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Abstract 

The functioning of the human immune system is highly dependent on the sex of the individual, which comes 
by virtue of sex chromosomes and hormonal differences. Epigenetic mechanisms such as X chromosome inactiva-
tion, mosaicism, skewing, and dimorphism in X chromosome genes and Y chromosome regulatory genes create 
a sex-based variance in the immune response between males and females. This leads to differential susceptibility 
in immune-related disorders like infections, autoimmunity, and malignancies. Various naturally available immunomod-
ulators are also available which target immune pathways containing X chromosome genes.
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Background
The immune response in males and females presents 
numerous differences, affecting the diagnosis, pathogen-
esis, and treatment of autoimmune diseases and infec-
tions. Females generally tend to have a more pronounced 
immune response, both innate and adaptive, compared to 
males. The statistics of the recent COVID-19 pandemic 
showed that although the infection rate varied between 
males and females the mortality rate and the number of 
patients admitted to intensive care units (ICUs) were 
higher in males [24] However, females are more predis-
posed toward autoimmune diseases. These significant 
differences in the functioning of the immune system of 
males and females are due to X and Y sex chromosomes 
and sex hormones [1].

Males and females have different genetic make-
ups with males having one X chromosome (XY) and 
females having two X chromosomes (XX). However, 

to maintain equivalent gene dosage between the two 
sexes, one of the X chromosomes in females is inacti-
vated [77]. The X chromosome inactivation happens by 
epigenetic mechanisms [64] and the inactive X chromo-
some is associated with repressive epigenetic markers, 
such as long non-coding RNAs (lncRNA), Firre, XIST, 
and Dxz4 [28], increased methylation levels [76] and 
histone modifications. The X chromosome that will be 
inactivated is chosen at random and the XIST (X inac-
tive specific transcript) RNA determines which X chro-
mosome will be inactivated. However, about 15% of the 
genes in the inactive X chromosome escape the inac-
tivation process [50]. This may create dimorphisms in 
immune response as the X chromosome has the highest 
number of immune-related genes [5, 102]. Sex hormones 
such as estrogen, progesterone, and testosterone change 
the immune response as they regulate the cells involved 
in the immune response [57]. Both the X chromosomes 
(Paternal and Maternal) have a 50% chance of getting 
inactivated in females, due to the random nature of the 
inactivation process, however, one of the chromosomes 
is more dominant towards inactivation than the other, 
hence making the inactivation process highly skewed [6]. 
A higher skewing ratio is typically found in autoimmune 
disorders [85].
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The Y chromosome is known as the functional waste-
land as it contains a very low number of genes and is 
mostly inactive. But some genes of the Y chromosome 
have regulatory functions; hence they show some sex-
dependent dimorphism in the immune response [68].

Immune pathways like TLR 7/8, NF-κB and JAK–STAT 
have downstream proteins which are encoded in the X 
chromosome. These escape X inactivation and are highly 
expressed in autoimmune disorders. Various inhibitors 
to components of these pathways are listed in Tables  1, 
2 and 3. Inflammatory responses in malignancies show 

Table 1  Naturally available compounds inhibiting the TLR 7 pathway

Compound Class Natural sources Mechanism of action References

1,4-Naphthoquinone Quinone (i) English walnut (Juglans regia)
(ii) American black walnut (Juglans 
nigra)

Inhibits IRAK 1 and it’s downstream 
molecules in in vitro human THP-1 
macrophages

[52]

Artemisinin derivative SM934 Sesquiterpene lactone Sweet wormwood (Artemisia annua) Downregulates TLR 7 expression, sup-
pressing B cell activation and Plasma 
cell formation

[98]

Thiostrepton Oligopeptide Streptomycetes Functions as TLR 7 antagonist [43]

Andrographolide Diterpenoid Green Chirata (Andrographis paniculata) Promotes MyD88 degradation [75]

Azithromycin Macrolide Streptomycetes Inhibited proteolytic processing of TLR 
7

[43]

Table 2  Naturally available compounds inhibiting the NF-κB pathway

Compound name Class Natural sources Mechanism of action References

β-Cryptoxanthine Carotenoids Tangerines, persimmons, oranges Elevates levels of IgM (B Cell receptor) [9]

Lycopene Carotenoids Tomatoes, grapefruit Elevated Levels of IgM [27]

Betulinic acid Pentacyclic terpenoid Betula pendula
(Birch tree)
Eucalyptus
Platanus
(plane tree)

Increases levels of IgM [60]

Tanshinone I Diterpene Salvia miltiorrhiza (red sage) Syk inhibitor [95]

Piceatannol Stilbene Vitis vinifera (red grapes) Syk inhibitor [13]

Quercetin Flavonoid Onions, apples, grapes Syk inhibitor [3]

Curcumin Diarylheptanoid Curcuma longa (turmeric) Syk inhibitor, modulates CD 40L expression [55, 101]

Glabrene Flavonoid Glycyrrhiza glabra (Licorice) Lyn inhibitor [34]

Lactucopicrin Sesquiterpene lactone Lactuca virosa (wild lettuce) Lyn inhibitor [34]

Honokiol Biphenol Magnolia (laurel magnolia) Lyn inhibitor, inhibiting proliferation and invasion, 
inducing apoptosis in Adenocarcinoma cells

[21]

Cannabidiol Resorcinols Cannabis sativa (hemp) Modulates CD 40L expression [55]

Azithromycin Macrolide Streptomycetes Inhibits CD 40 [43]

Glycyrrhizin Triterpene saponins Glycyrrhiza glabra (liquorice) Upregulated CD 40 expression [7]

Table 3  Naturally available compounds inhibiting the JAK/STAT pathway

Compound name Class Natural sources Mechanism of action References

Duramycin Thiopeptide Streptomycetes CXCR 3 inhibitor [61]

Roselipins Polyketide glycosides Clonostachys rosea CXCR 3 inhibitor [61]

Hypoglausin A steroidal glycosides Blighia sapida (ackee fruit) CXCR 3 inhibitor [61]

Dioscin Steroidal glycosides Scrophularia nodosa L. (figwort) CXCR 3 inhibitor [61]

Gallic acid Phenolic acid Blueberry, blackberry, strawberry, plums, grapes, 
mango, cashew nut, hazelnut, walnut, tea, wine

IL2 inhibitor, FoxP3 inhibitor [38]
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difference in immune cell infiltration into tumors like 
tumor associated neutrophils, macrophages and B cells.

This review attempts to summarize the recent advance-
ments on how sex chromosome epigenetics can affect 
dimorphisms in the immune responses. It also provides 
insights on how X chromosome genes can affect the 
immune pathways and differential responses of infiltrat-
ing immune cells in tumors.

Sex chromosome epigenetics and effects 
on the immune system
X chromosome mosaicism, inactivation epigenetics 
and escape
The paternal X chromosome in females is inactivated 
to compensate for the dosage of genes between males 
and females [51]. Phenotypic variations of the male and 
female immune systems happen due to two processes: X 
chromosome mosaicism [83] and X chromosome inac-
tivation escape. Ohno and Haushuka reported in 1960 
that one X chromosome in females is heteropyknotic 
[51]. Lyon et al. further proved that one X chromosome 
is selected randomly at the embryonic stage for inacti-
vation. Lyon used mosaicism to explain the patches of 
white, normal, and intermediate color in mice with hete-
rozygous sex-linked genes which affected coat color [50]. 
Some of the autosomal genes determining coat color got 
translocated on the X chromosome and included a part 
of linkage group VIII, and the gene for the brown allele 
translocated on the X chromosome. The patches which 
were produced by translocated genes showed mosaicism 
[51]. However, it was also hypothesized that homologous 

genes to Y should escape inactivation to achieve equiva-
lent gene dosage [10]. Carrel et  al. reported that about 
15% of genes on the X chromosome could escape the X 
inactivation, and 10% of these genes are heterozygous, 
leading to a variation in X-linked gene expression [11].

There are various epigenetic mechanisms which are 
involved in the inactivation of the X chromosome (Fig. 1). 
X inactivation happens before implantation and affects 
numerous epigenetic markers. XIST is a lncRNA that 
employs a complex responsible for chromosome silenc-
ing [4]. XIST RNA expression is seen on embryonic days 
2–4 [17]. Ftx is a non-coding gene present on the X chro-
mosome inactivation center which acts as a cis-activator 
of Xist transcription [35]. Dzx4 is another lncRNA asso-
ciated with X inactivation. It is a microsatellite repeat, 
maintaining the bipartite super domain of the X chromo-
some. It is also involved in the formation of chromatin 
loops by CTCF-mediated interactions, which is responsi-
ble for the packaging of the inactive X. Another lncRNA, 
Firre, is also present, which is involved in recruiting chro-
matin organizers such as CTCF, YY1, and RAD 21 and 
maintains H3K27me3 methylation [28]. Inactive X also 
has inactivating methylation markers hypomethylated 
H3K4 and hypoacetylated H3K9, which appear at the 
8-celled stage. Eed-Ezh2, H3K27 methylation, and mac-
rohistone H2A association occur at the 16-celled morula 
stage, followed by Histone H3K9 methylation occurring 
at the 32-celled stage [50].

The region of the X chromosome which escapes the X 
inactivation is known as the pseudo-autosomal region 
(PAR), and the genes in this region have homologs on 

Fig. 1  Epigenetic events happening in the human X chromosome and the epigenetics of X chromosome inactivation escape (in red). (On left) 
genes escaping the X chromosome inactivation process which have implications on the immune system
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the Y chromosome (Sawalha, Harley, and Scofield 2009). 
The X-linked genes that escape X inactivation are found 
in the p-arm of the X chromosome, which may be corre-
lated with its distance from the XIST region.

CpG islands also correlate with escape, as methylation 
plays a significant role [11]. L1 elements help properly 
anchor the X chromosome to the XIST lncRNA and are 
absent in the escape genes. Accelerated telomere short-
ening due to aging correlates with X chromosome reac-
tivation (XCI) [4]. Liu et al. recently reported age-related 
differential in methylation in regions which escape XCI 
[49]. Sometimes, if the Y chromosome loses its analog, 
XCI (X chromosome Inactivation) escape may occur 
to maintain gene dosage. X chromosome also has an 
extremely high number of microRNAs. There are only 
118 microRNAs on the X chromosome compared to only 
4 on Y chromosome—an average of 40–50 microRNAs 
in the autosomes [22]. These can also escape the meiotic 
sex chromosome inactivation event as they have a role 
in meiosis. TSIX is a gene antisense to the XIST gene. 
Before the inactivation event happens in the embryo, the 
TSIX expression is higher than XIST. TSIX checks any 
pre-imprinted bias for inactivation towards one chromo-
some, leading to an increase in the levels of H3K4me3 on 
the XIST-associated chromatin and hence an increase 
in the expression of XIST and Tsix [8]. There are many 
macro-RNAs present in the inactive X chromosome that 
govern the decision as to which X chromosome will be 
inactivated. DXPas34, located at 3’ to XIST, ensures that 
the X chromosomes remain in the N-1 condition. Xite, a 
small gene upstream of the Tsix, modulates its expression 
whose differential methylation patterns along the CTCF 
(CCCTC binding factor) binding can modulate the Tsix 
expression at the early paired X stage.

Inactivation skewing and autoimmune disorders
Theoretically, the X chromosome inactivation happens 
in a 50:50 manner, however deviations from this make 
the process of X chromosome inactivation is highly 
skewed where, generally, the inactivation of one X chro-
mosome is favored over the other [84]. This skewing 
pattern however shows variations across the body. Zito 
et  al. showed that 11% of genes escaping XCI, are con-
stitutively expressed and 23% is tissue restricted [104]. 
Skewing patterns also show imbalance with age [69]. 
This has implications in autoimmune diseases. Shvetsova 
et al. reported in a study that 17.7% of individuals showed 
skewing towards the maternal X chromosome and 31.6% 
towards the paternal X chromosome. Seven of the 79 
female test candidates showed 100% skewing in all blood 
cells. No correlation was found between the skewing pat-
terns of mother and daughter, proving that the X inacti-
vation process was random [6]. Chachoub et al. showed 

that skewing was > 80% in 34.2% of individuals with rheu-
matoid arthritis and 26% of patients with autoimmune 
thyroid disease. Mononuclear cells have more skewing 
due to a higher turnover [14].

Dendritic cells derived from late blastula hematopoi-
etic stem cells will present the self-antigen on only one 
X chromosome. Hence, T cells interacting with cells 
containing antigens on the second X chromosome will 
be directly attacked by cell-mediated immunity. Stewart 
et  al. showed that near 0:100 (only one X chromosome 
is presented in all the body cells), this would allow some 
sets of dendritic cells to present an endogenous X anti-
gen and the generation of autoreactive T cells. So, if the 
skewing is 50:50, taking 15 dendritic cells per T cell, 1 
in 10,000 T cells will be autoreactive. Similarly, with a 
10:90 skewing, 20% of T cells become autoreactive [4]. 
Autosomal genes determining coat color are translo-
cated on the X chromosome (used to define mosaicism). 
Similar translocations may occur in the case of immune-
related genes. Changnon et al. showed that in SLE t(X;Y)
(p22.33;p11.2), translocation can give rise to duplication 
of the PAR “Background” (pseudo-autosomal region) 
region genes. 2 out of the 12 genes held particular inter-
est, IL3, which is a growth factor in HSC (hematopoietic 
stem cell) development, and CD99, which is involved in 
the adhesion and apoptosis of T cells.

Variations in inactivation epigenetics in immune cells
Xist regulation is dynamic in female lymphocytes, which 
can give rise to the biallelic expression of some X-linked 
immune genes, such as TLR 7, CXCR 3, and CD 40L. The 
dynamic nature of Xist RNA expression can be under-
stood by its expression in various sets of lymphocyte 
cells. It is absent in plasmacytoid dendritic cells but pre-
sent in the nucleus of natural killer cells and dendritic 
cells and co-located with H3K27me3 in macrophages 
made from the bone marrow. T and B cells, both naïve 
and mature, lack inactivating epigenetic modifications on 
the inactived X chromosome [17].

Based on the nuclear localization of XIST RNA, 
Wang et al. classified the Xist RNA expression into four 
types, based on RNA FISH (fluorescent in situ hybridi-
zation) performed by double-stranded exon 1 and short 
oligos: Type 1, nuclei contain tightly clustered pin-
points localized to one X chromosome; Type 2: diffuse 
pinpoints encompass the nuclear area and have a size of 
one whole X chromosome, Type 3 with dispersed pin-
points extending beyond the X chromosome and Type 4 
which lacks the Xist expression [92]. Natural killer cells 
were deficient in detectable Xist RNA signals (Type 4), 
and only 20–30% had type 3 signals. Myeloid and lym-
phoid dendritic cells have Type 2 signals. T cells stimu-
lated with CD 3 or CD 28 showed type 1 XIST RNA 
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clouds. COT RNA holes with XIST clouds can detect 
XIST localization with transcriptional silencing of 
chromosomes. In this, the naïve T cells showed faint 
COT 1 signals, and activated T cells showed compara-
tively more intensity. Type 1 XIST RNA decreased after 
five days of stimulation, and the number of type 3 levels 
increased. In macrophages produced by the bone mar-
row, LPS stimulation increased the Type 1 signals but 
not type 2 or type 3. Type 1 signal cells were observed 
to decrease in number after 3–4 days of stimulation. 
Xist RNA was observed to co-localize with H3K27me3 
in 30–50% of cells, but 20–50% of cells lacked the 
H3K27me3 signal. Xist RNA presence is required for 
the H3K27me3 signal. No detectable Xist RNA was 
detected in plasmacytoid dendritic cells, which are type 
4 cells. It was not found to be localized in inactivated 
X chromosomes and lacked H3K27me3 foci, causing 
more expression of TLR7 in systemic lupus erythema-
tosus related diseases [86].

The X-linked gene dosage in individuals with X-linked 
lymphoproliferative syndrome who have chronic inflam-
matory bowel illness XIAP impacts natural killer cell 
function, highlighting the importance of X-linked gene 
expression in natural killer cells. It was discovered that, 
unlike lymphocytes, resting macrophages produced from 
bone marrow had largely Type 2 Xist RNA patterns and 
that CpG stimulation produced few Type 1 cells in vitro. 
As a result, the epigenetic characteristics of Xi in female 
bone marrow-derived macrophages are more similar to 
those of female fibroblasts, albeit with weaker Xist RNA 
clouds. H3K27me3 foci are associated with Xist RNA 
localization on the inactivated X chromosome. Splenic 
myeloid and lymphoid dendritic cells exhibit stronger 
and more detectable Xist RNA signals, with the majority 
of these dendritic cells classed as Type 3 with Xist RNA 
distributed across the nucleus and some cells classified 
as Type 2 with clustered Xist RNA pinpoints. Plasmacy-
toid dendritic cells are unique because they lack detect-
able Xist RNA and are only Type 4. However, H3K27me3 
foci were seen in 10–20% of plasmacytoid dendritic cells, 
indicating that Xist RNA localization at the inactivated X 
chromosome is not needed for H3K27me3 enrichment in 
these cells. Probably, 80–90% of plasmacytoid dendritic 
cells that do not have Xist RNA/H3K27me3 enrichment 
is poised for inactivated X chromosome-mediated gene 
reactivation. TLR7 expression is biallelic in some plas-
macytoid dendritic cells. This suggests that Xist RNA and 
heterochromatin marks localized on the inactivated X 
chromosome promote transcriptional silence, and when 
these epigenetic alterations are lacking, gene reactivation 
occurs more readily from the Xi. Six X-linked immune 
genes, including TLR7, were dose compensated in 
female mouse plasmacytoid dendritic cells. B cells from 

patients with SLE show reduced XIST RNA and histone 
H2AK119 mono-ubiquitination (H2AK119Ub) [67].

Effects of epigenetic inactivation on immune cells
Xist RNA localized to the Xi is not required for X-linked 
gene dosage compensation in female plasmacytoid den-
dritic cells. In plasmacytoid dendritic Cells, Xist tran-
scription and localization are uncoupled, which could 
explain the lack of H3K27me3 accumulation on the 
inactivated X chromosome in these cells. In female and 
male plasmacytoid dendritic cells stimulated with R848, 
there were no significant sex differences in the expres-
sion of these genes. In female plasmacytoid dendritic 
cells, higher levels of IFN production have been found 
than in male plasmacytoid dendritic cells. While IFN 
concentrations varied, it was observed that no signifi-
cant increase in IFN production in female plasmacytoid 
Dendritic Cells, implying that, unlike humans, female 
and male plasmacytoid dendritic cells produce equivalent 
quantities of IFN. No significant differences in CXCR3, 
CFP, IRAK1, IL2RG, MSN, and TLR7 gene expression 
were observed between men and women. These find-
ings show that female mouse plasmacytoid dendritic cells 
can sustain X-linked gene dosage compensation without 
X-linked gene dosage compensation.

Dimorphism in immune response due to X chromosome 
genes
Several X chromosome genes like CD40L, CXCR3, and 
OGT (O-linked N-acetylglucosamine (GlcNAc) trans-
ferase) are upregulated in patients with SLE. Klinefelter’s 
syndrome patients are likelier to develop female-pre-
dominant autoimmune disorders like acquired hypo-
thyroidism, Addison’s disease, and multiple sclerosis 
In experimental autoimmune encephalitis, autoanti-
gen sensitized XX lymph node was more encephalito-
genic than XY. To test this, the effect of Y chromosome 
genes needed to be removed, which was done by delet-
ing the Sry gene producing an XX and XY-mouse strain. 
To achieve this, the SJL (Swiss James Lambert) mouse 
strain, which was chosen due to its greater female-biased 
disease severity, was chosen. Sry deficient Y chromo-
some was backcrossed with the original outbred MF1 
mice to the SJL until F 16 generation to get XY-mice. 
These mice were gonadectomized to reduce the effects of 
the sex chromosome, hence producing pure XXsry and 
XY−sry [8]. Proteolipoprotein (PLP) 139–151 sensitized 
lymph node cells derived from XX mice and XY− mice 
were transferred into a common recipient, XX cells have 
more severe EAE (experimental autoimmune encephalo-
myelitis) compared to those receiving XY- [25]. Hence, 
the sex chromosome affects the induction of encepha-
litogenic immune responses during immunization of 
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adult mice with PLP (phospho lipoprotein) 139–151. Sex 
chromosomes are expressed more than autosomes in the 
brain, which may also explain sex bias [25] Pristane was 
injected into XXsry and XY-sry mice to induce lupus. XX 
mice showed a greater tubular disease score and chronic 
lesions compared to XY-. XX mice also showed higher 
levels of IgG anti-ds DNA antibodies when compared to 
XY-mice. The survival rate was also significantly lesser in 
XY-mice with 30.4% compared to 68.4% in the XY-mice. 
This was even seen in gonad-intact mice, with a 27.3% 
survival rate in XX mice compared to 66.7% in XY-mice. 
PLP-immunized mouse lymph node cells (LNCs) were 
drained to assess for cytokine production, and it was 
found that Th2 cytokines, IL 1, and IL 15 were higher in 
XY-mice than XX. Pristane-injected mice and anti-CD 
3 and CD 28 cultured splenocytes showed higher levels 
of IL 13 and IL 5 in XY-mice. IL13Rα is a decoy receptor 
with Th2 suppressing activity detected in dendritic cells, 
macrophages, and B cells in spleens of PLP autoantigen 
immunized mice with a higher expression in XX mice 
[80].

Y chromosome and implications on the immune 
system
The Y chromosome is one of the shortest chromosomes 
in the human genome, containing fewer protein-coding 
genes [79]. It is heterochromatic, possesses only a few 
sex-determining genes, and is mainly composed of multi-
copy genes, repeat sequences, and transposable elements 
[103]. The Y chromosome contains 64 protein-coding, 
45 male-specific sequences, and 19 pseudo-autosomal 
region genes. Due to these attributes, it is usually known 
as the functional wasteland [8]. But this chromosome is 
actively involved in gene regulation by affecting chroma-
tin dynamics through its variation in multicopy riboso-
mal genes [103].

There are some reports of the implications of this chro-
mosome on the immune system mostly because of its 
regulatory functions. Kutch et  al. showed that Y-linked 
regulatory variations have effects on the IMD pathway, 
which is highly conserved as an NF-kB immune pathway 
in Drosophila [58]. RT-PCR analysis of three genes in the 
pathway showed two genes had variation in expression: 
attacin A and cecropin A 1. The CT values of all three 
genes were positively correlated. Case et al. showed that 
genetic variations in the Y chromosome affected the sus-
ceptibility of B6 Y consomic mice to experimental auto-
immune encephalomyelitis and showed dimorphism. The 
basal levels of natural killer T cells were also affected by 
gene variations outside the sex-determining region of the 
Y chromosome [12]. A mosaic loss of Y chromosomes 
(LOYs) is also found in the leukocytes of male individu-
als, which can affect the immune system. Mattison et al. 

showed that single cells with LOY showed a decreased 
expression of CD 99 mRNA and surface protein, which 
was evaluated by the CITEseq assay. For this, cells were 
treated with oligonucleotide conjugated CD 99 antibod-
ies to have a barcode similar to the scRNA seq. LOY sta-
tus was examined using the male-specific region of the Y 
chromosome. LOY frequency was found in 2.4–18.3% in 
all cell types [54].

Dumanski et  al. showed that the loss of Y chromo-
somes in immune cells dysregulated the autosomal genes. 
Loss of Y chromosomes was tested in peripheral blood 
mononuclear cells (PBMCs) from 29 males, and single-
celled transcriptome sequencing was done (scRNAseq). 
LOYs were detected in all 29 males but varied between 
all cell types: NK cells, monocytes, B and T lymphocytes 
were 27% (7–87%), 23% (7–87%), 7% (2–40%), and 3% 
(1–6%), respectively. Pairwise samples studied In  vivo 
with scRNAseq, RNAseq, and DNAseq showed highly 
consistent LOY as well as in vitro studies with 13 lymph-
oblastoid cell lines, which were done by an SNP-based 
array using digital droplet PCR targeting a 6bp sequence 
difference between AMELY and AMELX. LOY-associ-
ated transcriptional effects (LATE) were tested between 
LOY and non-Loy cells. It was seen that MSY genes had 
reduced expression in the bulk RNA seq and were absent 
in the single-celled RNA seq. The PAR genes also showed 
decreased expression, however not as distinct as that of 
MSY genes, as they are even expressed in the PAR region 
of the X chromosome. In the case of autosomes, 489 
LATE genes were found, and ten non-PAR LATE X chro-
mosome genes were found, which showed both over and 
under-expression, with LYPD2 showing 8.6-fold higher 
and IL2R showing 2.5 times lower. Autosomal genes 
expressed with MSY also showed differential expression 
patterns in single cells with LOY [26].

Immune pathways of X chromosome genes 
and natural immunomodulators
The X chromosome has the highest density of immune-
related genes involved in innate and adaptive immune 
responses [73]. Various pathways significant to the 
functioning of the immune system have genes which 
are located on the X chromosome, have been explained 
in this section. Natural immunomodulators specific to 
these pathways have also been tabulated (Tables 1, 2, 3). 
Figure  2 shows all the pathways in the immune system 
which involve X chromosome genes.

Toll like receptor 7 (TLR 7) pathway
Toll like receptor 7 (TLR 7) is an intracellular immune 
sensor present on the endosomal compartment, which 
recognizes ss-RNA containing immune complexes com-
partment [65]. The gene encoding TLR 7 is present on 
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the q-arm of the X chromosome (Xq22.3) [29]. TLR 7 
upon activation recruits toll interleukin receptor (TIR) 
containing adaptor, My D88 which then forms a complex 
with a group of Interleukin-1 receptor associated kinases 
(IRAKs), forming a Myddosome. IRAK 4 activates 
IRAK 1 which then associates with tumor necrosis fac-
tor receptor associated factor (TRAF 6), a RING-domain 
associated E3 domain associated ligase. The IRAK-1 gene 
is present on the q-arm of the X chromosome (Xq28) 
[39]. TRAF-6 then activates Interferon Regulatory fac-
tor 7 (IRF-7) [42] which leads to the transcription of Type 
1 interferons (IFN α and INF β) [36] hence activating an 
innate immune response. TLR 7 is mostly expressed in B 
cells and plasmacytoid dendritic cells (pDCs).

TLR 7 is associated with systemic lupus erythemato-
sus (SLE) [93]. Souyris et al. [81] assessed the escape of 
this gene is SLE patients utilizing the detection of dial-
lelic single nucleotide polymorphisms (SNPs) located 
on the 5’ untranslated region (UTRs) of the TLR 7 
mRNA. In 40% of B cells, 23.8% monocytes and 18.5% 
showed biallelic tags showing X inactivation escape. A 
fraction of CD27 + B cells displayed two nuclear foci 
on RNA FISH experiments, one was located on the 

inactive X chromosome, which was found by XIST 
non-coding region-specific probe. Resting PBMCs 
(peripheral blood mononuclear cells) showed a 1.31- to 
1.38-fold increase in the expression of TLR 7 in rest-
ing PBMCs. The CD 27 + plasma cells get activated 
and expand more vigorously in females than in males 
on stimulation with TLR 7 activator IFN I (Interferon 
I). Increased expression of TLR 7 also increases the 
frequency of IgG class switching, hence inactivation 
escape may lead to greater class switching in B cells. 
TLR 7 inactivation escape was also reported in males 
with Klinefelter’s syndrome, which elevated their risk 
of developing SLE. Claudia et  al. 2023 also showed an 
increase in the number of IRF-5 positive B cells on 
stimulation of TLR 7. IRAK 1 also escapes X chromo-
some inactivation and hence making the TLR signal-
ing pathway more pronounced in females as compared 
to males. Spiering and Vries [82] reported that a pro-
nounced TLR 7 signaling has led to the sex-based bias 
in COVID 19 infections and death rates.

Table  1 shows the naturally available immunomodu-
lators which acts on the TLR 7 pathway.

Fig. 2  Immune pathways related to X chromosome genes (X chromosome genes are in red boxes)
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Nuclear factor kappa light chain enhancer of activated B 
cells (NF‑κB) pathway
NF-κB is a transcription factor responsible for multiple 
aspects of the innate as well as adaptive immune system. 
It transcribes genes for pro-inflammatory cytokines and 
chemokines, for inflammasome regulation as well as 
genes responsible for immune cell growth, differentia-
tion, cell survival, migration, and apoptosis [48]. NF-κB 
transcription factor is activated by several pathways of 
the immune system and the pathways include X chromo-
some genes.

The NF-κB transcription factor is bound to the inhibi-
tor of κB proteins (IκB), and for its activation IκB has to 
be phosphorylated after which NF-κB is disassociates 
from IκB. IκB is phosphorylated by IκB kinase complex 
(IKK), which is a complex formed by 3 kinases: IKKα, 
IKKβ and NF-κB essential modulator (NEMO). NEMO 
is encoded by the Inhibitor Of Nuclear Factor Kappa B 
Kinase Regulatory Subunit Gamma (IKBKG) gene which 
is present on the X chromosome (Xq28) [41]. The NEMO 
gene is central to canonical NF-κB activation [87]. Hence 
all types of canonical activators of NF-κB will be involve 
NEMO. Pattern recognition receptors (PRRs), Tumor 
necrosis factor receptor (TNFR), B cell and T cell recep-
tors activate the canonical NF-κB pathway [48]. The 
NEMO gene was reported to show heterogeneity in X 
chromosome escape [62].

There are numerous signaling pathways which activate 
NF-κB, and these pathways also contain X chromosome 
genes. The B cell receptor (BCR) activates NF-κB by the 
canonical pathway for differentiation, proliferation and 
survival of B cells [36]. BCR activates tyrosine kinases 
Spleen tyrosine kinase (Syk) and Lck/Yes tyrosine kinase 
(Lyn) [44], which activates Bruton’s tyrosine kinase (Btk) 
mediated by B cell linker protein (BLNK). Btk gene is 
located on the X chromosome (Xq21.3-q22). Btk associ-
ates with IκB-α and phosphorylates it which activates the 
NF-κB pathway [66]. The Btk gene has been reported to 
escape X chromosome inactivation in the immune cells 
of females [33].

The X-linked ectodermal dysplasia receptor (XEDAR) 
is a recently discovered protein which belongs to the 
TNF class of receptors. It is an evolutionary conserved 
pathway, which is involved in the development of ecto-
dermal appendage organs like hair, eccrine sweat glands 
and mammary glands [97]. XEDAR activates both the 
canonical as well as non-canonical NF-κB pathway. In the 
canonical pathway, XEDAR activates the IKK complex 
via TRAF-3 and -6 [78]. In the non-canonical NF-κB acti-
vation, the p100 processing requires TRAF-3 and -6 as 
well as IKKα, which then processes p100 into p52 which 
associates with RelB and translocates into the nucleus 
[90].

The gene for the ligand of cluster of differentiation 
CD-40, CD 40L/ CD 154, is present on the X chromo-
some (Xq 26.3). CD 40L activates CD 40, which acti-
vates the non-canonical NF-κB pathway. A complex 
consisting of TRAF-2, -3, cIAP1/2 and NIK is present 
in the cytoplasm, where the NIK levels are kept low 
by ubiquitination by TRAF3. On activation, TRAF3 
degrades and NIK levels are stabilized and translocate 
to the cytoplasmic part of the CD 40 receptor. NIK 
activates IKKα, which then phosphorylates p50 [23] 
found an increase in CD 40 as well as CD 40L expres-
sion on draining lymph node (dLN) T cells and B cells 
in female adjuvant induced arthritis rats as compared 
to male rats.

There are numerous natural immunomodulators 
which act on the mentioned pathway.

Janus kinase/signal transducers and activator 
of transcription (Jak/STAT pathway)
Jak/STAT pathway plays a very important role in the 
functioning of the immune system. It is involved in 
infection resistance, immune tolerance, cytokine pro-
duction, cell growth and differentiation, cell survival, 
cell migration and apoptosis. Aberrant Jak/STAT path-
way can also lead to autoimmune diseases [91]. Numer-
ous immune receptors activate the Jak–STAT pathway, 
which contains X chromosome genes.

Chemokine receptor 3 (CXCR 3) is a chemokine 
receptor involved in the T cell migration and traffick-
ing. The gene for CXCR3 islocated on the X chromo-
some (Xq13.1). CXCR 3 is a G protein coupled receptor, 
which is activated by chemokine ligands (CXCL), 9, 
10 and 11. CXCR 3 can activate the JAK/STAT path-
way, and also the PI3K/Akt and Ras/ERK pathway 
[20]. CXCR 3 gene has been reported to escape the X 
chromosome inactivation process and give a sex asso-
ciated bias in infections [59]. IL 13 receptor (IL 13 Rα 
and IL 13 Rβ) are encoded on the X chromosome and 
it activates JAK/STAT pathway. However, IL 13Rα1 is 
subject to X chromosome inactivation. The gene for 
the gamma chain of IL 2 receptor, IL2RG is expressed 
on the X chromosome Xq13.1. The IL 2 receptor also 
activates the JAK-Stat Pathway. IL2RG is involved in 
X-linked severe combined immunodeficiency (XSCID) 
[47]. Forkhead Box P3 gene (FoxP3) is expressed on 
the X chromosome (Xp11.23), and is a result of the IL 
2 Jak/Stat pathway [30]. FoxP3 suppresses NF-κB and 
is involved in the suppression of antigen priming of T 
cells and is involved in maintaining immune tolerance. 
However, FoxP3 is subjected to X chromosome inacti-
vation [89].
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Sex difference in immune responses and cancers
Cancers are one of the leading causes of mortality in the 
world causing 1 in 6 deaths globally. Cancers are asso-
ciated with the immune system. Cancer is associated 
with inflammatory responses, which is considered as 
a hallmark for cancer [19]. When tumorigenesis is ini-
tiated, inflammation occurs at the tumor site and the 
immune cells like CD 8 + and CD 4 + T cells, cytotoxic 
macrophages and neutrophils are activated. However, as 
the tumor progresses and becomes metastatic, it is able 
to escape immune recognition. This balance between 
immune inflammation and immune tolerance, helps the 
cancer cells to resist the immune system [31].

Li et  al. [45] analyzed somatic mutations and mRNA 
expression in Lung Adenocarcinoma data and found 
that females had a higher expression of immune-related 
genes. Male patients with mutations in epidermal growth 
factor receptor (EGFR) had increased infiltration of 
CD8 + cells and CD4 + cells in females [45]. Warde et al. 
[96] showed that males with Zinc finger ring 3 (ZNFR 
3) deletion show a greater myeloid cell accumulation 
and a greater anti-tumor immune response. Neutro-
phils are affects by male and female sex hormones, with 
female hormones delaying neutrophil apoptosis and male 
hormones increasing the neutrophil activation in non-
inflammatory states [37]. Hence females have higher neu-
trophil counts and neutrophil-to-lymphocyte ratio (NLR) 
females having late menopause have been reported to 
have a lower risk of developing gastric cancer whereas 
[63], androgen ablation reduces neutrophils [37]. Tumor 
associated neutrophils (TAN) were found to be an inde-
pendent predictor of tumor associated survival rates [18]. 
TAN was also found to be higher in males in Hepatocel-
lular carcinoma models (HCC) of zebrafishes [99] and in 
oral cancers [72]. Gwak et al. 2007 reported that females 
showed more immune compromised response to gastrec-
tomy when compared to male patients and females had 
a higher neutrophil to lymphocyte ratio (NLR) [32]. A 
higher NLR value was also reported by Lin et al. 2018 in 
head and neck squamous cell carcinoma (HNSCC) [46].

Human macrophages express receptors for sex hor-
mones like Progesterone receptor (PR), estrogen receptor 
(ER) and androgen receptors (AR) and are also subject 
to hormonal modulation effects [74]. Tumor associated 
macrophages (TAMs) play an important role in cancer-
induced inflammation. TAM number was reported to 
significantly lower in females than in males in pancreatic 
ductal adenocarcinoma (PDAC) [53]. However, TAMs 
form female patients with non-small cell lung cancer, 
were reported to be more immunogenic and male TAMs 
were more immunosuppressive with upregulated PPARs 
and matrix remodeling pathways [100]. Non-muscle 
invasive bladder cancer (NMIBC) tumors from females 

showed higher infiltration from M-2 macrophages [16]. 
Dendritic cells (DCs) infiltrate tumors, however, do not 
contain any receptors for sex hormones. DC infiltration 
was reported to be more in female tumors as compared 
to male tumors [88]. B cells express androgen receptors 
at pro-B and pre-B stages and hence have an impact on 
the maturation of B cells. Estrogen controls B cell dif-
ferentiation, activity and function and has ER-β recep-
tors. Female tumors from NMIBC show increased B cell 
recruitment.

Discussion
The twenty-first century is the era of personalized medi-
cine and therapeutics tailored to the patient and one 
of the primary considerations the is sex of the patient. 
Biological differences should be taken into consid-
eration while research as well as therapeutics [56]. The 
immune systems show sex-based dimorphisms result-
ing in females with immune regulatory genes on the X 
chromosome able to cope with many illnesses, whereas 
males are unable to survive. The basic mechanism in 
the human immune system exhibits sexual dimorphism 
with immune responses differing between females and 
males, which is due to various factors like, including 
sex hormones, fetal microchimerism, sex chromosome 
abnormalities, and epigenetic mechanisms like skewed 
X chromosome inactivation. This has important roles in 
a plethora of diseases like infections, autoimmunity and 
malignancies.

Maintenance of gene dosage between males and 
females requires one X chromosome to be silenced, 
which is achieved by various epigenetic mechanisms like 
association with lncRNA, hypomethylation and silencing 
histone modifications. However, this process is imper-
fect which leads to skewing in the inactivation process 
and escape of genes from the inactive X chromosome 
hence, creating dimorphic gene expression patterns 
between males and females. Skewed inactivation and 
inactivation escape is increased in autoimmune disor-
ders. Omics approaches can be used to analyze differen-
tially expressed X chromosome genes, in immune-related 
diseases. Sauteraud et al. developed an R package which 
is able to analyze escape genes from RNA-seq data [70]. 
Keniry et al. have reviewed the findings produced by sin-
gle-celled genomics approaches to understand inactiva-
tion epigenetics [40].

There are many important immune-related genes 
on the X chromosome which escape the X inactivation 
event. These genes are part of important immune regu-
latory pathways like NF-κB and JAK–STAT, which are 
important for immune responses. Further work needs 
to be done on how the X chromosome genes affect these 
pathways and how it can produce a differential immune 
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response in various scenarios. There is a growing inter-
est in phytochemicals and natural compounds with 
immunomodulatory effect for preventing and managing 
diseases as they provide complimentary and or alterna-
tive drugs. They can also serve as starting points for 
drug development [13]. There are numerous naturally 
available compounds which act as inhibitors to the pre-
viously mentioned immune pathways which are listed 
in Tables 1, 2 and 3. Any compound inhibiting proteins 
coded by X chromosome in the immune pathway as well 
as inhibiting the proteins preceding will have dimor-
phisms in action due to the differential expression. How-
ever, further work needs to be done to prove the effects of 
inhibiting X chromosome genes.

The immune system is also related to cancer as malig-
nant tumors can create an inflammatory microen-
vironment. Various sets of innate immune cells like 
neutrophils, macrophages and adaptive immune cells 
like B cells show differences in tumor infiltration. This 
effect may be due to sex hormones like androgen, pro-
gesterone and estrogen as well as due to X chromosome 
genes. However, further work needs to be done to estab-
lish mechanisms behind these sex-based differences in 
tumor infiltration. Immunotherapy promises an effec-
tive solution to cancer therapeutics; however, sex-based 
differences are reported. Immune checkpoint inhibitors 
(ICIs) have been reported to be more effective in males as 
compared to females. This may be due to increased anti-
genicity in male tumors. Chimeric antigen receptor T cell 
(CAR-T cell) therapy is coming up as a novel therapeutic 
solution to cancers. It utilizes the autologous T cells iso-
lated from the patient’s blood followed by expression of a 
Chimeric antigen receptor specific for the patient’s tumor 
and injecting it back into the patient body. Sex based dif-
ferences due to hormones, X chromosome genes, and dif-
ferences in tumor antigenicity will have an effect on the 
outcome of the treatment, however further work needs 
to be done to determine how sex can affect therapeutic 
outcomes in CAR-T cell therapy.

Abbreviations
lncRNAs	� Long non-coding RNAs
XIST	� X inactive specific transcript
CTCF	� CCCTC binding factor
miRNA	� Micro-RNAs
BTK	� Bruton tyrosine kinase
IRAK1	� Interleukin 1 receptor associated kinase 1
IKKg/NEMO	� NF-kappa-B essential modulator
TLR	� Toll like receptor
CD	� Cluster of differentiation
10.CXCR	� Chemokine receptor
TLR	� Toll like receptor
SLE	� Systemic lupus erythematosus
pDCs	� Plasmacytoid dendritic cells
SNPs	� Single nucleotide polymorphisms
PBMC	� Peripheral blood mononuclear cells

HSC	� Hematopoietic stem cell
NK	� Natural killer
XCI	� X chromosome inactivation
PAR	� Pseudoautosomal region
HSC	� Hematopoietic stem cell
OGT	� O-Linked N-acetylglucosamine (GlcNAc) transferase
PLP	� Proteolipoprotein
FISH	� Fluorescent in situ hybridization
EAE	� Experimental autoimmune encephalomyelitis
CTCF	� CCCTC-binding factor
YY1	� Ying Yang 1
RAD 21	� Double strand break repair protein
IFN	� Interferon
CFP	� Complement factor properdin
MSN	� Moesin
XIAP	� X-linked inhibitor of apoptosis of protein
LOYs	� Loss of Y chromosomes
TIR	� Toll interleukin receptor
TRAF	� Tumor necrosis factor receptor associated factor
IRF	� Interleukin regulatory factor
IFN	� Interferon
Ig	� Immunoglobulin
NF-κB	� Nuclear factor kappa light chain enhancer of activated B cells
NEMO	� NF-κB essential modulator
IKBKG	� Inhibitor of nuclear factor kappa B kinase regulatory subunit 

gamma
PPR	� Pattern recognition receptor
TNFR	� Tumor necrosis factor Receptor
Syk	� Spleen tyrosine kinase
Lyn	� Lck/Yes tyrosine kinase
BCR	� B cell receptor
BLNK	� Btk mediated by B cell linker protein
XEDAR	� X-linked ectodermal dysplasia receptor
Jak/STAT​	� Janus kinase/signal transducers and activator of transcription
CXCR	� Chemokine receptor
IL	� Interleukin
FoxP3	� Forkhead box P3
EGFR	� Epidermal growth factor receptor
ZNFR	� Zinc finger ring
NLR	� Neutrophil-to-lymphocyte ratio
TAN	� Tumor associated neutrophils
PR	� Progesterone receptor
ER	� Estrogen receptor
AR	� Androgen receptor
TAM	� Tumor associated macrophages

Acknowledgements
The authors thank Dr. P Nallasivam, Henry Ford hospital, Detroit, Michigan for 
critically reading the manuscript. The authors also thank Vellore Institute of 
Technology (VIT University), Vellore, for the facilities provided.

Author contributions
SB and DS drafted this manuscript. RS contributed to the conception of the 
study, drafted and took leadership responsibility for the review. All authors 
reviewed the final manuscript version and consented to its submission.

Funding
Not applicable.

Availability of data and materials
Not applicable.

Declarations

Ethics approval and consent to participate.
Not applicable.

Consent for publication
Not applicable.



Page 11 of 13Bhattacharya et al. Epigenetics & Chromatin            (2024) 17:1 	

Competing interests
Not applicable.

Received: 1 November 2023   Accepted: 5 January 2024

References
	 1.	 Angum F, Khan T, Kaler J, Siddiqui L, Hussain A. The prevalence of auto-

immune disorders in women: a narrative review. Cureus. 2020. https://​
doi.​org/​10.​7759/​cureus.​8094.

	 2.	 Artham S, Chang C-Y, McDonnell DP. Eosinophilia in cancer and its 
regulation by sex hormones. Trends Endocrinol Metab. 2023;34(1):5–20. 
https://​doi.​org/​10.​1016/j.​tem.​2022.​11.​002.

	 3.	 Baier A, Szyszka R. Compounds from natural sources as protein kinase 
inhibitors. Biomolecules. 2020;10(11):1546. https://​doi.​org/​10.​3390/​
biom1​01115​46.

	 4.	 Berletch JB, Yang F, Disteche CM. Escape from X inactivation in mice 
and humans. Genome Biol. 2010;11(6):213. https://​doi.​org/​10.​1186/​
gb-​2010-​11-6-​213.

	 5.	 Bianchi I, Ana Lleo M, Gershwin E, Invernizzi P. The X chromosome 
and immune associated genes. J Autoimmun. 2012;38(2–3):J187–92. 
https://​doi.​org/​10.​1016/j.​jaut.​2011.​11.​012.

	 6.	 BIOS consortium, GoNL consortium, Shvetsova E, Sofronova A, 
Monajemi R, Gagalova K, Draisma HHM, et al. Skewed X-inactivation 
is common in the general female population. Eur J Hum Genet. 
2019;27(3):455–65. https://​doi.​org/​10.​1038/​s41431-​018-​0291-3.

	 7.	 Bordbar N, Karimi MH, Amirghofran Z. The effect of glycyrrhizin on 
maturation and T cell stimulating activity of dendritic cells. Cell Immu-
nol. 2012;280(1):44–9. https://​doi.​org/​10.​1016/j.​celli​mm.​2012.​11.​013.

	 8.	 Brooks WH. X chromosome inactivation and autoimmunity. Clin 
Rev Allergy Immunol. 2010;39(1):20–9. https://​doi.​org/​10.​1007/​
s12016-​009-​8167-5.

	 9.	 Burri BJ, La Frano MR, Zhu C. Absorption, metabolism, and functions of 
β-cryptoxanthin. Nutr Rev. 2016;74(2):69–82. https://​doi.​org/​10.​1093/​
nutrit/​nuv064.

	 10.	 Carrel L, Brown CJ. When the Lyon(Ized Chromosome) roars: ongoing 
expression from an inactive X chromosome. Phil Trans Royal Soc B Biol 
Sci. 2017;372(1733):20160355. https://​doi.​org/​10.​1098/​rstb.​2016.​0355.

	 11.	 Carrel L, Willard HF. X-inactivation profile reveals extensive variability 
in x-linked gene expression in females. Nature. 2005;434(7031):400–4. 
https://​doi.​org/​10.​1038/​natur​e03479.

	 12.	 Case LK, Wall EH, Dragon JA, Saligrama N, Krementsov DN, Moussawi M, 
Zachary JF, Huber SA, Blankenhorn EP, Teuscher C. The Y chromosome 
as a regulatory element shaping immune cell transcriptomes and sus-
ceptibility to autoimmune disease. Genome Res. 2013;23(9):1474–85. 
https://​doi.​org/​10.​1101/​gr.​156703.​113.

	 13.	 Catanzaro M, Corsini E, Rosini M, Racchi M, Lanni C. Immunomodulators 
inspired by nature: a review on curcumin and echinacea. Molecules. 
2018;23(11):2778. https://​doi.​org/​10.​3390/​molec​ules2​31127​78.

	 14.	 Chabchoub G, Uz E, Maalej A, Mustafa CA, Rebai A, Mnif M, Bahloul Z, 
Farid NR, Ozcelik T, Ayadi H. Analysis of skewed X-chromosome inactiva-
tion in females with rheumatoid arthritis and autoimmune thyroid 
diseases. Arthritis Res Ther. 2009;11(4):R106. https://​doi.​org/​10.​1186/​
ar2759.

	 15.	 Chagnon P, Schneider R, Hébert J, Fortin PR, Provost S, Belisle C, Gingras 
M, et al. Identification and characterization of an Xp22.33;Yp11.2 trans-
location causing a triplication of several genes of the pseudoautosomal 
region 1 in an XX male patient with severe systemic lupus erythema-
tosus. Arthritis Rheum. 2006;54(4):1270–8. https://​doi.​org/​10.​1002/​art.​
21733.

	 16.	 Chenard S, Jackson C, Vidotto T, Chen L, Hardy C, Jamaspishvilli T, David 
Berman D, Siemens R, Koti M. Sexual dimorphism in outcomes of non–
muscle-invasive bladder cancer: a role of CD163+ macrophages, B cells, 
and PD-L1 immune checkpoint. Eur Urol Open Sci. 2021;29(July):50–8. 
https://​doi.​org/​10.​1016/j.​euros.​2021.​05.​002.

	 17.	 Cheng MK, Disteche CM. Silence of the fathers: early X inactivation. 
BioEssays. 2004;26(8):821–4. https://​doi.​org/​10.​1002/​bies.​20082.

	 18.	 Clausen F, Behrens H-M, Krüger S, Röcken C. Sexual dimorphism in 
gastric cancer: tumor-associated neutrophils predict patient outcome 
only for women. J Cancer Res Clin Oncol. 2020;146(1):53–66. https://​doi.​
org/​10.​1007/​s00432-​019-​03082-z.

	 19.	 Coussens LM, Werb Z. Inflammation and cancer. Nature. 
2002;420(6917):860–7. https://​doi.​org/​10.​1038/​natur​e01322.

	 20.	 Dabiri S, Kariminik A, Kennedy D. The role of CXCR3 and its ligands in 
renal transplant outcome. Eur Cytokine Netw. 2016;27(2):34–40. https://​
doi.​org/​10.​1684/​ecn.​2016.​0375.

	 21.	 Dai Xi, Li R-Z, Jiang Z-B, Wei C-L, Luo L-X, Yao X-J, Li G-P, Leung E-H. 
Honokiol inhibits proliferation, invasion and induces apoptosis through 
targeting lyn kinase in human lung adenocarcinoma cells. Front Phar-
macol. 2018;9(May):558. https://​doi.​org/​10.​3389/​fphar.​2018.​00558.

	 22.	 Palo Di, Armando CS, Salerno M, Russo A, Gravholt CH, Potenza N. What 
microRNAs could tell us about the human X chromosome. Cell Mol Life 
Sci. 2020;77(20):4069–80. https://​doi.​org/​10.​1007/​s00018-​020-​03526-7.

	 23.	 Dimitrijević M, Arsenović-Ranin N, Kosec D, Bufan B, Nacka-Aleksić M, 
Pilipović I, Leposavić G. Sex differences in Tfh cell help to B cells contrib-
ute to sexual dimorphism in severity of rat collagen-induced arthritis. 
Sci Rep. 2020;10(1):1214. https://​doi.​org/​10.​1038/​s41598-​020-​58127-y.

	 24.	 Doerre A, Doblhammer G. The influence of gender on COVID-19 infec-
tions and mortality in Germany: insights from age- and gender-specific 
modeling of contact rates, infections, and deaths in the early phase of 
the pandemic. PLoS ONE. 2022;17(5):e0268119. https://​doi.​org/​10.​1371/​
journ​al.​pone.​02681​19.

	 25.	 Du S, Itoh N, Askarinam S, Hill H, Arnold AP, Voskuhl RR. XY sex chromo-
some complement, compared with XX, in the CNS confers greater 
neurodegeneration during experimental autoimmune encephalomy-
elitis. Proc Natl Acad Sci. 2014;111(7):2806–11. https://​doi.​org/​10.​1073/​
pnas.​13070​91111.

	 26.	 Dumanski JP, Halvardson J, Davies H, Rychlicka-Buniowska E, Mattisson 
J, Moghadam BT, Nagy N, et al. Immune cells lacking Y chromosome 
show dysregulation of autosomal gene expression. Cell Mol Life Sci. 
2021;78(8):4019–33. https://​doi.​org/​10.​1007/​s00018-​021-​03822-w.

	 27.	 Elias MB, Teodoro AJ, Lemos FS, Bernardes ES, Santos SN, Pacheco 
S, Oliveira FLD. Lycopene induces bone marrow lymphopoiesis and 
differentiation of peritoneal IgA-producing cells. An Acad Bras Ciênc. 
2022;94(suppl 3): e20210002. https://​doi.​org/​10.​1590/​0001-​37652​02220​
210002.

	 28.	 Fang He, Disteche CM, Berletch JB. X inactivation and escape: epige-
netic and structural features. Front Cell Dev Biol. 2019;7(October):219. 
https://​doi.​org/​10.​3389/​fcell.​2019.​00219.

	 29.	 Flo TH, Aderem A. Pathogen recognition by toll-like receptors. NeuroIm-
mune Biol. 2005;5:167–82. https://​doi.​org/​10.​1016/​S1567-​7443(05)​
80015-8.

	 30.	 Goldstein JD, Burlion A, Zaragoza B, Sendeyo K, Polansky JK, Huehn J, 
Piaggio E, Salomon BL, Marodon G. Inhibition of the JAK/STAT signaling 
pathway in regulatory T cells reveals a very dynamic regulation of 
Foxp3 expression. PLoS ONE. 2016;11(4): e0153682. https://​doi.​org/​10.​
1371/​journ​al.​pone.​01536​82.

	 31.	 Gonzalez H, Hagerling C, Werb Z. Roles of the immune system in 
cancer: from tumor initiation to metastatic progression. Genes Dev. 
2018;32(19–20):1267–84. https://​doi.​org/​10.​1101/​gad.​314617.​118.

	 32.	 Gwak MS, Choi SJ, Kim JA, Ko JS, Kim TH, Lee SM, Park J-A, Kim MH. 
Effects of gender on white blood cell populations and neutrophil-lym-
phocyte ratio following gastrectomy in patients with stomach cancer. 
J Korean Med Sci. 2007;22(Suppl):S104. https://​doi.​org/​10.​3346/​jkms.​
2007.​22.S.​S104.

	 33.	 Hagen SH, Henseling F, Hennesen J, Savel H, Delahaye S, Richert L, 
Ziegler SM, Altfeld M. Heterogeneous escape from X chromosome inac-
tivation results in sex differences in type I IFN responses at the single 
human pDC level. Cell Rep. 2020;33(10): 108485. https://​doi.​org/​10.​
1016/j.​celrep.​2020.​108485.

	 34.	 Hassan MI, Anjum D, Mohammad T, Alam M, Khan MS, Shahwan M, 
Shamsi A, Yadav DK. Integrated virtual screening and MD simulation 
study to discover potential inhibitors of Lyn-kinase: targeting cancer 
therapy. J Biomol Struct Dyn. 2022. https://​doi.​org/​10.​1080/​07391​102.​
2022.​21548​49.

	 35.	 Huret C, David A, Mohamed M, Valentin N, Charlotte F, Goodhardt M, 
Rougeulle C, Morey C. Altered X-chromosome inactivation predisposes 

https://doi.org/10.7759/cureus.8094
https://doi.org/10.7759/cureus.8094
https://doi.org/10.1016/j.tem.2022.11.002
https://doi.org/10.3390/biom10111546
https://doi.org/10.3390/biom10111546
https://doi.org/10.1186/gb-2010-11-6-213
https://doi.org/10.1186/gb-2010-11-6-213
https://doi.org/10.1016/j.jaut.2011.11.012
https://doi.org/10.1038/s41431-018-0291-3
https://doi.org/10.1016/j.cellimm.2012.11.013
https://doi.org/10.1007/s12016-009-8167-5
https://doi.org/10.1007/s12016-009-8167-5
https://doi.org/10.1093/nutrit/nuv064
https://doi.org/10.1093/nutrit/nuv064
https://doi.org/10.1098/rstb.2016.0355
https://doi.org/10.1038/nature03479
https://doi.org/10.1101/gr.156703.113
https://doi.org/10.3390/molecules23112778
https://doi.org/10.1186/ar2759
https://doi.org/10.1186/ar2759
https://doi.org/10.1002/art.21733
https://doi.org/10.1002/art.21733
https://doi.org/10.1016/j.euros.2021.05.002
https://doi.org/10.1002/bies.20082
https://doi.org/10.1007/s00432-019-03082-z
https://doi.org/10.1007/s00432-019-03082-z
https://doi.org/10.1038/nature01322
https://doi.org/10.1684/ecn.2016.0375
https://doi.org/10.1684/ecn.2016.0375
https://doi.org/10.3389/fphar.2018.00558
https://doi.org/10.1007/s00018-020-03526-7
https://doi.org/10.1038/s41598-020-58127-y
https://doi.org/10.1371/journal.pone.0268119
https://doi.org/10.1371/journal.pone.0268119
https://doi.org/10.1073/pnas.1307091111
https://doi.org/10.1073/pnas.1307091111
https://doi.org/10.1007/s00018-021-03822-w
https://doi.org/10.1590/0001-3765202220210002
https://doi.org/10.1590/0001-3765202220210002
https://doi.org/10.3389/fcell.2019.00219
https://doi.org/10.1016/S1567-7443(05)80015-8
https://doi.org/10.1016/S1567-7443(05)80015-8
https://doi.org/10.1371/journal.pone.0153682
https://doi.org/10.1371/journal.pone.0153682
https://doi.org/10.1101/gad.314617.118
https://doi.org/10.3346/jkms.2007.22.S.S104
https://doi.org/10.3346/jkms.2007.22.S.S104
https://doi.org/10.1016/j.celrep.2020.108485
https://doi.org/10.1016/j.celrep.2020.108485
https://doi.org/10.1080/07391102.2022.2154849
https://doi.org/10.1080/07391102.2022.2154849


Page 12 of 13Bhattacharya et al. Epigenetics & Chromatin            (2024) 17:1 

to autoimmune manifestations in mice. Immunology. 2023. https://​doi.​
org/​10.​1101/​2023.​04.​20.​537662.

	 36.	 Ivashkiv LB, Donlin LT. Regulation of type I interferon responses. Nat Rev 
Immunol. 2014;14(1):36–49. https://​doi.​org/​10.​1038/​nri35​81.

	 37.	 Jaillon S, Berthenet K, Garlanda C. Sexual dimorphism in innate immu-
nity. Clin Rev Allergy Immunol. 2019;56(3):308–21. https://​doi.​org/​10.​
1007/​s12016-​017-​8648-x.

	 38.	 Kahkeshani N, Farzaei F, Fotouhi M, Alavi SS, Bahramsoltani R, Naseri 
R, Momtaz S, et al. Pharmacological effects of gallic acid in health and 
disease: a mechanistic review. Iran J Basic Med Sci. 2019. https://​doi.​
org/​10.​22038/​ijbms.​2019.​32806.​7897.

	 39.	 Kawasaki T, Kawai T. Toll-like receptor signaling pathways. Front Immu-
nol. 2014. https://​doi.​org/​10.​3389/​fimmu.​2014.​00461.

	 40.	 Keniry A, Blewitt ME. Studying X chromosome inactivation in the 
single-cell genomic era. Biochem Soc Trans. 2018;46(3):577–86. https://​
doi.​org/​10.​1042/​BST20​170346.

	 41.	 Kim S, La Motte-Mohs RNA, Rudolph D, Zúñiga-Pflücker JC, Mak TW. The 
role of nuclear factor-κB essential modulator (NEMO) in B cell develop-
ment and survival. Proc Natl Acad Sci. 2003;100(3):1203–8. https://​doi.​
org/​10.​1073/​pnas.​03377​07100.

	 42.	 Konno H, Yamamoto T, Yamazaki K, Gohda J, Akiyama T, Semba K, Goto 
H, et al. TRAF6 establishes innate immune responses by activating 
NF-κB and IRF7 upon sensing cytosolic viral RNA and DNA. PLoS ONE. 
2009;4(5): e5674. https://​doi.​org/​10.​1371/​journ​al.​pone.​00056​74.

	 43.	 Lai C-Y, Yu-Wen Su, Lin K-I, Hsu L-C, Chuang T-H. Natural modulators of 
endosomal toll-like receptor-mediated psoriatic skin inflammation. J 
Immunol Res. 2017;2017:1–15. https://​doi.​org/​10.​1155/​2017/​78073​13.

	 44.	 Li H-L, Forman MS, Kurosaki T, Puré E. Syk is required for BCR-mediated 
activation of p90Rsk, but Not p70S6k, via a mitogen-activated 
protein kinase-independent pathway in B cells. J Biol Chem. 
1997;272(29):18200–8. https://​doi.​org/​10.​1074/​jbc.​272.​29.​18200.

	 45.	 Li X, Wei S, Deng L, Tao H, Liu M, Zhao Z, Xin Du, Li Y, Hou J. Sex-biased 
molecular differences in lung adenocarcinoma are ethnic and smok-
ing specific. BMC Pulm Med. 2023;23(1):99. https://​doi.​org/​10.​1186/​
s12890-​023-​02387-7.

	 46.	 Lin CY, Kwon H, Rangel GO, Rivera XL, Chung D, Li Z. Sex differences 
in using systemic inflammatory markers to prognosticate patients 
with head and neck squamous cell carcinoma. Cancer Epidemiol 
Biomark Prev. 2018;27(10):1176–85. https://​doi.​org/​10.​1158/​1055-​9965.​
EPI-​18-​0408.

	 47.	 Lin J-X, Leonard WJ. The common cytokine receptor γ chain family of 
cytokines. Cold Spring Harb Perspect Biol. 2018;10(9): a028449. https://​
doi.​org/​10.​1101/​cshpe​rspect.​a0284​49.

	 48.	 Liu T, Zhang L, Joo D, Sun S-C. NF-κB signaling in inflammation. Signal 
Transduct Target Ther. 2017;2(1):17023. https://​doi.​org/​10.​1038/​sigtr​ans.​
2017.​23.

	 49.	 Liu Y, Sinke L, Jonkman TH, Slieker RC, Van Zwet EW, Daxinger L, 
Heijmans BT. The inactive X chromosome accumulates widespread 
epigenetic variability with age. Clin Epigenetics. 2023;15(1):135. https://​
doi.​org/​10.​1186/​s13148-​023-​01549-y.

	 50.	 Lyon MF. Sex chromatin and gene action in the Mammalian X-chromo-
some. Am J Hum Genet. 1962;14(2):135–48.

	 51.	 Lyon MF. Gene action in the X-chromosome of the mouse (Mus Muscu-
lus L.). Nature. 1961;190(4773):372–3. https://​doi.​org/​10.​1038/​19037​2a0.

	 52.	 Mahmoud IS, Hatmal MM, Abuarqoub D, Esawi E, Zalloum H, Wehaibi S, 
Nsairat H, Alshaer W. 1,4-Naphthoquinone is a potent inhibitor of IRAK1 
kinases and the production of inflammatory cytokines in THP-1 differ-
entiated macrophages. ACS Omega. 2021;6(39):25299–310. https://​doi.​
org/​10.​1021/​acsom​ega.​1c030​81.

	 53.	 Matsuki H, Hiroshima Y, Miyake K, Murakami T, Homma Y, Matsuyama R, 
Morioka D, Kurotaki D, Tamura T, Endo I. Reduction of gender-associated 
M2-like tumor-associated macrophages in the tumor microenviron-
ment of patients with pancreatic cancer after neoadjuvant chemora-
diotherapy. J Hepatobiliary Pancreat Sci. 2021;28(2):174–82. https://​doi.​
org/​10.​1002/​jhbp.​883.

	 54.	 Mattisson J, Danielsson M, Hammond M, Davies H, Gallant CJ, 
Nordlund J, Raine A, et al. Leukocytes with chromosome Y loss have 
reduced abundance of the cell surface immunoprotein CD99. Sci Rep. 
2021;11(1):15160. https://​doi.​org/​10.​1038/​s41598-​021-​94588-5.

	 55.	 Maurya SK, Mishra R. Molecular docking studies of natural immu-
nomodulators indicate their interactions with the CD40L of CD40/

CD40L pathway and CSF1R kinase domain of microglia. J Mol Model. 
2022;28(4):101. https://​doi.​org/​10.​1007/​s00894-​022-​05084-0.

	 56.	 Miller VM, Rocca WA, Faubion SS. Sex differences research, precision 
medicine, and the future of women’s health. Journal of Women’s 
Health. 2015;24(12):969–71. https://​doi.​org/​10.​1089/​jwh.​2015.​5498.

	 57.	 Murgia F, Giagnoni F, Lorefice L, Caria P, Dettori T, D’Alterio MN, Angioni 
S, et al. Sex hormones as key modulators of the immune response in 
multiple sclerosis: a review. Biomedicines. 2022;10(12):3107. https://​doi.​
org/​10.​3390/​biome​dicin​es101​23107.

	 58.	 Myllymäki H, Valanne S, Rämet M. The Drosophila Imd signaling path-
way. J Immunol. 2014;192(8):3455–62. https://​doi.​org/​10.​4049/​jimmu​
nol.​13033​09.

	 59.	 Oghumu S, Varikuti S, Stock JC, Volpedo G, Saljoughian N, Terrazas CA, 
Satoskar AR. Cutting Edge: CXCR3 escapes X chromosome inactivation 
in T cells during infection: potential implications for sex differences in 
immune responses. J Immunol. 2019;203(4):789–94. https://​doi.​org/​10.​
4049/​jimmu​nol.​18009​31.

	 60.	 Olanlokun JO, Okoro PO, Olorunsogo OO. The roles of betulinic acid on 
circulating concentrations of creatine kinase and immunomodulation 
in mice infected with chloroquine-susceptible and resistant strains of 
Plasmodium berghei. J Parasit Dis. 2022;46(1):124–32. https://​doi.​org/​
10.​1007/​s12639-​021-​01407-9.

	 61.	 Ondeyka JG, Herath KB, Jayasuriya H, Polishook JD, Bills GF, Dombrowski 
AW, Mojena M, et al. Discovery of structurally diverse natural product 
antagonists of chemokine receptor CXCR3. Mol Diversity. 2005;9(1–
3):123–9. https://​doi.​org/​10.​1007/​s11030-​005-​1296-8.

	 62.	 Ørstavik KH, Kristiansen M, Knudsen GP, Storhaug K, Vege Å, Eiklid K, 
Abrahamsen TG, Smahi A, Steen-Johnsen J. Novel splicing mutation 
in the NEMO (IKK-Gamma) gene with severe immunodeficiency and 
heterogeneity of X-chromosome inactivation. Am J Med Genet A. 
2006;140A(1):31–9. https://​doi.​org/​10.​1002/​ajmg.a.​31026.

	 63.	 Palli D, Cipriani F, Decarli A, Galli M, Saieva C, Fraumeni JF, Blot WJ, Buiatti 
E. Reproductive history and gastric cancer among post-menopausal 
women. Int J Cancer. 1994;56(6):812–5. https://​doi.​org/​10.​1002/​ijc.​
29105​60609.

	 64.	 Panning B. X-chromosome inactivation: the molecular basis of silenc-
ing. J Biol. 2008;7(8):30. https://​doi.​org/​10.​1186/​jbiol​95.

	 65.	 Petes C, Odoardi N, Gee K. The toll for trafficking: toll-like receptor 7 
delivery to the endosome. Front Immunol. 2017;8(September):1075. 
https://​doi.​org/​10.​3389/​fimmu.​2017.​01075.

	 66.	 Pontoriero M, Fiume G, Vecchio E, De Laurentiis A, Albano F, Iaccino E, 
Mimmi S, et al. Activation of NF-κB in B cell receptor signaling through 
Bruton’s tyrosine kinase-dependent phosphorylation of IκB-α. J Mol 
Med. 2019;97(5):675–90. https://​doi.​org/​10.​1007/​s00109-​019-​01777-x.

	 67.	 Pyfrom S, Paneru B, Knox JJ, Cancro MP, Posso S, Buckner JH, Anguera 
MC. The dynamic epigenetic regulation of the inactive X chromosome 
in healthy human B cells is dysregulated in lupus patients. Proc Natl 
Acad Sci. 2021;118(24): e2024624118. https://​doi.​org/​10.​1073/​pnas.​
20246​24118.

	 68.	 Quintana-Murci L, Fellous M. The human Y Chromosome: the biological 
role of a ‘functional wasteland.’ J Biomed Biotechnol. 2001;1(1):18–24. 
https://​doi.​org/​10.​1155/​S1110​72430​10000​80.

	 69.	 Roberts AL, Morea A, Amar A, Zito A, El-Sayed JS, Moustafa MT, Bowyer 
RC, et al. Age acquired skewed X chromosome inactivation is associ-
ated with adverse health outcomes in humans. J eLife. 2022;11(Novem-
ber): e78263. https://​doi.​org/​10.​7554/​eLife.​78263.

	 70.	 Sauteraud R, Stahl JM, James J, Englebright M, Chen F, Zhan X, Carrel L, 
Liu DJ. Inferring genes that escape X-chromosome inactivation reveals 
important contribution of variable escape genes to sex-biased diseases. 
Genome Res. 2021;31(9):1629–37. https://​doi.​org/​10.​1101/​gr.​275677.​
121.

	 71.	 Sawalha AH, Harley JB, Hal Scofield R. Autoimmunity and Klinefelter’s 
syndrome: when men have two X chromosomes. J Autoimmun. 
2009;33(1):31–4. https://​doi.​org/​10.​1016/j.​jaut.​2009.​03.​006.

	 72.	 Scheff NN, Bhattacharya A, Dowse E, Dang RX, Dolan JC, Wang S, Kim H, 
Albertson DG, Schmidt BL. Neutrophil-mediated endogenous analgesia 
contributes to sex differences in oral cancer pain. Front Integr Neurosci. 
2018;12(October):52. https://​doi.​org/​10.​3389/​fnint.​2018.​00052.

	 73.	 Schurz H, Salie M, Tromp G, Hoal EG, Kinnear CJ, Möller M. The 
X chromosome and sex-specific effects in infectious disease 

https://doi.org/10.1101/2023.04.20.537662
https://doi.org/10.1101/2023.04.20.537662
https://doi.org/10.1038/nri3581
https://doi.org/10.1007/s12016-017-8648-x
https://doi.org/10.1007/s12016-017-8648-x
https://doi.org/10.22038/ijbms.2019.32806.7897
https://doi.org/10.22038/ijbms.2019.32806.7897
https://doi.org/10.3389/fimmu.2014.00461
https://doi.org/10.1042/BST20170346
https://doi.org/10.1042/BST20170346
https://doi.org/10.1073/pnas.0337707100
https://doi.org/10.1073/pnas.0337707100
https://doi.org/10.1371/journal.pone.0005674
https://doi.org/10.1155/2017/7807313
https://doi.org/10.1074/jbc.272.29.18200
https://doi.org/10.1186/s12890-023-02387-7
https://doi.org/10.1186/s12890-023-02387-7
https://doi.org/10.1158/1055-9965.EPI-18-0408
https://doi.org/10.1158/1055-9965.EPI-18-0408
https://doi.org/10.1101/cshperspect.a028449
https://doi.org/10.1101/cshperspect.a028449
https://doi.org/10.1038/sigtrans.2017.23
https://doi.org/10.1038/sigtrans.2017.23
https://doi.org/10.1186/s13148-023-01549-y
https://doi.org/10.1186/s13148-023-01549-y
https://doi.org/10.1038/190372a0
https://doi.org/10.1021/acsomega.1c03081
https://doi.org/10.1021/acsomega.1c03081
https://doi.org/10.1002/jhbp.883
https://doi.org/10.1002/jhbp.883
https://doi.org/10.1038/s41598-021-94588-5
https://doi.org/10.1007/s00894-022-05084-0
https://doi.org/10.1089/jwh.2015.5498
https://doi.org/10.3390/biomedicines10123107
https://doi.org/10.3390/biomedicines10123107
https://doi.org/10.4049/jimmunol.1303309
https://doi.org/10.4049/jimmunol.1303309
https://doi.org/10.4049/jimmunol.1800931
https://doi.org/10.4049/jimmunol.1800931
https://doi.org/10.1007/s12639-021-01407-9
https://doi.org/10.1007/s12639-021-01407-9
https://doi.org/10.1007/s11030-005-1296-8
https://doi.org/10.1002/ajmg.a.31026
https://doi.org/10.1002/ijc.2910560609
https://doi.org/10.1002/ijc.2910560609
https://doi.org/10.1186/jbiol95
https://doi.org/10.3389/fimmu.2017.01075
https://doi.org/10.1007/s00109-019-01777-x
https://doi.org/10.1073/pnas.2024624118
https://doi.org/10.1073/pnas.2024624118
https://doi.org/10.1155/S1110724301000080
https://doi.org/10.7554/eLife.78263
https://doi.org/10.1101/gr.275677.121
https://doi.org/10.1101/gr.275677.121
https://doi.org/10.1016/j.jaut.2009.03.006
https://doi.org/10.3389/fnint.2018.00052


Page 13 of 13Bhattacharya et al. Epigenetics & Chromatin            (2024) 17:1 	

susceptibility. Hum Genomics. 2019;13(1):2. https://​doi.​org/​10.​1186/​
s40246-​018-​0185-z.

	 74.	 Sciarra F, Campolo F, Franceschini E, Carlomagno F, Venneri M. Gender-
specific impact of sex hormones on the immune system. Int J Mol Sci. 
2023;24(7):6302. https://​doi.​org/​10.​3390/​ijms2​40763​02.

	 75.	 Shao F, Tan T, Tan Y, Sun Y, Xingxin Wu, Qiang Xu. Andrographolide alle-
viates imiquimod-induced psoriasis in mice via inducing autophagic 
proteolysis of MyD88. Biochem Pharmacol. 2016;115(Septem-
ber):94–103. https://​doi.​org/​10.​1016/j.​bcp.​2016.​06.​001.

	 76.	 Sharp AJ, Stathaki E, Migliavacca E, Brahmachary M, Montgomery SB, 
Dupre Y, Antonarakis SE. DNA methylation profiles of human active and 
inactive X chromosomes. Genome Res. 2011;21(10):1592–600. https://​
doi.​org/​10.​1101/​gr.​112680.​110.

	 77.	 Sierra I, Anguera MC. Enjoy the silence: X-chromosome inactivation 
diversity in somatic cells. Curr Opin Genet Dev. 2019;55(April):26–31. 
https://​doi.​org/​10.​1016/j.​gde.​2019.​04.​012.

	 78.	 Sinha SK, Zachariah S, Quiñones HI, Shindo M, Chaudhary PM. 
Role of TRAF3 and -6 in the activation of the NF-κB and JNK path-
ways by X-linked ectodermal dysplasia receptor. J Biol Chem. 
2002;277(47):44953–61. https://​doi.​org/​10.​1074/​jbc.​M2079​23200.

	 79.	 Skaletsky H, Kuroda-Kawaguchi T, Minx PJ, Cordum HS, Hillier LaDeana, 
Brown LG, Repping S, et al. The male-specific region of the human 
Y chromosome is a mosaic of discrete sequence classes. Nature. 
2003;423(6942):825–37. https://​doi.​org/​10.​1038/​natur​e01722.

	 80.	 Smith-Bouvier DL, Divekar AA, Sasidhar M, Sienmi Du, Tiwari-Woodruff 
SK, King JK, Arnold AP, Singh RR, Voskuhl RR. A role for sex chromosome 
complement in the female bias in autoimmune disease. J Exp Med. 
2008;205(5):1099–108. https://​doi.​org/​10.​1084/​jem.​20070​850.

	 81.	 Souyris M, Cenac C, Azar P, Daviaud D, Canivet A, Grunenwald S, Pien-
kowski C, Chaumeil J, Mejía JE, Guéry J-C. TLR7 escapes X chromosome 
inactivation in immune cells. Sci Immunol. 2018;3(19): e8855. https://​
doi.​org/​10.​1126/​sciim​munol.​aap88​55.

	 82.	 Spiering AE, De Vries TJ. Why females do better: the X chromosomal 
TLR7 gene-dose effect in COVID-19. Front Immunol. 2021;12(Novem-
ber): 756262. https://​doi.​org/​10.​3389/​fimmu.​2021.​756262.

	 83.	 Spolarics Z, Peña G, Qin Y, Donnelly RJ, Livingston DH. Inherent X-linked 
genetic variability and cellular mosaicism unique to females contribute 
to sex-related differences in the innate immune response. Front Immu-
nol. 2017;8(November):1455. https://​doi.​org/​10.​3389/​fimmu.​2017.​
01455.

	 84.	 Stewart JJ. The female X-inactivation mosaic in systemic lupus erythe-
matosus. Immunol Today. 1998;19(8):352–7. https://​doi.​org/​10.​1016/​
S0167-​5699(98)​01298-5.

	 85.	 Sun Z, Fan J, Wang Y. X-chromosome inactivation and related diseases. 
Genet Res. 2022;2022(March):1–8. https://​doi.​org/​10.​1155/​2022/​13918​
07.

	 86.	 Syrett CM, Paneru B, Sandoval-Heglund D, Wang J, Banerjee S, Sindhava 
V, Behrens EM, Atchison M, Anguera MC. Altered X-chromosome inac-
tivation in T cells may promote sex-biased autoimmune diseases. JCI 
Insight. 2019;4(7): e126751. https://​doi.​org/​10.​1172/​jci.​insig​ht.​126751.

	 87.	 Tegowski M, Baldwin A. Noncanonical NF-κB in CANCER. Biomedicines. 
2018;6(2):66. https://​doi.​org/​10.​3390/​biome​dicin​es602​0066.

	 88.	 Thompson MG, Peiffer DS, Larson M, Navarro F, Watkins SK. FOXO3, 
estrogen receptor alpha, and androgen receptor impact tumor growth 
rate and infiltration of dendritic cell subsets differentially between male 
and female mice. Cancer Immunol Immunother. 2017;66(5):615–25. 
https://​doi.​org/​10.​1007/​s00262-​017-​1972-4.

	 89.	 Tommasini A, Ferrari S, Moratto D, Badolato R, Boniotto M, Pirulli D, 
Notarangelo LD, Andolina M. X-chromosome inactivation analysis in a 
female carrier of FOXP3 mutation. Clin Exp Immunol. 2002;130(1):127–
30. https://​doi.​org/​10.​1046/j.​1365-​2249.​2002.​01940.x.

	 90.	 Verhelst K, Gardam S, Borghi A, Kreike M, Carpentier I, Beyaert R. XEDAR 
activates the non-canonical NF-κB pathway. Biochem Biophys Res 
Commun. 2015;465(2):275–80. https://​doi.​org/​10.​1016/j.​bbrc.​2015.​08.​
019.

	 91.	 Villarino AV, Kanno Y, Ferdinand JR, O’Shea JJ. Mechanisms of Jak/
STAT signaling in immunity and disease. J Immunol. 2015;194(1):21–7. 
https://​doi.​org/​10.​4049/​jimmu​nol.​14018​67.

	 92.	 Wang J, Syrett CM, Kramer MC, Basu A, Atchison ML, Anguera MC. Unu-
sual maintenance of X chromosome inactivation predisposes female 

lymphocytes for increased expression from the inactive X. Proc Natl 
Acad Sci. 2016. https://​doi.​org/​10.​1073/​pnas.​15201​13113.

	 93.	 Wang M, Peng Y, Li H, Zhang X. From monogenic lupus to TLR7/MyD88-
targeted therapy. The Innovation. 2022;3(5): 100299. https://​doi.​org/​10.​
1016/j.​xinn.​2022.​100299.

	 94.	 Wang S, Cowley LA, Liu X-S. Sex differences in cancer immuno-
therapy efficacy, biomarkers, and therapeutic strategy. Molecules. 
2019;24(18):3214. https://​doi.​org/​10.​3390/​molec​ules2​41832​14.

	 95.	 Wang X, Guo J, Ning Z, Xia Wu. Discovery of a natural syk inhibitor from 
Chinese medicine through a docking-based virtual screening and 
biological assay study. Molecules. 2018;23(12):3114. https://​doi.​org/​10.​
3390/​molec​ules2​31231​14.

	 96.	 Warde KM, Smith LJ, Liu L, Stubben CJ, Lohman BK, Willett PW, 
Ammer JL, et al. Senescence-induced immune remodeling facilitates 
metastatic adrenal cancer in a sex-dimorphic manner. Nature Aging. 
2023;3(7):846–65. https://​doi.​org/​10.​1038/​s43587-​023-​00420-2.

	 97.	 Wark AR, Aldea D, Tomizawa RR, Kokalari B, Warder B, Kamberov YG. 
Ectodysplasin signaling through XEDAR is required for mammary gland 
morphogenesis. J Investig Dermatol. 2023;143(8):1529-1537.e2. https://​
doi.​org/​10.​1016/j.​jid.​2023.​02.​007.

	 98.	 Wu Y, He S, Bai B, Luyao Zhang Lu, Xue ZL, Yang X, et al. Therapeutic 
effects of the artemisinin analog SM934 on lupus-prone MRL/Lpr mice 
via inhibition of TLR-triggered B-cell activation and plasma cell forma-
tion. Cell Mol Immunol. 2016;13(3):379–90. https://​doi.​org/​10.​1038/​cmi.​
2015.​13.

	 99.	 Yan C, Yang Q, Gong Z. Tumor-associated neutrophils and macrophages 
promote gender disparity in hepatocellular carcinoma in zebrafish. 
Can Res. 2017;77(6):1395–407. https://​doi.​org/​10.​1158/​0008-​5472.​
CAN-​16-​2200.

	100.	 Yang Qi, Zhang H, Wei T, Lin A, Sun Y, Luo P, Zhang J. Single-cell RNA 
sequencing reveals the heterogeneity of tumor-associated mac-
rophage in non-small cell lung cancer and differences between sexes. 
Front Immunol. 2021;12(November): 756722. https://​doi.​org/​10.​3389/​
fimmu.​2021.​756722.

	101.	 Yi Y-S, Son Y-J, Ryou C, Sung G-H, Kim J-H, Cho JY. Functional roles of syk 
in macrophage-mediated inflammatory responses. Mediators Inflamm. 
2014;2014:1–12. https://​doi.​org/​10.​1155/​2014/​270302.

	102.	 Youness A, Miquel C-H, Guéry J-C. Escape from X chromosome inactiva-
tion and the female predominance in autoimmune diseases. Int J Mol 
Sci. 2021;22(3):1114. https://​doi.​org/​10.​3390/​ijms2​20311​14.

	103.	 Zhou J, Sackton TB, Martinsen L, Lemos B, Eickbush TH, Hartl DL. Y 
chromosome mediates ribosomal DNA silencing and modulates the 
chromatin state in Drosophila. Proc Natl Acad Sci. 2012;109(25):9941–6. 
https://​doi.​org/​10.​1073/​pnas.​12073​67109.

	104.	 Zito A, Roberts AL, Visconti A, Rossi N, Andres-Ejarque R, Nardone S, 
El-Sayed JS, Moustafa MF, Small KS. Escape from X-inactivation in twins 
exhibits intra- and inter-individual variability across tissues and is herit-
able. PLoS Genet. 2023;19(2): e1010556. https://​doi.​org/​10.​1371/​journ​al.​
pgen.​10105​56.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://doi.org/10.1186/s40246-018-0185-z
https://doi.org/10.1186/s40246-018-0185-z
https://doi.org/10.3390/ijms24076302
https://doi.org/10.1016/j.bcp.2016.06.001
https://doi.org/10.1101/gr.112680.110
https://doi.org/10.1101/gr.112680.110
https://doi.org/10.1016/j.gde.2019.04.012
https://doi.org/10.1074/jbc.M207923200
https://doi.org/10.1038/nature01722
https://doi.org/10.1084/jem.20070850
https://doi.org/10.1126/sciimmunol.aap8855
https://doi.org/10.1126/sciimmunol.aap8855
https://doi.org/10.3389/fimmu.2021.756262
https://doi.org/10.3389/fimmu.2017.01455
https://doi.org/10.3389/fimmu.2017.01455
https://doi.org/10.1016/S0167-5699(98)01298-5
https://doi.org/10.1016/S0167-5699(98)01298-5
https://doi.org/10.1155/2022/1391807
https://doi.org/10.1155/2022/1391807
https://doi.org/10.1172/jci.insight.126751
https://doi.org/10.3390/biomedicines6020066
https://doi.org/10.1007/s00262-017-1972-4
https://doi.org/10.1046/j.1365-2249.2002.01940.x
https://doi.org/10.1016/j.bbrc.2015.08.019
https://doi.org/10.1016/j.bbrc.2015.08.019
https://doi.org/10.4049/jimmunol.1401867
https://doi.org/10.1073/pnas.1520113113
https://doi.org/10.1016/j.xinn.2022.100299
https://doi.org/10.1016/j.xinn.2022.100299
https://doi.org/10.3390/molecules24183214
https://doi.org/10.3390/molecules23123114
https://doi.org/10.3390/molecules23123114
https://doi.org/10.1038/s43587-023-00420-2
https://doi.org/10.1016/j.jid.2023.02.007
https://doi.org/10.1016/j.jid.2023.02.007
https://doi.org/10.1038/cmi.2015.13
https://doi.org/10.1038/cmi.2015.13
https://doi.org/10.1158/0008-5472.CAN-16-2200
https://doi.org/10.1158/0008-5472.CAN-16-2200
https://doi.org/10.3389/fimmu.2021.756722
https://doi.org/10.3389/fimmu.2021.756722
https://doi.org/10.1155/2014/270302
https://doi.org/10.3390/ijms22031114
https://doi.org/10.1073/pnas.1207367109
https://doi.org/10.1371/journal.pgen.1010556
https://doi.org/10.1371/journal.pgen.1010556

	Role of sex in immune response and epigenetic mechanisms
	Abstract 
	Background
	Sex chromosome epigenetics and effects on the immune system
	X chromosome mosaicism, inactivation epigenetics and escape
	Inactivation skewing and autoimmune disorders
	Variations in inactivation epigenetics in immune cells
	Effects of epigenetic inactivation on immune cells
	Dimorphism in immune response due to X chromosome genes

	Y chromosome and implications on the immune system
	Immune pathways of X chromosome genes and natural immunomodulators
	Toll like receptor 7 (TLR 7) pathway
	Nuclear factor kappa light chain enhancer of activated B cells (NF-κB) pathway
	Janus kinasesignal transducers and activator of transcription (JakSTAT pathway)

	Sex difference in immune responses and cancers
	Discussion
	Acknowledgements
	References


