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Abstract 

Sex is a fundamental biological variable that influences immune system function, with sex chromosomes (X 
and Y) playing a central role in these differences. Despite substantial evidence of disparities in immune responses 
between males and females, biomedical research has historically overlooked sex as a critical factor. This oversight 
has contributed to the observed disparities in susceptibility to autoimmune diseases, infectious diseases, and malig-
nancies between the sexes. In this review, we address the phenomena and mechanisms through which aberrant 
expression of sex chromosome-linked genes contributes to sex-based differences in immune responses. We specifi-
cally focus on the implications of X chromosome inactivation (XCI) escape and loss of Y chromosome (LOY). Our 
review aims to elucidate the molecular mechanisms driving these sex-based differences, with particular emphasis 
on the interactions between sex chromosome genes and immune cells in both males and females. Additionally, 
we discuss the potential impact of these differences on disease susceptibility and identify prospective therapeutic 
targets. As personalized and precision medicine advances, it is crucial to integrate sex differences into immunological 
research and clinical trials. We advocate for an increased focus on sex-based considerations in fundamental, transla-
tional, and clinical research to promote personalized, sex-specific healthcare.
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Introduction
Sex chromosomes arose from an initially identical pair 
of autosomes, and the suppression of recombination 
has been a key driver in the evolutionary development 
of mammalian sex chromosomes. The X chromosome 
contains a multitude of protein-coding and non-coding 
genes, whereas the Y chromosome possesses compara-
tively fewer genes. The X chromosome is not only larger 

and more complex than the Y chromosome but also 
harbors a substantial number of genes associated with 
immune functions [1]. There are substantial distinctions 
between male and female immune systems, primar-
ily influenced by genetic factors [2]. Recently, increas-
ing numbers of researchers have been independently 
investigating the differences in immune responses and 
disease between sexes (Fig.  1). However, the molecular 
mechanisms by which sex chromosomes drive immune 
response differences between sexes, leading to disease-
related sex differences, have yet to be fully studied and 
elucidated.

Sex differences in immune system responses are 
becoming increasingly evident, influencing the onset, 
symptoms, progression, and treatment outcomes of vari-
ous diseases (Fig. 1). Females exhibit higher susceptibil-
ity to autoimmune diseases such as Sjögren syndrome 
(SS), systemic lupus erythematosus (SLE), hypothyroid-
ism (HT), rheumatoid arthritis (RA), Graves’ disease 
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(GD), and other autoimmune disorders (Fig.  1). In con-
trast, males show higher incidence rates for certain can-
cers, including colorectal cancer (CRC), esophageal 
squamous cell carcinoma (ESCC), renal cell carcinomap 
(RCC), lung cancers (LC), and other cancers (Fig. 1). In 
infectious diseases, males are generally more suscepti-
ble to infections caused by human immunodeficiency 
virus (HIV), influenza, malarial anemia (MA), and 

other infectious diseases (Fig. 1), and tend to experience 
more severe disease courses with higher mortality rates. 
These differences are thought to be closely linked to sex-
related differences in immune responses, hormone lev-
els, and immune cell functions. The proper functioning 
of the immune system depends on a finely tuned balance 
between opposing forces, much like the concept of yin 
and yang (Fig. 1). Immune cells interact in a coordinated 

Fig. 1 Summary of sex differences in diseases and immune responses. Lists of diseases with male-biased and female-biased incidence rates, 
and immune cells with male-biased and female-biased immune responses. MS multiple sclerosis, AD Alzheimer’s disease, GD Graves’ disease, 
HT hypothyroidism, TC thyroid cancer, RA rheumatoid arthritis, SS Sjögren’s syndrome, SLE systemic lupus erythematosus, T1D type 1 diabetes, 
PBC primary biliary cholangitis, HIV human immunodeficiency virus, Flu influenza, TOXO toxoplasmosis, Leg Legionnaires’ disease, MA malarial 
anemia, ZIKV Zika virus, EBOV Ebola Virus, MERS-CoV Middle East Respiratory Syndrome Coronavirus, LEPTO leptospirosis, HBV Hepatitis B Virus, TB 
tuberculosis, MMa malignant melanoma, BC bladder cancer, CRC  colorectal Cancer; ESCC, Esophageal Squamous Cell Carcinoma; RCC, Renal Cell 
Carcinomap; AML, Acute Myeloid Leukemia; MM, Multiple Myeloma; HCC, Hepatocellular Carcinoma; LC, Lung Cancer; GC, Gastric Cancer
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and regulated manner to sustain immune activity while 
preventing self-damage. Each type of immune cell has a 
counterpart that helps maintain this delicate equilibrium. 
For example, T lymphocytes are divided into subsets like 
Th1 and Th2, where Th1 cells are primarily involved in 
initiating aggressive immune responses, while Th2 cells 
act to suppress or regulate these responses, ensuring that 
immune activation is appropriately controlled. Similarly, 
B lymphocytes are categorized into effector B cells, which 
mediate immune attacks, and regulatory B cells, which 
help modulate immune function. Other immune cells, 
such as NK cells, macrophages, and neutrophils, also 
exhibit complementary counterparts with either pro-
inflammatory or regulatory roles (Fig.  1). This intricate 
balance of opposing forces is critical for immune home-
ostasis, preventing autoimmunity, and ensuring that 
immune responses are triggered only when necessary 
and tempered when excessive. Maintaining this immune 
equilibrium is key to protecting the body against patho-
gens without causing harm to its own tissues.

In mammals, phenotypic sex differences can be attrib-
uted to genetic variations between XX and XY individu-
als. Notably, X chromosome genes affect immune cell 
composition and function, exacerbating sex differences 
[3]. The differences in X chromosome dosage between 
sexes are predominantly mitigated through X chromo-
some inactivation (XCI). XCI is an epigenetic mecha-
nism driven by the X inactive-specific transcript (XIST), 
which randomly selects and silences one X chromosome 
in female cells, suppressing the expression of most of 
its genes. This process ensures dosage compensation of 
X-linked genes between female (XX karyotype) and male 
(XY karyotype) cells, supporting normal female embry-
onic development and maintaining stability throughout 
life [4]. However, around 15% of the genes on the inac-
tive X chromosome evade XCI and remain expressed, 
referred to as XCI escape genes [5]. Consequently, the 
expression of XCI escape genes in female immune cell 
subpopulations is generally significantly higher than in 
males [6]. Many XCI escape genes lack functional coun-
terparts on the Y chromosome, and these genes some-
times confer specific physiological advantages to females 
[7]. In healthy human females, age-related and individu-
ally variable expression of XCI escape genes, which also 
varies by tissue and cell, may explain sex-specific traits, 
phenotypic variation in X-linked diseases, and clinical 
anomalies in individuals with atypical X chromosomes 
[8]. For example, recent studies indicate that almost 
two-thirds of X-linked immune system-related genes 
are expressed without sex bias across non-lymphatic tis-
sues, while the remainder exhibit similar frequencies of 
male and female bias, highlighting the complexity of XCI 
escape regulation [9]. Studies using GTEx data revealed 

that sex-biased gene expression is widespread but highly 
tissue-specific, with 13,294 sex-biased genes identi-
fied across various tissues, including candidates for XCI 
escape and hormone-related regulation of autosomal 
genes [10]. Thus, the increased dosage and interindivid-
ual heterogeneity of XCI escape genes may be crucial fac-
tors contributing to sex differences in disease.

miRNAs serve as potent regulators across a wide array 
of physiological pathways and are implicated in various 
disease mechanisms. The X chromosome has the greatest 
concentration of miRNA sequences, endowing females 
with a richer repertoire of miRNA-mediated regulatory 
mechanisms compared to males. Specifically, the human 
X chromosome encodes 118 miRNAs, in stark contrast 
to only 4 known miRNAs on the Y chromosome, thereby 
potentially influencing sex-specific manifestations of dis-
eases [11]. Notably, X-linked miRNAs play pivotal roles 
in governing cellular fate, underscoring the notion that 
female cells may possess more robust epigenetic mech-
anisms than their male counterparts. Moreover, the 
presence and activity of X-linked miRNAs underscore 
significant sex disparities in the occurrence and pro-
gression of cancers, including discernible variations in 
DNA methylation patterns between sexes [2]. In immune 
cells, miRNAs exert regulatory control over immune 
responses, cytokine production, and immune cell activa-
tion. Given the abundance of miRNAs on the X chromo-
some, females are expected to exhibit heightened levels of 
these molecules, potentially contributing to sex-specific 
variations in immune cell function, such as differences 
in vaccine responsiveness. Ultimately, a comprehensive 
evaluation of sex-specific differences linked to miRNAs 
and immune cells holds promise for improved patient 
stratification and personalized healthcare interventions.

The Y chromosome’s sparse gene content and predomi-
nantly inactive state have led to its characterization as a 
genetic wasteland [12]. Variations in the Y chromosome 
can impact both the quantity and function of immune 
cells, thereby influencing immune system efficacy and 
disease resistance in individuals. Additionally, the Y chro-
mosome is crucial in regulating tissue- and cell-specific 
alternative gene splicing, which is particularly significant 
in immune cells [13]. Loss of the Y chromosome (LOY) 
refers to the partial or complete absence of the Y chro-
mosome in male cells, commonly observed in blood cells 
and progressively accumulating with age. As a mosaic 
event, LOY is closely associated with shortened lifespan 
and increased incidence and mortality of various dis-
eases, including cancer and cardiovascular disorders [14]. 
The phenomenon of LOY has been consistently neglected 
in research concerning male health. LOY induces signifi-
cant alterations in the genomic transcriptome of human 
immune cells, impacting biological processes including 
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cell migration, angiogenesis, and immune responses. The 
absence of the Y chromosome in immune cells not only 
highlights its newfound role in sexual dimorphism but 
also provides insights into understanding and potentially 
treating diseases associated with LOY [15]. The integrity 
of the Y chromosome closely correlates with the median 
survival time of patients, with LOY carriers surviving 
approximately 5.5 years less than non-LOY patients [16]. 
LOY is prevalent in specific cancers, particularly in male 
patients; its frequency in cancer tissues might indicate 
its presence in immune cells and possible contamination 
from peripheral blood cells. In male cell lines, LOY may 
lead to common dependencies on specific genes, indicat-
ing potential therapeutic targets [17]. Differences in sex 
chromosomes play a significant role in the higher cancer 
incidence rates observed in males compared to females, 
partly due to the escape of certain genes on the X chro-
mosome from XCI. However, LOY and extreme loss are 
also critical factors contributing to these sex differences 
in cancer incidence rates.

Comprehensively studying the molecular mechanisms 
underlying immune response variations between males 
and females in both immunology and clinical trials is of 
profound scientific and clinical importance for managing 
diseases that exhibit sex-specific immune response dis-
parities. This review explores the influence of sex chro-
mosome gene expression on human sexually dimorphic 
immune mechanisms, including phenomena such as XCI 
escape, and LOY. We advocate for researchers and clini-
cians alike to prioritize sex considerations in immunolog-
ical and clinical research endeavors, aiming to advance 
personalized and precision healthcare initiatives.

XCI in immune cells
XCI is a crucial mechanism in early mammalian embry-
onic development, maintaining sex-based gene expres-
sion balance by randomly silencing one of the two X 
chromosomes cells of females. This process begins 
early in embryogenesis, whereby each cell in the female 
embryo randomly selects one of the X chromosomes for 
inactivation, leading to the silencing of the majority of 
genes on the selected chromosome [5]. In immune cells, 
the maintenance of XCI involves dynamic mechanisms 
that lead to the overexpression of numerous X-linked 
genes, which has implications for female-biased auto-
immune diseases [18]. XCI influences complex human 
traits, exhibiting varying degrees of skewing in blood, 
fat, and skin tissues, while maintaining consistent expres-
sion patterns in immune cells [19]. The random XCI in 
female cells achieves a balance in dosage compensation, 
which persists through successive cell divisions in all 
female somatic cells [20]. In certain lymphocyte sub-
sets, including B cells and T cells, regulatory elements 

responsible for XCI can be lost after activation, enabling 
these activated immune cells to bypass XCI. This phe-
nomenon enhances immune cell functionality and adap-
tive responses, allowing them to effectively respond to 
immune challenges while maintaining normal immune 
function. Upon B cell activation, the repositioning of Xist 
RNA and heterochromatin modifications may predispose 
X-linked genes to reactivation, potentially disrupting the 
sex-specific balance of gene expression [21]. Evidence 
indicates varied mechanisms for XCI maintenance in 
lymphoid and myeloid immune cells, including differen-
tial patterns of Xist RNA expression in innate immune 
cells such as NK cells and DCs derived from myeloid and 
lymphoid lineages, though not in plasmacytoid dendritic 
cells (pDCs) [5]. Importantly, compromised dynamic 
repositioning of Xist RNA could lead to XCI escape, 
potentially heightening susceptibility to autoimmune 
diseases in females [22]. While the specific mechanisms 
remain unclear, the quantity of proteins interacting with 
Xist/Xist RNA in immune cells is crucial for maintaining 
XCI function, and their involvement in promoting abnor-
mal escape mechanisms associated with female-biased 
immune diseases warrants further investigation.

In summary, immune cells might gain advantages from 
increased expression of specific X-linked immune genes, 
with different immune cell types potentially showing 
unique sex-specific expression patterns for these genes. 
The mechanisms that regulate XCI maintenance within 
the immune system raise many intriguing questions that 
warrant further investigation.

X‑linked immune‑related genes
X-linked immune genes are vital for regulating immune 
cell functions, resulting in significant sex differences in 
immune responses. Recently, more XCI escape genes 
have been identified that affect immune cell recogni-
tion and pathogen responses, resulting in sex dispari-
ties in inflammation, antibody production, and immune 
memory (Fig.  2 and Table  S1 in Supplementary mate-
rial). Table  S1 provides a comprehensive summary of 
these genes and their functions, including several under-
explored genes that may hold significant potential in 
immune regulation. By compiling this information, we 
aim to present a thorough perspective on the mecha-
nisms underlying sex differences in immune responses, 
offering valuable insights for further research in this field.

TLR7
The TLR7 gene, located on Xq22.3, is a key mediator of 
immune responses. As an X chromosome escape gene, 
its expression in approximately 30% of immune cells in 
females enhances immune activity, contributing to sex 
differences in immune function [23, 24]. Elevated TLR7 
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expression in females results in greater IFN-α and TNF-α 
production in pDCs and stronger antibody responses in 
B cells compared to males. This heightened activity sup-
ports more efficient class switching, enhanced IgG pro-
duction, and better plasma cell differentiation (Fig.  2) 
[25–28]. The increased TLR7 activity in females is asso-
ciated with a higher prevalence of autoimmune diseases, 
such as SLE, and reduced efficacy of TLR7-targeted 
therapies in males. TLR7-mediated immune responses 
exhibit sex differences, with pDCs from females produc-
ing higher levels of IFN-α in response to HIV-1 infec-
tion, leading to stronger secondary activation of CD8 + T 
cells. This sex difference results in higher immune activa-
tion in females compared to males at the same viral load, 
potentially contributing to faster disease progression in 
women. Modulating the TLR7 pathway may therefore 
offer a novel approach to reducing HIV-1-associated 
pathology and improving sex-specific therapeutic strat-
egies [29–32]. Studies have shown that pDCs in females 
exhibit a stronger TLR7/9-driven IFN-α response dur-
ing viral infections, a sex difference that persists with age 

but diminishes after 60  years due to a decline in circu-
lating pDCs [33]. These findings highlight the influence 
of X chromosome escape and sex hormones on sex-
specific immune functions, as well as their implications 
for autoimmune disease susceptibility and immunother-
apy efficacy. Future research should focus on develop-
ing TLR7-targeted therapies tailored to these sex-based 
differences.

TLR8
The TLR8 gene, located on Xq24, is another X-linked 
gene known to escape XCI, contributing to significant sex 
differences in immune responses and disease susceptibil-
ity, including autoimmune disorders and cancers [34]. 
TLR8 signaling plays a pivotal role in immune regulation, 
particularly through enhancing Treg functionality and 
reprogramming glucose metabolism to boost anti-tumor 
immunity. This has been demonstrated in melanoma 
adoptive T cell transfer therapy models, where TLR8 acti-
vation improves Treg activity and strengthens anti-tumor 
immune responses [35]. In females, TLR8 expression 

Fig. 2 X-linked immune gene escape from XCI in immune cells. TLR7 and TLR8 escape XCI in human pDCs, affecting the body’s immune response 
by regulating the functions of CD8 + T cells, Th1, Th17, and B cells. FOXP3 primarily regulates immune responses through Treg cells and T cells. 
CD40L modulates immune responses by regulating TNF-α secretion from macrophages. KDM6A can escape XCI in both CD4 + T cells and tumor 
cells
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from both X chromosomes is critical for diverse immune 
functions, including the production of IgG autoantibod-
ies, upregulation of IFN-I, and the generation of neu-
trophils essential for robust immune responses (Fig.  2) 
[36]. In lupus-prone female mice, prolonged immune 
activation and elevated autoantibody production have 
been observed, implicating TLR8 in the pathogenesis 
of SLE. In these models, bone marrow-derived mac-
rophages exhibit markedly increased TLR8 expression, 
correlating with heightened immune activity. Similarly, 
in patients with SSc, pDCs show elevated TLR8 expres-
sion and increased type I IFN activity, further supporting 
the association between TLR8 dysregulation and autoim-
mune disease progression [36]. The capacity of TLR8 to 
escape XCI and regulate key immune processes under-
scores its importance in sex-specific immune responses. 
Its involvement in autoimmune diseases like SLE and 
SSc, along with its impact on tumor immunity, highlights 
TLR8 as a promising target for developing sex-specific 
therapies. Future research should aim to further elucidate 
the mechanisms of TLR8’s escape from XCI in immune 
cells and its broader implications for disease susceptibil-
ity and immune modulation.

CD40L
The CD40L gene, located on Xq26.3, is a key regulator 
of immune responses, primarily through its interaction 
with the CD40 receptor. Notably, CD40L escapes XCI in 
immune cells, contributing to sex-specific differences in 
immune function (Fig. 2) [37]. The CD40L-CD40 signal-
ing pathway activates macrophages, promotes robust T 
cell responses, and stimulates B cell activation, prolifera-
tion, and differentiation into antibody-producing plasma 
cells [38, 39]. Additionally, CD40L expression on acti-
vated CD4 + T cells enhances antigen presentation and 
pro-inflammatory responses in dendritic cells, B cells, 
and macrophages [40]. The evasion of XCI by CD40L 
increases gene dosage in females, potentially contribut-
ing to their heightened susceptibility to autoimmune 
diseases. Overexpression of CD40L has been observed 
in healthy females and individuals with SLE, where it 
correlates with immune activation and disease progres-
sion [41]. In patients with X-linked hyper-IgM syndrome, 
mutations in the CD40L gene result in disrupted CD40/
CD40L signaling, leading to abortive germinal center 
reactions, significant depletion, and phenotypical abnor-
malities of follicular dendritic cells, thereby impairing 
the functional development of B-cell follicles. Further-
more, persistent antigenic stimulation in mucosal tis-
sues is likely a key factor in maintaining the elevated 
serum IgM levels observed in these patients [42]. Addi-
tionally, CD40L dysregulation is implicated in condi-
tions like primary biliary cholangitis (PBC) and active 

SLE, where its upregulation leads to abnormal T and B 
cell activity. Monoclonal antibodies targeting CD40L 
have shown promise in reducing the production of anti-
nuclear autoantibodies, suggesting therapeutic potential. 
In MS, CD40L activation on immune cells influences 
non-classical NF-κB signaling pathways, contributing 
to immune dysregulation. In RA, female animal models 
exhibit higher CD40L expression, particularly in arthri-
tis models, correlating with stronger antigen-specific IgG 
responses and sex-specific immune differences. Increased 
frequencies of Tfh cells in females, producing IL-21 and 
IL-27, further promote sex-biased immune functions 
[43]. The overexpression of CD40L in females contrib-
utes to autoimmune disease susceptibility, while its dys-
regulation in conditions like SLE and MS highlights its 
potential as a therapeutic target. Monoclonal antibodies 
targeting CD40L may provide novel treatments for auto-
immune diseases, and further studies are needed to elu-
cidate its role in shaping sex-specific immune responses.

FOXP3
The FOXP3 gene, located on Xp11.23, is a critical tumor 
suppressor that regulates immune system functions, par-
ticularly through its role in the development and function 
of Treg cells [44]. Its expression is tightly regulated by the 
IL-2/Jak/Stat signaling pathway, while its deficiency leads 
to severe immunopathology in both mice and humans 
[45]. Additionally, FOXP3 negatively regulates the NF-κB 
pathway, which is crucial for inhibiting T cell activation 
and maintaining immune tolerance. XCI significantly 
influences FOXP3 expression and its immune-regulatory 
functions (Fig.  2) [46]. Sex-based differences in FOXP3 
expression contribute to disparities in immune system 
characteristics. In SSc, increased XCI skewing corre-
lates with reduced FOXP3 expression, impairing Treg-
mediated immunosuppression [47]. Conversely, in SLE, 
elevated frequencies of CD4 + FOXP3 + T cells strongly 
correlate with disease activity, emphasizing their role 
in limiting excessive immune responses [48]. In visceral 
adipose tissue, male mice exhibit higher frequencies of 
FOXP3 + Treg cells than females, with notable differences 
in phenotype, transcriptome, and chromatin accessibil-
ity [49]. These findings suggest that FOXP3 + Tregs play 
a key role in metabolic regulation and tissue-specific 
immune responses. Further exploration of these mecha-
nisms may inform the development of targeted therapies 
for autoimmune diseases and cancer.

CXCR3
The CXCR3 gene, located on Xq13.1, plays a crucial 
role in adaptive immunity and exhibits variable escape 
from XCI [50]. CXCR3 is a G protein-coupled receptor 
expressed on activated T cells, crucial for regulating T cell 
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migration and function. It is activated by IFN-γ-inducible 
chemokines like CXCL9, CXCL10, and CXCL11, which 
recruit immune cells to inflammation sites and influ-
ence angiogenesis [51]. In females, CXCR3 leads to 
increased protein production, enhancing pro-inflamma-
tory cytokine secretion and amplifying Th1 responses. 
CXCR3 expression is upregulated during inflammation 
on macrophages, dendritic cells, and both CD8 + and 
CD4 + T cells, facilitating their migration to infec-
tion sites [52]. CXCR3 modulates immune cell function 
through key signaling pathways, including JAK/STAT, 
PI3K/Akt, and Ras/ERK, which are critical for immune 
responses to exogenous antigens. These pathways sug-
gest that CXCR3 may be targeted in immunotherapeutic 
strategies, particularly in organ transplantation [53]. TIn 
human clinical trials, CXCL10, a ligand for CXCR3, has 
been linked to enhanced vaccine responses, with elevated 
blood levels associated with increased antibody produc-
tion [54]. In SLE, female patients show elevated CXCR3 
expression in CD4 + T cells, correlating with demethyla-
tion of the CXCR3 promoter and increased disease activ-
ity. This overexpression is potentially due to the inactive 
X chromosome. While the direct escape of CXCR3 from 
XCI in human T cells remains unclear, increased expres-
sion in CD4 + T cells from SLE patients supports this 
hypothesis [55]. In contrast, reduced methylation of the 
CXCR3 promoter in CD4 + T cells leads to heightened 
CXCR3 expression, highlighting its role in PBC progres-
sion [56]. These findings underscore the significance of 
CXCR3 in adaptive immunity and disease progression. 
Its sex-specific expression and regulation via XCI and 
methylation offer potential for targeted immunotherapies 
to address sex-based differences in immune responses.

KDM6A
The KDM6A gene, located on Xp11.3, encodes a lysine 
demethylase to regulate chromatin accessibility and tran-
scriptional activity. Notably, KDM6A escapes XCI in 
both human and murine immune cells, leading to higher 
expression levels in female immune cells (Fig.  2) [57]. 
KDM6A deficiency lead to an increase in NK cell num-
bers and activity by influencing chromatin accessibility 
and gene expression, but impair their effector functions, 
potentially heightening susceptibility to viral infections 
[58]. In male glioblastoma (GBM) patients, KDM6A-
induced T cell exhaustion correlates with GBM progres-
sion and response to immune therapies [59]. Functional 
inhibition of KDM6A has been shown to suppress IFN-γ 
production in murine effector T cells. In melanoma 
patients, KDM6A expression levels correlate with sur-
vival outcomes, where higher expression in females is 
linked to increased lymphocyte infiltration and enhanced 
IFN-γ production. Escape of KDM6A from XCI in 

females confers protective benefits, whereas loss-of-func-
tion mutations in males are associated with an increased 
incidence of certain cancers. Notably, this sex disparity 
in cancer incidence highlights KDM6A’s role in protect-
ing females from bladder cancer through X chromosome 
maintenance and epigenetic mechanisms [60]. The loss of 
KDM6A leads to decreased expression of p21 and Perp, 
increasing susceptibility to bladder cancer [61]. In pan-
creatic cancer, KDM6A deficiency enhances sensitivity to 
BET inhibitors, suggesting potential therapeutic benefits 
of personalized treatment strategies [62].

KDM6A is also implicated in inflammatory responses. 
RNA-seq analysis of 102 COVID-19 blood samples 
revealed elevated KDM6A levels in female ICU patients, 
with no significant sex differences observed in males 
[63]. KDM6A activates the IFN-γ pathway, facilitat-
ing immune-regulatory cell recruitment and enhanc-
ing anti-tumor immune responses. KDM6A expression 
leads to H3K27me3 demethylation and increased IRF5 
levels, promoting a pro-inflammatory microglial cell 
phenotype [64]. Moreover, in female ankylosing spondy-
litis patients, inflammatory KDM6A expression in Th17 
cells correlates with increased transcriptional ratios of 
immune-regulatory KDM5C, suggesting potential tar-
gets for T cell-driven therapies in autoimmune diseases 
[65]. Elevated KDM6A expression in female CD4 + T 
cells also contributes to the mitigation of experimental 
autoimmune encephalomyelitis (EAE), influencing sex-
based susceptibility to autoimmune diseases such as MS. 
In summary, the heightened expression of KDM6A in 
female tissues is crucial for maintaining cellular homeo-
stasis, plays a key role in X chromosome-mediated tumor 
suppression, and offers greater protection against specific 
cancers in females. Additionally, its role in autoimmunity 
and inflammatory diseases underscores its potential as a 
therapeutic target for improving sex-specific treatment 
strategies.

X‑linked immune‑related miRNA
miRNAs play essential roles in regulating both develop-
ment and immune responses in the human immune sys-
tem, displaying distinct sex-specific expression patterns 
that are modulated by environmental stimuli [66]. Nota-
bly, X-linked miRNAs play significant roles in sex-related 
immune responses by modulating gene expression. These 
X-linked miRNAs crucially impact immune cell func-
tion and development, disrupting immune tolerance 
and contributing to autoimmune disease pathogenesis 
[67]. Remarkably, about 50% of X chromosome miRNA 
expression is regulated by DNA methylation, with cer-
tain miRNAs evading XCI and exhibiting heightened 
expression levels in female cells [68]. X-linked miRNAs 
that escape XCI exhibit sex differences in various tumors, 
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influencing immune cell infiltration and tumor invasive-
ness (Fig. 3) [69].

In melanoma, miR-17 regulates PD-L1 expression and 
influences drug-resistant cell invasiveness, thus impact-
ing prognosis and treatment efficacy [69]. Sex bias in 
breast cancer involves 125 identified genes, predomi-
nantly affecting females (114 genes) versus males (11 
genes). Among these, eight genes closely associated with 
immune cell infiltration highlight sex-specific influences 
in breast cancer progression [70]. miR-21 and miR-29a 
are crucial in M2 macrophage reprogramming through 
the CSF1-ETS2 pathway, promoting tumor angiogenesis 
and proliferation [71]. Additionally, miR-23a exhibits sex-
specific effects in cerebral ischemia by targeting XIAP 
mRNA, altering cell death pathways differently in male 
and female mice [72]. In melanoma and hepatocellular 
carcinoma (HCC), miR-98 suppresses IL-6 and IL-10 
expression, respectively, influencing tumor cell migra-
tion and invasion, thereby impacting patient survival 

[73]. Conversely, overexpression of miR-106a and miR-
363 is associated with the oncogenesis of T-cell leukemia 
[74], while downregulation of miR-374b is associated 
with a poor prognosis in T-cell lymphoblastic lymphoma 
patients [75]. This correlation affects cell proliferation 
and apoptosis sensitivity through targeting of AKT1 and 
Wnt16 [75].

miR-221 and miR-222 are well-studied X-chromo-
some loci in tumors, widely distributed across eukary-
otes [76]. In metastatic melanoma, miR-222’s promoter 
binds directly to ETS-1, where phosphorylation status 
influences its expression; conversely, non-phosphoryl-
ated ETS-1 in early melanoma suppresses miR-222 tran-
scription [77]. Furthermore, these microRNAs facilitate 
hematopoietic differentiation in human embryonic stem 
cells (HPSCs) by targeting the SCF/c-KIT axis, enhancing 
progenitor cell output and multipotency. Modulation of 
miR-221 and miR-222 levels in undifferentiated HPSCs 
alters c-KIT expression, promoting hematopoiesis and 

Fig. 3 X-linked immune-related miRNAs. miR-17-5p regulates PD-L1 expression, affecting the invasion ability of drug-resistant cells. miR-363-3p 
inhibits melanoma cell cycle progression by targeting cyclin p21. miR-532-5p suppresses the expression of RUNX3. miR-21 and miR-29a promote 
tumor angiogenesis and proliferation by regulating CSF1-ETS2-M2 macrophage reprogramming. miR-548m participates in the regulation of SLE 
pathogenesis by targeting the PTEN gene. miR-221 and miR-222 help sustain low p27 levels, leading to ongoing cell proliferation in glioblastoma. 
Meanwhile, miR-223 limits the recruitment of innate immune cells by reducing the expression of CXCL2 and CCL3
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offering insights into leukemia pathogenesis [77]. miR-
221 and miR-222 also regulate p27 levels in cancer cells, 
influencing sustained proliferation, notably in GBM 
[78]. They additionally modulate tolerance to microbial 
infections via TLR responses, affecting SWI/SNF and 
STAT pathways. Their reprogram macrophage function 
through chromatin remodeling, potentially impacting 
immune response and patient prognosis, highlighting 
their biomarker potential in sepsis [79]. miR-223, highly 
expressed in melanoma, reshapes tumor-infiltrating mye-
loid cells to support metastasis and angiogenesis, with 
sex differences possibly linked to X-chromosome inac-
tivation [80]. miR-363-3p inhibits melanoma cell cycle 
progression by targeting p21, implicating it as a thera-
peutic target for cancer treatment [81]. In immune con-
texts, miR-374b and miR-532-5p exhibit dysregulation in 
melanoma, influencing pathways like Wnt-16, AKT1, and 
RUNX3, affecting CD8 + cell presence and tumor infil-
tration [82]. X-linked miRNAs, notably in active lupus, 
show significant sex-specific expression in CD4 + T cells, 
influenced by epigenetic mechanisms like demethylation, 
though comprehensive understanding of XCI-escaping 
miRNAs requires further investigation [55]. miR-548 m’s 
regulation of PTEN affects SLE pathogenesis [83], while 
miR-548am-5p, identified as an XCI escape gene, demon-
strates sex-specific apoptotic susceptibility modulation, 
highlighting its role in disease etiology [84]. Sex-biased 
miRNA expression plays a role in sex differences in 
disease outcomes, particularly in immune responses, 
highlighting the necessity for more comprehensive mech-
anistic investigations into X-linked miRNAs in immune 
cells [78].

miRNAs play a pivotal role in disease treatment, and 
various ongoing oncology-related clinical trials are 
investigating their applications in screening, diagnosis, 
and drug testing. The sex-specific expression of miR-
NAs offers valuable insights for future miRNA-based 
personalized therapeutic strategies. In breast cancer, 
altered expression of miR-221 and miR-222 has been 
closely linked to drug resistance, with miR-221 pro-
moting doxorubicin resistance through the PTEN/Akt/
mTOR signaling pathway, while miR-222 and miR-29a 
modulate therapeutic resistance by targeting PTEN [85, 
86]. Preclinical studies and trials have demonstrated 
the therapeutic potential of second-generation miR-17 
inhibitors, such as RGLS8429, and miR-29 mimics, such 
as MRG-229 [87–89]. Overexpression of miR-21 plays a 
critical role in chemotherapy and radiotherapy resistance 
across various cancers by downregulating tumor sup-
pressors, including PTEN and PDCD4, thereby mediat-
ing resistance to drugs like paclitaxel and cisplatin [90, 
91]. Combined therapeutic approaches targeting miR-
21, such as co-delivery with 5-FU, have shown efficacy 

in overcoming resistance [92]. Similarly, miR-23a and 
miR-374b are implicated in radiotherapy and chemo-
therapy resistance in lung and hepatocellular cancers, 
respectively [93, 94]. miR-23a promotes radioresistance 
via angiogenesis, while miR-374b reverses sorafenib 
resistance by suppressing glycolytic pathways. Moreover, 
miR-221 inhibition significantly enhances the sensitiv-
ity of triple-negative breast cancer cells to paclitaxel, and 
low miR-223 expression is associated with resistance to 
dual antiplatelet therapy and an increased risk of car-
diac events [95]. In summary, The diversity of miRNAs 
in therapeutic resistance mechanisms and their potential 
for targeted interventions, particularly when considering 
sex-specific differences in miRNA expression, strongly 
support the development of novel anti-cancer strategies 
tailored to personalized treatments.

Loss of Y chromosome (LOY)
LOY and immunity
LOY in immune cells is linked to higher rates of early 
male mortality and a variety of diseases. Specifically, 
mosaic LOY (mLOY) in leukocytes correlates with 
heightened overall mortality risk in male, particularly in 
relation to cancer-related mortality. This discovery chal-
lenges previous assumptions that underestimated the 
potential consequences of LOY, underscoring the need 
for further investigation into this phenomenon [96]. 
Notably, the occurrence and gene expression alterations 
of LOY vary significantly across different immune cell 
types in patients with various diseases (Fig.  4). In a UK 
Biobank study involving 207,603 cancer-free male, 1.6% 
exhibited low levels of immune cell mLOY, while 0.3% 
exhibited high levels [97]. LOY predominantly affects 
various leukocyte types such as NK cells and CD4 + T 
cells, leading to transcriptional abnormalities in approxi-
mately 500 genes [98]. This supports the hypothesis that 
LOY in blood could facilitate disease progression by 
modifying immune cell functions that are affected by 
genetic mutations. Single-cell transcriptomic sequenc-
ing reveals varying degrees of LOY across different cell 
types: 27% in NK cells, 23% in monocytes, 7% in B lym-
phocytes, and 3% in T lymphocytes [98]. In mouse mod-
els, the Y chromosome significantly influences immune 
cell numbers and gene expression, particularly regulat-
ing NK T cell numbers, CD4 + T cell gene expression 
patterns, and macrophage immune responses. Studies 
demonstrate that male M1 macrophages exhibit signifi-
cantly increased expression of pro-inflammatory genes 
during LDL uptake, whereas female macrophages tend 
to display markers associated with cellular damage [99]. 
The Y chromosome, which is rich in genes related to 
wound healing and suppression of immune responses, 
corresponds with the traits of anti-inflammatory M2-like 
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tumor-associated macrophages, though macrophages 
can display various phenotypes beyond the M1 and M2 
classifications [100]. Genes within the PAR1 region of the 
Y chromosome exhibit male-biased expression, whereas 
most non-PAR1 escape genes exhibit female-biased 
expression [101]. Whole-genome analyses of peripheral 
CD4 + T cells from healthy individuals reveal a higher 
accessibility of X-linked chromatin sites in female cells 
[102]. Despite its functional limitations, the Y chromo-
some plays an indispensable role in immune responses 
and reproductive systems, thereby underscoring its criti-
cal significance in human biology.

LOY in cancer
With advancing age, the LOY in male cells is strongly 
correlated with the incidence of cancer [103]. Specifi-
cally, genes RBMY and TSPY located on the Y chromo-
some are aberrantly activated in male HCC, resulting in 
elevated TSPY expression and reduced TSPX expression 
in affected male patients. This dysregulation correlates 
with increased levels of the HCC marker glypican-3, 
while TSPX expression exhibits a negative correlation 

with glypican-3 and FOXM1 [104]. In CRC, certain male 
patients display feminization of cancer cells, a phenom-
enon notably linked to CpG island methylation seen in 
female CRC. Conversely, male CRC often presents fem-
inization-like chromosomal copy number abnormali-
ties such as X chromosome gains or LOY [105]. As male 
age, there is a notable decrease in Y chromosome pres-
ence in leukocytes [106]. LOY is prevalent in the tumor 
microenvironment of CRC, particularly within Treg 
cells, potentially enhancing their immunosuppressive 
properties. LOY correlates with elevated expression of 
immune checkpoint receptors like PDCD1, TIGIT, and 
IKZF2 in Treg cells, thereby influencing their function 
in the tumor microenvironment and potentially affect-
ing immune therapy responses in CRC patients [107]. 
Recent studies underscore the role of mLOY in shaping 
immunosuppressive tumor microenvironments. In spe-
cific contexts, such as in macrophages, LOY has been 
implicated in promoting cardiac fibrosis and heart fail-
ure, whereas in cancer immunology, its presence in Treg 
cells is crucial for evading immune responses [108]. Male 
CRC patients are notably susceptible to metastasis and 

Fig. 4 Loss of Y chromosome Y in immune cells and tumor cells. The upregulation of the Y-chromosome gene KDM5D significantly impacts 
tumor cell adhesion and tumor immune response through KRAS mutation-STAT4 mediation. KDM5D inhibits prostate cancer cell invasion 
by demethylating H3K4 and suppressing the expression of matrix metalloproteinases. In bladder cancer cells, LOY enhances the expression 
of immune checkpoint molecules such as CD274, LAG3, and HAVCR2. This upregulation contributes to T cell exhaustion and makes the cells more 
vulnerable to PD-1 immune checkpoint therapy. The deletion of KDM5D can result in clonal expansion of hematopoietic stem and progenitor 
cells (HSPCs) and progression of acute myeloid leukemia (AML). LOY macrophages excessively activate pro-fibrotic signaling pathways, which 
in turn stimulates fibroblast activation, proliferation, and the production of excessive extracellular matrix, ultimately resulting in myocardial fibrosis 
and heart failure
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increased mortality, phenomena closely linked to Y chro-
mosome alterations and immune cell dynamics. Notably, 
recent research has notably highlighted the upregulation 
of the Y chromosome gene KDM5D in KRAS-mutated 
CRC, which influences tumor cell adhesion and immune 
responses through the KRAS-STAT4 signaling pathway 
[109]. Specifically, KDM5D epigenetically suppresses 
tight junctions and downregulates MHC-I expression, 
facilitating immune evasion by tumors. Deletion of 
KDM5D conversely enhances tumor cell adhesion and 
improves CD8 + T cell-mediated tumor surveillance, 
enhancing immune response effectiveness [109]. Recent 
investigations emphasize the prevalence of LOY in Treg 
cells within the blood and tumor tissues of prostate can-
cer patients, surpassing levels found in other T cell sub-
sets and contributing to immune dysregulation. LOY, 
identified as the most common somatic aneuploidy in 
aged male leukocytes, correlates with heightened overall 
mortality rates and increased cancer susceptibility due to 
LOY. The buildup of LOY in Treg cells may significantly 
impact immune function in prostate cancer contexts 
[110]. In metastatic prostate cancer, frequent deletion of 
the KDM5D gene predicts poor prognosis, limiting tumor 
invasiveness through H3K4 demethylation and suppres-
sion of matrix metalloproteinase expression [111]. Simi-
larly, in the context of bladder cancer, LOY is linked to an 
invasive tumor phenotype and a worse prognosis. Mech-
anistically, bladder cancer cells with LOY induce dys-
functional or exhausted CD8 + T cells, impairing T cell 
function within the tumor microenvironment [112]. LOY 
is observed in ~  23% of male bladder cancer patients 
across various tumor grades and stages, indicating its 
potential as an early event in bladder cancer pathogenesis 
[113]. Despite the aggressive growth of tumors associated 
with reduced Y chromosome gene expression in these 
instances, these tumors paradoxically exhibit improved 
responses to immunotherapy, particularly immune 
checkpoint blockade with PD-1/PD-L1 inhibitors [114]. 
Furthermore, LOY genes KDM6C and KDM5D corre-
lates with adverse prognosis in bladder cancer patients, 
further compromising anti-tumor immunity within LOY-
associated tumors [115]. This loss results in CD8 + T cell 
dysfunction, exacerbating tumor invasiveness [115]. In 
male head and neck squamous cell carcinoma (HNSCC), 
LOY is widespread, impacting ~ 25% of affected individu-
als and correlating with diminished cancer survival rates 
[116]. Recent findings also highlight widespread LOY in 
pancreatic cancer tissues of male patients, in stark con-
trast to intact Y chromosomes found in chronic pancre-
atitis tissues, suggesting LOY as a potential diagnostic 
marker distinguishing benign from malignant pancreatic 
diseases [117]. The presence of LOY in blood cells shows 
a strong correlation with the development of cancers in 

males, including an increased risk of clonal expansion 
in HSPCs and advancement to acute myeloid leukemia 
(AML) [118]. Studies using mouse models have dem-
onstrated that LOY induces significant DNA damage in 
HSPCs, promoting clonal hematopoiesis and contribut-
ing to AML pathogenesis [118]. Notably, the KDM5D 
gene encodes the human H-Y antigen, which may lead 
to immune-mediated rejection of male organs and bone 
marrow transplants in female recipients, despite match-
ing of the major histocompatibility complex [119]. The 
identification of the H-Y antigen holds potential for 
predicting post-transplant outcomes, aiding in prenatal 
diagnostics, and informing reproductive strategies [119].

LOY in non‑neoplastic diseases
In mouse models, young male mice demonstrate rela-
tive resistance to EAE, whereas susceptibility increases 
notably in elderly males and females. Age-related sever-
ity of EAE in males contrasts with stable conditions 
observed in females [120]. The introduction of exoge-
nous Y chromosome exacerbates EAE severity, under-
scoring its pivotal role in sex disparities [120]. Gene 
expression in CD4 + T cells of male EAE patients mir-
rors patterns observed in Y chromosome-expressing 
mouse models [121]. Studies further indicate a sig-
nificant LOY in male patients with abdominal aortic 
aneurysm, correlating with decreased SRY expression 
and free testosterone levels with advancing age [122]. 
Similarly, male PBC patients exhibit a pronounced 
LOY, which intensifies with age [122]. Furthermore, 
the Y chromosome correlates with T cell infiltration, 
particularly notable in stroke-prone hypertensive rats, 
suggesting potential roles in cardiovascular regulation 
via organ-specific T cell infiltration [123]. Male patients 
with autoimmune thyroiditis demonstrate a markedly 
elevated frequency of LOY [124]. Notably, with age, 
HSPCs in males experience LOY. Consequently, bone 
marrow-derived Y chromosome-deficient monocytes 
infiltrate the heart post-cardiac injury, differentiating 
into Y chromosome-deficient macrophages that replace 
existing cardiac macrophages [108]. Intriguingly, these 
overactive macrophages stimulate fibrosis signaling 
pathways, which in turn boost the activation, prolifera-
tion, and extracellular matrix production of fibroblasts. 
This process eventually results in myocardial fibrosis 
and contributes to heart failure [108]. Transplantation 
of Y chromosome-deficient bone marrow cells esca-
lates animal mortality and age-related fibrotic lesions, 
particularly affecting cardiac function. Conversely, 
therapeutic neutralization of TGF-β1 shows promise in 
improving cardiac function in Y chromosome-deficient 
mice [125]. In COVID-19 patients, particularly males 
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and the elderly, observed LOY correlates closely with 
higher mortality rates. LOY contributes to immune 
dysfunction, initially attenuating the immune response 
to SARS-CoV-2 and thereby increasing the risk of dis-
ease progression [126]. LOY predominantly impacts 
granulocytes and monocytes in patients with COVID-
19, showing a positive correlation with disease severity, 
mortality during ICU treatment, and a history of vas-
cular diseases [126]. Subsequent recovery stages exhibit 
significant reductions in LOY levels and low-density 
neutrophil counts, suggesting a role in male innate 
immune function [127]. Impaired immune cell func-
tion due to LOY compromises effective virus resistance. 
Additionally, LOY loss partly explains sex disparities 
and higher mortality rates in elderly male COVID-19 
patients [126]. Genetic variations in the Y chromo-
some influence how male mice respond to influenza 
virus infection, enhancing the immune response while 
not affecting virus replication [128]. A study compar-
ing sex-specific gene expression among neurons, astro-
cytes, and microglia in the brains of newborn mice 
revealed that microglia exhibited the highest degree of 
sex-specific gene expression, followed by neurons and 
astrocytes. These sex-specific genes are predominantly 
enriched in immune systems and immune-related 
diseases, with Y chromosome genes playing a domi-
nant role in these cells. For instance, overexpression 
of Eif2s3y in male neurons increases synaptic trans-
mission, leading to autism-like behavior in male mice 
[129]. Transcriptomic analysis of macrophages and 
CD4 + T cells reveals significant differences in Y-linked 
gene expression among susceptible mouse strains, find-
ings corroborated by human studies [121]. Specific 
genetic variations in the male Y chromosome correlate 
with a heightened susceptibility to coronary artery dis-
ease, linked to immune and inflammatory molecular 
pathways, particularly in monocytes and macrophages. 
Y chromosome-regulated genes are notably enriched 
in immune response genes, crucially involved in anti-
gen processing and presentation [130]. Changes in gene 
expression in specific regions of the Y chromosome 
in macrophages lead to downregulation of KDM6C 
and PRKY genes [131]. Reduced KDM6C expression 
in macrophages significantly decreases immune co-
stimulatory signals, affecting 59 signaling pathways 
[132]. CD99 expression on Y chromosome PAR1 is sig-
nificantly diminished at the transcript and protein lev-
els across various immune cells. However, male LOY 
is associated with CD99 expression in immune cells, 
crucial for normal leukocyte transendothelial migra-
tion [133]. Reduced Y chromosome levels may hinder 
immune cell migration, impacting immune-related 

cellular functions and disease susceptibility in affected 
males at the protein level [133].

Discussion and future direction
To date, notable sex disparities exist in the incidence, 
symptomatology, disease progression, and treatment 
outcomes across various diseases, including infec-
tious diseases, autoimmune disorders, cardiovascular 
diseases, and cancers. Concurrently, sex disparities in 
immune responses persist and evolve, both in normal 
physiological conditions and disease states (Fig.  1). Sex 
differences in immune responses are complex and mul-
tifaceted, involving mechanisms such as immune cell 
activation, immune molecule expression, and hormonal 
regulation. The balancing role of the immune system can 
be compared to the throttle and brake of a car, where the 
throttle provides power and the brake prevents exces-
sive reactions. The immune system does not need to be 
stronger in all aspects; rather, it must maintain a balance, 
or yin-yang equilibrium, that effectively clears pathogens 
without causing harm to the body’s own tissues (Fig. 1). 
Disruption of this balance may lead to either overacti-
vation or insufficient activation of the immune system, 
resulting in autoimmune diseases or immune deficien-
cies. Therefore, maintaining immune balance is crucial 
for disease prevention and overall health. These gender 
differences not only enhance our understanding of dis-
eases but also provide new perspectives for developing 
personalized treatment strategies. Further research into 
the immune mechanism differences between genders 
will help to formulate more precise and tailored clinical 
approaches, better addressing the needs of different gen-
der groups. However, factors and mechanisms driving 
these immune response disparities between sexes, along 
with their implications for sex-specific disease outcomes, 
have received limited research attention and explanation. 
This review aims to elucidate known or potential molecu-
lar mechanisms through which sex chromosomes regu-
late immune functions, influencing observed differences 
in disease manifestations between sexes.. These mecha-
nisms discussed include XCI escape and LOY.

Currently, a growing list of X-linked immune genes 
has been recognized for their ability to evade XCI, 
although they represent a minority among X-linked 
immune genes (Table  S1 in Supplementary material). 
Recently, more XCI escape genes have been identi-
fied that are closely associated with immune cell rec-
ognition and pathogen responses, contributing to 
sex disparities in inflammation, antibody produc-
tion, and immune memory. X chromosome-related 
genes (such as CD40L, FOXP3, CXCR3, and KDM6A) 
enhance immune responses in females by regulating 
immune cell functions, contributing to sex differences 
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in autoimmune diseases and cancers (Fig.  2). Notably, 
XCI escape genes are more prevalent in autoimmune 
disorders, particularly SLE. This escape from XCI is 
particularly common in immune cells and is subject 
to dynamic regulation, potentially increasing the sus-
ceptibility of females to autoimmune conditions. Con-
versely, in cancer, the escape of oncogenic genes from 
XCI paradoxically appears protective in females to 
some extent. This raises intriguing questions regard-
ing the causal link between X-linked gene escape from 
XCI and sex disparities in autoimmune disease suscep-
tibility. Understanding the stability of XCI escape in 
immune cells and the molecular mechanisms behind it 
is crucial and requires further investigation. Further-
more, the unresolved heterogeneity in mechanisms 
facilitating X-linked gene escape warrants attention. 
Understanding the regulation of tissue-specific escape 
mechanisms and their impact on immune cell func-
tionality is crucial for deciphering the high levels of 
X-linked genes in autoimmune diseases. Moreover, the 
maintenance of dosage compensation on the inactive X 
chromosome in immune cells without the presence of 
Xist RNA and heterochromatin marks remains an open 
inquiry. Some researchers speculate that DNA meth-
ylation might sustain transcriptional repression, but 
detailed mechanisms necessitate further elucidation 
[134]. Additionally, the role of XCI escape in immune 
cells in promoting sex-biased immune-mediated dis-
eases remains obscure. Recent advancements in bio-
informatics and genomics have continually refined 
methods for studying XCI processes. For example, Sau-
teraud et al. developed the XCIR tool, an R package for 
analyzing escape genes in RNA-seq data, facilitating 
the identification of genes undergoing XCI escape dur-
ing XCI [135]. Recent Assay for Transposase-Accessible 
Chromatin with high-throughput sequencing (ATAC-
seq) technologies have disclosed significant individual 
variations in the regulatory elements of CD4 + T cells, 
with sex emerging as a major source of variability. Spe-
cific regions on the X chromosome exhibit double the 
signal intensity in female cells compared to male cells, 
indicative of XCI escape gene. The widespread applica-
tion of ATAC-seq has unveiled individual variability in 
gene regulatory elements on the X chromosome, offer-
ing new insights into the association between sex dif-
ferences and disease occurrence [136]. Overall, much 
remains to be explored regarding X-linked immune 
gene escape from XCI, including its role in driving sex 
disparities in disease susceptibility and other pertinent 
aspects. Current experimental techniques for study-
ing XCI escape are predominantly limited to allele-
specific markers or RNA FISH analysis [28], with no 

standardized markers developed yet for efficient, rapid, 
and cost-effective identification of XCI escape.

miRNAs play a vital role in controlling immune gene 
expression by modulating the activation, proliferation, 
and differentiation of immune cells. However, many 
studies on miRNAs have overlooked sex-specific back-
grounds. Altered miRNA expression patterns in immune 
cells are prominent in autoimmune diseases, which sig-
nificantly influence disease incidence and prognosis 
[137]. X-linked immune-related miRNAs, which escape 
XCI, play crucial roles in immune responses and dis-
ease progression, showing sex-specific patterns in can-
cer and autoimmune diseases. These miRNAs, such as 
miR-21, miR-221, and miR-222, regulate immune cell 
function, tumor invasiveness, and therapeutic responses. 
Their involvement in pathways like AKT, Wnt, and TLR 
underscores their potential as biomarkers and thera-
peutic targets (Fig.  3). Notably, the functions of most 
X-linked miRNAs remain undescribed to date. Analyz-
ing sex-specific miRNA expression heterogeneity can 
significantly deepen our insight into the mechanisms 
driving sex-biased diseases and provide new perspec-
tives for developing sex-specific therapeutic strategies. 
The distribution of miRNAs on the X chromosome is 
closely linked to sex-related functions and pathological 
processes in immune responses and cancer, warranting 
further investigation to improve disease treatment and 
prevention [138]. X-linked miRNAs exhibit sex-specific 
immune differences, offering a protective mechanism 
in females, although controversies exist in males. Many 
X-linked miRNAs are still not well-studied in either 
sex. Investigating sex-biased expression of specific miR-
NAs could uncover sex-specific pathological conditions. 
Future research should address this gap to connect clini-
cal data with the molecular mechanisms of sex-biased 
diseases, thereby facilitating the development of novel 
therapeutic approaches. In immune cells, X-linked miR-
NAs regulate critical processes such as differentiation, 
maturity, homeostasis, and function, which are indispen-
sable for immune responses. Their dysregulation is linked 
to various diseases, including cancer, inflammation, and 
autoimmune disorders, offering potential new avenues 
for diagnostic markers and gene therapy methods [139].

While X-linked genes are well-studied in relation to sex 
differences in tumors, the role of Y-linked genes remains 
incompletely understood. Nevertheless, genetic mate-
rial from the Y chromosome is predominantly expressed 
in males, potentially influencing adverse prognoses in 
male tumor patients [140]. LOY, a sex-specific genetic 
variation, correlates with various health issues, includ-
ing cancers and cardiovascular diseases. However, many 
questions persist. LOY in immune cells is associated 
with higher mortality rates and increased susceptibility 
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to various diseases, particularly cancer. Mosaic LOY 
(mLOY) in leukocytes is linked to transcriptional abnor-
malities in immune cells, such as NK cells and T cells, and 
affects genes related to immune function. LOY plays a 
crucial role in cancer progression by influencing immune 
responses in Treg cells and macrophages, potentially 
contributing to immune evasion. LOY also impacts non-
neoplastic diseases like autoimmune conditions and car-
diovascular diseases, suggesting its broad implications in 
health and disease (Fig. 4). The role of LOY in cancer cells 
in regulating T cell function and creating an immunosup-
pressive microenvironment, which accelerates cancer 
progression, is still unclear. Further research is necessary 
to better understand how LOY in cancer cells interacts 
with LOY in tumor-infiltrating immune cells through-
out the course of cancer progression. The link between 
LOY and aggressive cancer traits, particularly in blad-
der cancer and CRC, remains contentious and requires 
further investigation. A major challenge is the precise 
identification of LOY in various clinical samples. Cur-
rent techniques for detecting LOY include DNA microar-
rays, whole genome sequencing, and droplet digital PCR. 
Recent advancements include the use of GWAS-derived 
Y chromosome single nucleotide polymorphism data and 
tools like YTool for data analysis [141]. However, these 
methods are labor-intensive and lack adequate sensitiv-
ity and resolution. These limitations hinder a full under-
standing of LOY’s biological and clinical significance in 
hematopoiesis and cancer. Thus, there is an urgent need 
for simpler, more sensitive detection methods to better 
understand LOY’s role in cancer. Research into the effects 
of hematopoietic and cancer-associated LOY on cancer 
progression is still in its early stages. Initial findings indi-
cate that both forms of LOY may negatively affect can-
cer outcomes, potentially by altering immune responses 
and making cancer cells less susceptible to immune sys-
tem attacks. Cancer-associated mLOY and hematopoi-
etic mLOY may exacerbate cancer prognosis, possibly by 
making cancer cells more resistant to PD-1 ICB therapy. 
Targeting Y chromosome genes like UTY and KDM5D to 
improve sensitivity to PD-1 ICB therapy in non-mLOY 
cancers could become a new treatment approach. LOY-
positive tumors show reduced response to anti-PD-1 
therapy, indicating treatment insensitivity. Men with 
lower Y chromosome gene expression levels generally 
benefit more from radiotherapy. In conclusion, Y chro-
mosome genes critically influence immune responses and 
survival rates [142].

Thus, XCI escape and LOY contribute to sex dif-
ferences in immunity. X-linked genes and X-linked 
immune-related miRNAs enhance immune responses 
in females, affecting autoimmune disease susceptibility 
and cancer progression. Investigating these genes offers 

potential targets for personalized therapies. Meanwhile, 
LOY in immune cells is associated with increased mor-
tality and susceptibility to diseases, particularly cancer, 
through its impact on immune responses and immune 
evasion. These mechanisms highlight the importance of 
XCI escape and LOY in immune cell function and dis-
ease, offering new opportunities for sex-specific diag-
nostics and therapies.

Conclusion
Historically, sex differences in health and disease have 
been ignored or marginalized. Increasing evidence 
shows marked variations in disease manifestations and 
immune responses between males and females, with 
sex chromosomes playing a key role in these disparities. 
Sex chromosomes are crucial in innate and adaptive 
immune responses, leading to sex-specific differences 
in infectious diseases, autoimmune disorders, cancers, 
and vaccine efficacy. This review examines how abnor-
mal expression of sex chromosome-linked genes affects 
sex differences in immune responses, focusing on 
mechanisms like XCI escape and LOY. This article aims 
to clarify how sex chromosomes influence immune 
response differences and disease-specific sex dispari-
ties, and to identify potential therapeutic targets. How-
ever, most existing studies on sex chromosomes’ impact 
on immune-disease differences rely on case studies and 
lack depth, with many biological investigations failing 
to integrate sex chromosome factors comprehensively. 
Assessing sex-specific dosing through clinical trials is 
essential to optimize the right balance between drug 
effectiveness and toxicity, especially for medications 
with notable pharmacokinetic variations. Thus, it is 
essential to thoroughly examine and address sex differ-
ences in disease across basic, translational, and clini-
cal research. A deeper investigation into the specific 
molecular mechanisms by which sex chromosomes 
drive sex differences in immune responses and disease 
is essential for achieving personalized and precise med-
ical care.
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