in the Patski cell line, thus indicating a variation of
gene expression depending on the cell/tissue typel’. Indeed,
the findings reflect the unique expression pattern of the genes.
For example, some genes that escaped XCI in certain tissues
would have functions related to that tissue. All 6 genes observed
to escape XCI in the brain had brain-related functions such as
myelination?. But, of the 33 genes to escape ovary XCI, only
around half (15) were identified as ovary-specific, suggesting
still the variation of expression in escapement'. The degree to
which these discoveries are generalizable to human XCI remains
uncertain given marked differences in XCI initiation and the
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extent of escape across species.

The tissue-specific context of genes is especially important in
XCT analysis. Data collected in 2017 from a systematic survey
of human XCI using three complementary RNA sequencing
based approaches suggested strong evidence for tissue-specific
escape of the KALI gene, its function causing X-linked Kall-
mann syndrome'l. KALI demonstrated exclusive expression
in the lungs, which is in line with the strong female bias de-
tected in lung expression. In the same study, CLIC2 showed
considerable inactive X expression only in skin tissue'!. This
data implies that XCI can vary from tissue to tissue, but fur-
ther analyses are required to fully assess this notion. Again in
the same study, an analysis of sex-biased expression found 60
genes to be biased towards females, implying there eXIST's a
potential, genetic contributing factor to sex-specific differences
in disease’l. In a study done on fetal tissues (muscle, kidney,
neural tissue), 12% of genes showed tissue-specific expression,
but specifically, neural tissue exhibited a noticeably greater de-
gree of tissue-specific escape'l2. Interestingly, this may suggest
that the brain may have a more permissive XCI landscape than
other tissues2. It should be noted though that the majority of
genes in all studies exhibited rather stable XCI patterns across
tissue types, but the specific genes that escaped varied. So, it
can be generalized that XCI is quite consistent across human
tissues, but certain genes may exhibit tissue-specific expression.

More importantly, the X chromosome is known to contain
the most immune-related genes in the entire human genome,
strongly suggesting the correlation between XCI and autoimmu-
nity?. For example, Toll-like receptor genes, TLR7 and TLRS,
are closely located on the X chromosome and are crucial in the
innate immune system responses .. They are responsible for
pathogen recognition and are directly involved in the inflam-
matory responses of the immune system''. Studies have found
that there is a significantly larger amount of TLR7 protein in
female blood compared to males, which may account for the
increased sensitivity in female immune systems?. Subsequently,
this suggests that if TLRs, or any other immune-related genes,
were part of the genes on the inactive X chromosome that es-
capes XCI, a more severe immune response in women could
definitely occur, explaining the high rate of autoimmune disease
in females. This hypothesis has been supported using a single-
cell RT-PCR approach, demonstrating TLR7 escapes from XCI
in plasmacytoid dendritic cells (pDC) causing biallelic expres-
sion of TLR71¥. Biallelic expression of TLR7 frequencies range
from 7 to 45% in certain female cells, influencing an increase
in interferon-a (IFN@) reception''®. This strongly suggests a
correlation between XCI and autoimmunity predisposition in
women.

Other noteworthy genes located on the X chromosome are
CD40L and CXCR3. CD40L initiates a signaling pathway by
binding to the CD40 receptor, activating macrophages, pro-
moting T cell responses for the adaptive immune system, and

Xiwith escape of TLR7

female pDC
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Fig. 2 Figure depicts the proposed TLR7 escape pathway on the X
chromosome. Pictured is biallelic expression of TLR7, increasing
IFNo reception. Adapted from S. H. Hagen, F. Henseling, J.
Hennesen, H. Savel, S. Delahaye, L. Richert, S. M. Ziegler, M. Altfeld.
Heterogeneous escape from X chromosome inactivation results in sex
differences in type I IFN responses at the single human pDC level.
Cell reports. 33, (2020).

stimulating B cell activation, proliferation, and differentiation
into antibody-producing plasma cells'>. This gene is known to
increase antigen presentation and pro-inflammatory responses
in dendritic cells, B cells, and macrophages. CXCR3 is a G
protein coupled receptor active on T cells, and regulates the
migration and function of the cells. The G protein is activated
by chemokines which direct the amplification of immune cells
to inflammation sites, increasing protein production and pro-
inflammatory cytokine secretion’>. Interestingly, both genes
have been shown to escape XClI, increasing their gene dosage
in females, therefore increasing antibody production®. In fact,
an overexpression of CD40L has been observed in both healthy
females and individuals with SLE, suggesting an increased pre-

disposition to autoimmunity in women'>,

Another exception to XCI is known as skewed XCI, where
the random 50/50 selection of the paternal or maternal X chro-
mosome is disturbed, causing a predominance of one parent’s
chromosome and genes in each cell. There are two main cate-
gories of skewed XCI; primary nonrandom XCI and secondary
nonrandom XCI#, In primary nonrandom XClI, the bias for a
particular chromosome is due to genetic modifications or poly-
morphisms which disturb the process of randomness itself*.
But, the process of selective pressures that influence female
cells to prefer one parent’s chromosome over the other is known
as secondary nonrandom XCI. One X chromosome may contain
a particular gene, or genes, that prove to give an advantage,
or disadvantage, to the cell during embryogenesis, and after
many rounds of cell division, the ratio between the paternal
and maternal X chromosome may favor the expression of one
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or the other chromosome®. Skewed XCI has been observed
to influence the appearance and severity of X-linked traits or
diseases, such as Duchenne muscular dystrophy and hemophilia
A, in females if a higher proportion of cells choose to inacti-
vate the wild-type chromosome, favoring a mutant, It would
not be surprising if this skewing could also interfere with im-
mune related genes linked to the X chromosome, supposing
the favored, mutant chromosome contains an abnormally high
amount of pro-inflammatory immune genes. It is crucial for
the fetus to survive through embryogenesis, making stronger
immune responses favorable during the process. In fact, this is
yet another selective pressure that influences the development
of autoimmunity in women. Evolution is the ongoing race to
survive and pass on offspring, the latter being a feat only capable
by women. To bear a child while also maintaining the life of the
mother requires a more sensitive immune system, supporting
the continual survival and transmittance of genes in a species.
Although an overexpression of proinflammatory cytokines could
increase the chances of survival for a mother and fetus, it would
encourage a harsher immune response, promoting autoimmunity.
For the purposes of this paper, the first definition of skewing,
primary nonrandom XCI, will be used because it is unknown
whether selective pressures influenced a preference for a parent’s
chromosome in the studies and literature used.

Common autoimmune diseases in women in rela-
tion to XCI

This study gathers quantitative data on thyroid autoimmune
diseases, but it is important to mention other common autoim-
mune diseases that disproportionately affect women. Systemic
lupus erythematosus (SLE), theumatoid arthritis (RA), and sys-
temic sclerosis (SSc) are three of the most common autoimmune
diseases in women from adolescence to middle age, and each
disease primarily targets women more than men. SLE is an
autoimmune disease with multiorgan system manifestations and
around 85% of patients are women''®. The sex bias ratio of
RA is 3:1 when comparing women to men'Z. In RA, two main
autoantibodies initiate the disease: the rheumatoid factor and
the anti-citrullinated protein antibodies”. These autoantibodies
precede clinical manifestation of RA by many years, explaining
the later onset of disease in most patients'”. The sex bias ratio
in SSc can be as high as 11:118, The disease is characterised
by extensive fibrosis of the skin and internal organs which often
proves fatal.

Patients with RA and SSc have been found to have a signif-
icantly greater amount of XCI skewing than patients without
the disease''”. Interestingly, SLE starkly differs, exhibiting a
reduction in XCI skewing as observed in patients'®. However,
the genetic mechanism behind female bias in SLE is compen-
sated by the fact that it has been revealed that XCI gene escape

in B cells of SLE patients is remarkably high!®. Immune re-
lated genes that revealed cell type-specific biallelic expression
were BTK, NONO, AP1S2, and more, although the significance
is unknown because these genes have not been commonly re-
ported in autoimmune diseases . All four B cell types tested
in a study done in 2021 showed a reduction in both XIST RNA
and H2AK119Ub enrichment on the inactive X chromosome,
providing evidence of abnormal XCI maintenance in SLE pa-
tients!®. H2AK119Ub is essentially a repressive marker laid
by the inactive X chromosome. Overall, the strong female bias
exhibited by these diseases is reflective of the X chromosome’s
impact, especially since immune-related genes are enriched on
it.

XCP’s role in other potential causes of female au-
toimmunity

Pregnancy and Autoimmune Diseases

There are a handful of other factors that influence the develop-
ment of autoimmune disorders in females that could potentially
be linked to XCI, such as hormones and other forms of epige-
netics. XCI may well be a factor of the expression of female-
related hormones, most notably estrogens and progesterone (P4).
These hormones which are more predominant in women interact
directly with immune cells, significantly increasing proinflam-
matory cytokine production®. This spike of immune induced
inflammation contributes to the greater instances of autoimmu-
nity in females. Pregnancy, a unique female experience, causes
hormonal shifts that influence the immune system. Hormonal
and immunological changes are crucial during pregnancy to
ensure a healthy birth, but these changes can prove to be detri-
mental to the mother. During the reproductive cycle, estrogens
and P4 reach their highest levels during pregnancy. These hor-
mones stimulate the synthesis of progesterone-induced binding
factor (PIBF) by lymphocytes, which are crucial in the innate
and adaptive immune response??2l. As PIBF increases through-
out the pregnancy, they promote the differentiation of CD4+ T
cells into T cell type 2, cells which secrete large amounts of
anti-inflammatory cytokines2!. This suggests pregnancy lowers
the effects of inflammatory diseases, many of which are associ-
ated with autoimmunity, which sounds positive, but can cause
striking effects after pregnancy. The birth of the child essentially
acts as a stop signal for PIBF, which then drops dramatically
postpartum, significantly lowering the rate of production of anti-
inflammatory cytokines in the mother?’. This drastic change in
the immune system within such little time increases the likeli-
hood and severity of inflammatory responses in the body after
pregnancy. Moreover, genes that regulate estrogens and P4
can be found on the X chromosome?2. It can be assumed that
these genes could also be a part of the 15-23% which escape
XClI, exacerbating a more intense immune response in females.
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However, in 2021, it was also observed that autoimmunity was
frequently found in childhood or postmenopausal women, life
stages when estrogen levels are lower”. Estrogen’s significance
to autoimmunity is therefore uncertain and requires greater re-
search. In addition, the birth control pill is a popular alternative
to pregnancy, with 25% of women aged 15 to 44 claiming the
pill as their contraceptive of choice®. But, this widely used
contraceptive has its own setbacks regarding hormones, as they
mainly act to prevent ovulation. The pill essentially mimics
the body’s naturally producing progesterone and estrogens, and
these ingested hormones are able to suppress the feedback mech-
anisms of P4 and estrogens 23 As stated above, the reduction in
hormones is bidirectionally linked to the immune system. P4 is
especially targeted as the hormone that prevents pregnancy, and
so as it is reduced, the anti-inflammatory cytokines whose reg-
ulation is dependent on progesterone may also see a reduction.
This could lead to an increase in inflammation from the immune
system, though no studies have confirmed this hypothesis yet.

It can be generally concluded that pregnancy has varying
effects on individuals, as data has reflected both increases and
decreases of autoimmune conditions due to pregnancy. For
example, a study using the Danish Civil Registration System
identified women born between 1960 and 1992 and performed
a data linkage analysis to identify whether certain pregnancy
delivery types influenced subsequent maternal autoimmune dis-
ease”®. The cohort of 1,235,639 women aged 14 years or older
were split into the following groups: women who had their
first child by vaginal delivery, those who performed a caesarean
section (CS), women who had abortions, and a control group
of women who had no previous pregnancy. Researchers found
the risk of autoimmunity in women one year after vaginal de-
livery and CS to be significantly higher compared to the year
following abortion*. Further, women who were pregnant had
a higher incidence of autoimmune disease than those who had
no pregnancy records, implicating pregnancy could very well
contribute to the risk of autoimmunity“*. However, the risk
of autoimmunity decreased between the 3rd and 10th year fol-
lowing vaginal delivery, complicating the matter. It could be
that fetal microchimerism, low levels of fetal cells persisting in
the mother, can increase the pathogenesis of autoimmune dis-
ease because technically the fetal cells are foreign even though
they developed within the mother, thus affecting the immune

system4,

That said, the effects of pregnancy on RA actually induce
improvement or even remission of disease activity in 65% of
patients®”. As stated earlier, the differentiation of CD4+ T
cells into T cell type 2 during pregnancy increases the release
of anti-inflammatory cytokines which, in the case of RA, can
improve symptoms. Yet, the median number of affected joints
significantly increased from 8, during pregnancy, to 10 joints
at 6 months postpartum, demonstrating the fleeting nature of
remission??. It is inconclusive whether these positive effects

can also be demonstrated in other autoimmune diseases.

MicroRNAs

As stated earlier, epigenetic factors are key to XCI, but they are
coincidentally linked to autoimmunity too. Recently, studies
have highlighted microRNAs (miRNA) as important regulators
of the immune response. miRNAs are noncoding RNAs involved
in post-transcriptional gene regulation and function to repress,
or outright degrade, the mRNA before translation. Regulatory T
cells (Treg) function to maintain immune homeostasis through
negative feedback by acting as brake pedals in order to prevent
overreactions, or in other words, autoimmunity. However, miR-
NAs are highly expressed in these cells, specifically miRNA
15/16 clusters®. There is a staggering number of miRNAs on
the X chromosome itself, around 118, compared to only 4 on
the Y chromosome“”. The difference is astonishing. Again, it
is important to note how large the X chromosome is compared
to the Y chromosome and other autosomal chromosomes. The
difference is further exaggerated because of the fact women
have two X chromosomes. XCI may have a strong influence on
miRNA expression, since it is probable that genes which code
for miRNAs that act on the immune system are able to escape
XCI. In the case they do escape, this would lead to even more
miRNA interfering with the expression of Treg cells, which
would lead to the inhibition of “brake pedals” which control
inflammatory responses. This may heavily contribute to au-
toimmune responses in females due to the lack of repressors on
inflammation.

Numerous studies have been conducted on specific X-linked
miRNAs and their correlation with autoimmune diseases. XIST
itself is positively regulated by the miRNA cluster miR-374a%".
The most intensely studied X-linked miRNA in autoimmune dis-
eases is miR-223, but its function is rather multifarious; miR-223
is context-dependent, meaning it has been observed to both en-
hance and decrease inflammation, but more studies have shown
it represses inflammation. A study done on RA and miRNA ex-
pression found miR-223 to be noticeably overexpressed in CD4+
naive T-lymphocytes of all patients with RA%%. Compared to
healthy donors, miR-223 did not consistently express even after
TCR stimulation, suggesting the overexpression is associated
with the pathology, not a consequence, of T-lymphocyte acti-
vation in RA patients<®. Little is known about the miRNA’s
function in T-lymphocytes though there is a clear connection
between it and autoimmunity. In another case, using a mouse ex-
perimental autoimmune encephalomyelitis as an animal model
of MS (multiple sclerosis) provided evidence for the contribu-
tion of miR-223 in autoimmune inflammation of the central
nervous system in mice“?. In addition to significant increases of
miR-223 levels in CD4+ and CD11 cells, miR223 was identified
in spinal cords, spleen, lymph nodes, and bone marrow of mice,
suggesting a complex role??. miR-223 was also observed to
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suppress Th1 and Th17 cell differentiation?®. These findings
may not be directly generalizable to humans, but it is still signif-
icant due to the fact these are mammal cells. It should be noted
that although these studies on miR-223 are rather inconclusive,
these studies nonetheless show miRNAs are able to escape the
X chromosome, and this leaves the door open for other possible
escapees to study. Moreover, certain miRNAs could be poten-
tially useful as markers for disease to enhance disease diagnosis
and treatment efficacy.

Methods

This article reviews literature on what is currently known about
XClI, its link to autoimmunity in women, the implications of
these studies, and the current advancements research is working
towards concerning this issue. Literature review was obtained
from sources all across the globe through Google Scholar. The
diverse sources were collected from studies published in the
United Kingdom, Japan, and Argentina, to name a few. The
variety of sources selected all encompass XCI escapement and
skewing in relation to the female immune system. The next
section uses sources that focus on XCI and thyroid autoimmune
diseases, as there are a greater number of studies done on their
relation. This inspired the research on the thyroid organ itself
and its unique relationship with the immune system, and its
potential correlation to XCI.

More recent studies were preferably used, but because there
is limited data on XCI’s relation to autoimmune disease, some
sources were used from over two decades ago. Older studies
were authenticated with recent studies by comparing data from
sources, observing if they aligned with each other. Overall, a
total of 44 papers were reviewed and are included in the cited
literature. Papers were assessed based on quality—experimental,
primary studies—with a preference for recency. Narrative litera-
ture synthesis is the backbone of this article’s hypothesis, that
XClI increases the risk of autoimmunity in women, therefore
contributing to female autoimmune bias. Literature with data
from experiments were typically preferred, however, general
information regarding XCI and autoimmune conditions were
used from 10 secondary, review articles that provided compre-
hensive overviews. Studies that relied on press releases were
excluded to maintain integrity of the paper. In the following
section, studies were qualified for the inclusion criteria if they
provided experimental evidence supporting the correlation of
XClI to Graves’ Disease and Hashimoto’s Thyroiditis. Studies
for the thyroid-autoimmune relationship had to include a genetic
analysis of patients to support their claims. In addition, studies
reviewed required statistical analyses which fit the sample size
to further validate their claims. Studies were also excluded if
they did not pertain to thyroid autoimmune diseases, lacked
evidence to support XCI skewing in autoimmunity, or the focus
of the study was irrelevant to autoimmunity prevalence among

women. Connecting data from different sources through narra-
tive synthesis is especially emphasized in XCI discussion. In
both data sets used for quantitative data, human participants
were the main subjects of the study, which raised questions of
ethical implications. It was crucial to evaluate the quality and
ethical standard each study was put to. In both experiments, sub-
jects provided informed written consent to the researchers, and
the experiments themselves were approved by their respective
local ethics committees in Osaka and the United Kingdom.

Data Extraction and Results

Thyroid autoimmune diseases have been observed to have a
strong correlation with XCI. Graves’ disease is an autoimmune
disorder that is essentially a precursor to hyperthyroidism. The
immune system denotes the thyroid gland as foreign, and mistak-
enly produces too much thyroid hormone in an attempt to attack
the gland. On the opposite end of the spectrum, Hashimoto’s
disease is an autoimmune disease which reduces the hormone
production of the thyroid gland, leading to hypothyroidism. The
instances of these thyroid autoimmune conditions in females
can be as high as 10:1 compared to males'!.

In 2015, a study done by doctors from the Osaka School of
Medicine measured the degree of skewed XCI in female patients
with Graves’ Disease (GD) and Hashimoto’s Thyroiditis (HT).
The study was done by gathering 120 women with GD and HT
with differing cases of severity as the experimental group, and
49 healthy women with no clinical history of autoimmunity and
thyroid autoantibodies as the control®’. To complete an accurate
analysis of XCI skewing, researchers collected blood samples
in EDTA tubes, isolating genomic DNA from peripheral blood
mononuclear cells, and followed it up with a polymerase chain
reaction (PCR)=Y. This DNA was digested with the restriction
enzyme Hpall, a methylation sensitive enzyme, to obtain PCR
templates, targeting the CAG repeat region of the androgen
receptor gene. Researchers included a male as an enzyme di-
gestion control because male X chromosomes are unmethylated,
unlike female X chromosomes. The number of CAG repeats are
essentially a marker of a maternal or paternal active X chromo-
some. Generally, when the X chromosome is inherited from the
father, the number of CAG repeats increases in subsequent gen-
erations, while a maternally inherited X chromosome observes
that CAG repeats remain stable, or even decrease through gen-
erations=!. Following 30 cycles of amplification, the products
went through gel electrophoresis in 8% denaturing polyacry-
lamide gels for 120 minutes at 250 V=Y. The gels were stained
with ethidium bromide and pictured under ultraviolet light to
differentiate between maternal and paternal skewing through the
CAG repeat number. To quantify the degree of XCI skewing as
a percentage, researchers briefly measured the density of each
band from the two alleles, dividing the density of allele A by the
sum of allele A and allele B, multiplying the quotient by 100°Y.
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A calculation of 50% skewing would be interpreted as random
or normal XCI, whereas 100% is completely skewed=".

A B C D

Hpall + — + — + _ + _
Created with biorender.com

Fig. 3 (A) Male control (B) Unable to distinguish the two bands
because CAG repeats were the same (C) Not skewed (D) Skewed.
Hpall lane indicates the presence or absence of Hpall. The figure
presents the electrophoresis results of the CAG repeat experiment on
female individuals, including a male control, with GD and HT.
Adapted from N. Ishido, N. Inoue, M. Watanabe, Y. Hidaka, Y. Iwatani.
The Relationship Between Skewed X Chromosome Inactivation and
the Prognosis of Graves’ and Hashimoto’s Diseases. THYROID. 25,
(2015).

In both patients with GD and HT, the severity of the disease
increased as skewing increased=Y. In this study, severity of
disease was defined by the prevalence of antibodies and the
use of/resistance to medication, though the exact definition dif-
fers between diseases. GD patients were categorized by their
clinical history of thyrotoxicosis and elevated levels of antithy-
rotropin receptor antibody (TRAb) as follows: 45 patients with
intractable GD who were treated with methimazole for at least
five years and remained positive for TRAb were considered
severe, and 32 patients with GD in remission who maintained
a euthyroid state and were negative for TRAb for more than
two years without medication were not considered severe=.
HT patients were positive for antithyroid microsomal antibody
and/or antithyroglobulin antibody were sorted into the following
groups: 20 patients who developed moderate to severe hypothy-
roidism before 50 years of age and were treated daily with
thyroxine were considered severe, and 23 patients who were
untreated and euthyroid over 50 years of age were considered
mild®". These definitions of severity for GD and HT are consis-
tent across the study. When the cutoff for skewed XCI was set
to 65%, patients who suffered intractable GD had a significantly
higher degree of skewed XCI (66.7%) than those with GD in
remission (25%) using a chi square analysis test with p-values
of less than 0.05, specifically p = 0.00335C. Similarly, skewing
was higher in patients with severe HT (76.5%) compared to
patients with mild HT (41.2%) with a relaxed cutoff of 60%
and a p-value of 0.0342. This means there is evidence for a
relationship between skewed XCI in cells and the severity of
the autoimmune disease. However, as researchers increased
the cutoff beyond 60% skewing, the difference of skewing was
calculated as insignificant*?. To make up for these discrepan-
cies, other factors which influence autoimmunity should once
again be noted, such as XCI escapement, hormones, miRNAs,
etc. Nonetheless, the study is a great leap towards figuring out

the relationship between XCI and autoimmunity, but it may
be limiting due to the acknowledgment that all of the subjects
tested were females of Japanese descent, and the sample size
was small. In spite of that, another study on skewed XCI and
thyroid autoimmune diseases was conducted in the United King-
dom with a much larger female data set of 309 GD patients, 490
HT patients, 325 caucasian controls, 273 caucasian GD families,
and a meta-analysis of 454 GD, 673 HT, and 643 caucasian
controls=%, Using CAG repeats as indicators of skewing, similar
to researchers in Osaka, the UK study analyzed significantly
increased XCI skewing in females with GD and HT compared
to controls, and the cutoff for skewing was defined as 80% or
greater=2. Severity of disease is not explicitly defined in this
study, but is instead indicated through the rate of auto-antibody
positive status=Z. In fact, HT subjects with extremely skewed
XCI showed higher rates of thyroid autoantibody-positive status,
a direct indicator of increased autoimmune instances in relation
to XCI®Z. This study established the notion of increased XCI
skewing in females with Graves’ disease and Hashimoto’s thy-
roiditis with 95% confidence intervals. This furthers the idea
that XCI is able to interfere with immune related genes on the X
chromosome and contribute to autoimmunity prognosis, because
the same relationships between XCI and autoimmune disease
severity were observed in two very culturally different female
sample groups.

Discussion

Researchers in the UK study came to hypothesize that because
XCTI happens at such an early stage of development, when ma-
ture T-cells encounter the skewed X chromosome after the fe-
male has grown, they would not be able to recognize the cells
and deem it foreign, leading to an autoimmune reaction in the
thyroid 32 Nonetheless, both studies confirmed increased XCI
skewing in female subjects with GD and HT, although hypothe-
ses on the matter differ. It is amazing how these two groups
of women from nations so far from each other experienced the
same genetic issue of XCI furthering progression and sever-
ity of autoimmunity, showing just how universal the issue of
autoimmunity and women reaches out to.

There is growing evidence supporting the compelling, bidi-
rectional relationship between the thyroid gland and the immune
system, although the thyroid is traditionally considered part of
the endocrine system. The thyroid functions as an important
body and hormone regulator, releasing thyroid hormones like
T4 (L-thyroxine) and T3 (3,5,3'-triiodo-L-thyronine), the deion-
ized and active form of T4, which contribute to metabolism,
growth, and development in practically all tissues=>. Because
these hormones circulate through the entire body, they could po-
tentially play a role in immunity. T3 and T4 have been reported
in monocytes, granulocytes, natural killer cells, mast cells, and
lymphocytes, although their functions and mechanisms in these
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Table 1 The table summarizes and compares key aspects of the Osaka and United Kingdom studies.

Study Osaka

United Kingdom

Sample size 169 Japanese females, unrelated. 77
with GD, 43 with HT, and 49 healthy

controls

Definition of skewing  XCI skewing is defined as greater than
or equal to 65%, though the study also
relaxed the cutoff to 60% for severity
in HT patients. Random skewing is
represented by 50%, while completely

skewed is represented by 100%.
Statistical tests used

* Chi square analysis
* Fisher’s exact test
e Mann-Whitney U-test

* Probability values of less than 0.05
were considered to be significant

Autoimmunity type Graves’ Disease and Hashimoto’s Thy-
roiditis
Main findings

* No significant difference in the
mean degree of skewing in AITD
patients with control, or of GD and
HT patients and controls

* Intractable GD patients have signif-
icantly higher XCI skewing degree
than those in remission

* With relaxed cutoff, severe HD pa-
tients have a higher degree of skew-
ing than mild HD patients

1392 Caucasian females, 273 families
also screened. 417 with GD, 590 with
HT, and 385 healthy controls

XCI skewing was defined as 80% or
greater of a specific paternal X chromo-
some being inactivated, while extreme
skewing was defined as 90% or greater.

e Cochran’s Q

* Odds ratio calculated with I met-
ric

* Modified Egger test
* 95% confidence interval

* Random effects models used due
to presence of heterogeneity (I> of
75% or greater)

Graves’ Disease, Hashimoto’s Thyroidi-
tis, and Autoimmune Thyroid Disease

* Confirmation of increased XCI
skewing and extreme skewing in
female subjects with GD and HT
in the largest sample collection and
meta-analysis of currently avail-
able data from UK

immune system cells have not yet been solidly confirme:

d33‘34

for the immune system. In the cytoplasm, T4 has been shown

At the genomic level, T3 regulates gene expression of growth
hormone (GH), hairless (Hr), sonic hedgehog (Shh), and other
genes, by binding to thyroid receptor proteins TRaand TR,
which act as ligand-regulated transcription factors, showing the
multifaceted functions of T3%%. In avian natural killer cells,
T3 enhances the responses to IL-2 (interleukin 2) and the IL-2
receptor, a cytokine known to increase natural killer cell pro-
liferation and activation®?. Although this may not translate to
mammalian cells, this suggests T3 is able to uniquely function

to enhance interferon-y (IFN-7) activity in HeLa cell lines, and
although these cells are not directly linked to the immune sys-
tem, they do not contain the classical nuclear receptors, so any
type of signal transduction must have been through an alternate
receptor type=>. This observation has profound implications
for the immune system because IFN-v activates natural killer
cells, thereby enhancing the innate immune system which then
affects the activation of the adaptive immune system>*. For
females with an increased dosage of certain proinflammatory
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genes, these thyroid hormones may indirectly set off a severe im-
mune reaction via natural killer cells because the overactivated
adaptive immune system would trigger increased inflammation.
This reveals a correlation between the thyroid and the progno-
sis of autoimmunity. Furthermore, the ability of T4 to bind to
alternative receptors suggests a possibility for the hormone to
bind to receptors in monocytes, granulocytes, natural killer cells,
mast cells, and lymphocytes, which can contribute to a severe
immune reaction. Both hypothyroidism and hyperthyroidism
can alter the functions of chemotaxis, phagocytosis, generation
of reactive oxygen species, and cytokine synthesis and release in
immune system cells because of altered thyroid conditions=3. In
addition, both are often associated with ovarian cycle irregulari-
ties, which in turn affect other hormones such as estrogen, the
hormone’s influences on the immune system mentioned earlier.

Receptor expression patterns and tissue-specific effects are
able to affect TH signaling in different tissues. The best known
effects of TH on cellular proliferation and differentiation require
the presence of nuclear thyroid hormone receptors (TR), which
are encoded by the genes TRocand TR32>. These genes are able
to generate protein isoforms TRo 1, TRB 1, and TR2 which are
the main hormone-binding isoforms found throughout the body.
TRa1 is predominantly found in bone, gastrointestinal tract, car-
diac and skeletal muscle, and the central nervous system; TR 1
is found more in the liver and kidney; TR32 is most abundant in
the hypothalamus, pituitary gland, cochlea, and retina=>. These
receptors can all be found in the same tissue, but at different con-
centrations which can affect how TH is sent and received from
the thyroid gland. For example, intestinal epithelial cells express
both TRarand TR, but rely on the TRa 1 receptor for cell prolif-
eration?, In addition, mice with a deletion of TRazhave shown a
markedly decreased heart rate, whereas mice with a deletion of
TRPB have a normal heart rate and contractile function“Z. In addi-
tion, TH transporter proteins on the cell membrane regulate the
entry of thyroid hormones into cells, which varies by tissue and
controls the local availability of TH. These ATP-dependent pro-
teins include monocarboxylate transporters MCT8 and organic
anion transporter proteins=®. At the cellular level, gluconeogen-
esis, lipogenesis, insulin signaling, adenylate cyclase signaling,
cell proliferation, apoptosis, and cellular immunity have been
found to be regulated by TH>?.

As of now, research on the relationship between the immune
and endocrine system is often difficult to interpret, given the
dynamic and nuanced interplay between these systems built
to adapt to physiological changes. Continuing to evaluate this
relationship could have important implications for the future of
autoimmunity and inflammation.

Currently, advancements are being made in relation to female
predisposition to autoimmunity. XCI was discovered relatively
recently in 1991 and was groundbreaking for the field of epi-
genetics*®. Now, XCI is under intense study, as much of the
molecular basis of the process still remains unknown yet its

effects are prevalent in all females. In February of 2025, the
immunogenic complex of XIST RNP (riboneucleoprotein) was
investigated, and researchers found its RNA sequence over-
loaded with UU dinucleotides, a type of single-stranded RNA
(ssRNA) composed of two consecutive uracil bases*L. This is
significant because these ssSRNAs act as ligands for TLR7 acti-
vation, which as stated before, are responsible for inflammatory
reaction, and there is more TLR7 in female blood than males®4L,
This raises the question of whether XIST RNA can have func-
tions other than silencing the X chromosome, such as acting
as ligands to activate immune responses. Earlier in 2024, 30
proteins of XIST RNP were found to serve as autoantigens in
human autoimmune diseases. They were found to be targeted
by autoantibodies”. When a cell goes through apoptosis, these
XIST RNPs will be exposed to the body, influencing an immune
reaction. There may be other proteins or molecules that interact
with XIST that researchers have not discovered yet which may
also influence female predisposition to autoimmunity. Further
research is needed to advance XCI mechanism understanding
and its relation to autoimmunity in females.

Non-genetic Factors

Though this paper focuses on the genetic factors of autoimmu-
nity in females, non-genetic factors are also important when
discussing autoimmunity as they pertain to a broader range of
patients.

Environmental impacts on autoimmunity are extremely di-
verse and can have varying effects on different individuals. The
role of pollutants and pesticides in autoimmunity is an emerg-
ing issue within epigenetics and immunology as a whole. The
industrial solvent trichloroethylene (TCE) is a drinking water
pollutant that has been implicated in CD4+ T cell-mediated au-
toimmunity*?. To determine whether continued TCE exposure
during development had an effect on autoimmunity, researchers
Byrum et al. conducted a whole genome reduced representation
bisulfite sequencing of their mouse model to evaluate methyla-
tion of CpG sites in female mice exposed to a control, TCE from
gestation until 37 weeks, or TCE until 22 weeks. They found
that continuous developmental exposure to TCE altered 274
CpG sites in promoters and CpG islands. Continued exposure
to differentially methylated binding sites of PcG proteins in ef-
fector/memory CD4+ cells, indicating exposure may alter CD4+
T cell function in adulthood*Z. In a different study, a sample
of 668 male farmers were examined to determine the associa-
tion between a lifetime of pesticide use and serum antinuclear
autoantibodies (ANA) on their Hep-2 cells*}. Their findings
provide evidence that moderate to higher levels of ANA are
associated with past use of specific organochlorine pesticides,
increasing the risk of systemic autoimmune diseases in these
farmers®3.,

In addition, lifestyle habits can contribute to the onset
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of autoimmune disease. For example, the “Western Diet”—
associated with processed foods, snacks, soft drinks, and “fast
food”—has been studied to better understand its effect on inflam-
mation. Western diets are rich in refined sugars, salt, white flour,
and additives, yet lack necessary fibers, vitamins, minerals, and
antioxidants that keep the body healthy**. These diets are par-
ticularly energy-dense with high glycemic indexes which spike
blood glucose, promoting weight gain. A 2004 study observed
the dietary patterns of 732 women, finding a positive relation be-
tween Western dietary patterns and concentrations of C-reactive
protein (CRP), interleukin-6 (IL-6), E-selectin, soluble intercel-
lular adhesion molecule 1, and soluble vascular cell adhesion
molecule 1 proteins*®, These correlations are significant be-
cause CRP and IL-6 are markers of systemic inflammation and
predictors of cardiovascular diseases in women**, This study
supports the claim that certain dietary patterns may affect the
immune system, particularly to induce inflammation.

Closing Thoughts

Historically, sex differences in health and disease concerning
women have been largely ignored, proving to be a universally
harmful issue for women that is difficult to resolve. Females are
the primary victims of autoimmune disease, and the only target
of X-inactivation. XCI is the process of randomly silencing
one X chromosome, be it paternal or maternal, in cells of indi-
viduals with more than one X chromosome. XCI is imperfect,
leading to 15-23% of genes escaping inactivation, causing an
imbalance of gene expression. Skewing is a phenomenon in
which one parent’s chromosome is favorably expressed over the
other. Research done on thyroid autoimmune diseases (Graves’
Disease and Hashimoto’s Thyroiditis), and the known influences
hormones and epigenetics have on the immune system suggests
that XCI may be an important contributor to the disproportion-
ate ratio of autoimmunity in women compared to men. It is
also important to note that although XCI can be associated with
the female autoimmune bias, it is not the sole cause of the phe-
nomenon. Other factors of autoimmunity include production
of hormones, miRNA interference, and the thyroid organ itself.
In the wake of this information of autoimmunity and XCI, one
final question arises; what does this mean for the future health of
women? While XCI occurs in every female cell and, according
to current research, cannot be controlled or mitigated, this paper
is in support of treatment catered specifically towards women
with autoimmune diseases should be of major concern, and de-
velopment of such treatments should be continually investigated
and funded for. Such treatments could include genetic therapy
that works to target genes on the X chromosome, such as CD40L
and CXCR3, or development of immunity regulators directed
towards the X chromosome. Suppressants aimed to mitigate the
TLR7 pathway can be tested in females with severe autoimmu-
nity to observe if inflammation is able to decrease using such

medications. An experiment using mice as an animal model can
potentially lead to the emergence of such suppressants. For in-
stance, female mice with autoimmune disease symptoms would
be the experimental group and healthy female mice would be
the control. The experimental group could be divided into two
subgroups: those treated with the TLR7 suppressant, and the
other without. It would be expected that the former group would
show a significant reduction in autoantibody levels, mirroring
that of healthy mice, whereas the latter group would continue to
develop autoimmune disease symptoms. A study like this would
effectively test the proposed TLR7-autoimmunity relationship
in females. It could also be useful to evaluate promising molec-
ular biomarkers of autoimmunity that could be tied to the X
chromosome in order to track the prognosis of autoimmunity in
women. With this, researchers would be able to predict major
genetic risks and plan preventative therapies for the patients.
These severe discrepancies between female and male immune
systems cannot be overlooked to ensure every person, regardless
of their sex, will find treatment that works for them. Therefore,
further research on XCI should be continually supported to bet-
ter understand and spread awareness of the implications this
phenomenon may have on children, friends, and mothers.
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