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Abstract

Healthy females and males differ in their immune cell composition and function and females generally mount stronger
immune response than males and are much more susceptible to autoimmune rheumatic diseases. Females differ from males
in sex hormones, and X-chromosome genes. Sex hormones affect immune cells and responses, and may induce epigenetic
DNA changes. The importance of X-chromosome genes is exemplified in men with the Klinefelter syndrome (47,XXY) who
have an additional X-chromosome and develop systemic lupus erythematosus(SLE) as frequently as women. X-chromosome
contains genes critical for the immune response, such as FOXP3, toll-like receptor(TLR)7, TLRS8, CD40 Ligand, IL2RG,
IL9R, BTK, and others. Whereas one X-chromosome in females is randomly inactivated early in embryonic development,
around 25% of X-linked genes escape inactivation and result in more X-linked gene dosage in females. We use two key
female-biased autoimmune rheumatic diseases, SLE and systemic sclerosis, to review differences in immune response, and
clinical manifestations between females and males. The inclusion of sex variable in research will facilitate precision medicine
and optimal patient outcome.
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Introduction

For years, it has been acknowledged that females and males
differ in their immune responses. For instance, antibody
responses to influenza vaccine are much stronger in women
than men [1]. This comes at a price. Women are more sus-
ceptible to autoimmune diseases. Nine out of 10 individuals
who develop systemic sclerosis (SSc), systemic lupus ery-
thematosus (SLE), or Sjogren’s syndrome (SjS) syndrome
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are women [2-4]. In a large and longitudinal study of
patients with type I diabetes mellitus in USA the prevalence
of additional autoimmune diseases was 1.9-times greater in
women than men [5].

There are many sex differences between healthy females
and males in immune cell composition and function at the
innate, adaptive (cellular and humoral) levels and these can
be found in excellent reviews [6]. Females have higher pro-
portions of CD4 +T cells, CD19+ B cells and plasma cells,
but lower proportion of monocytes and natural killer (NK)
cells than men [6, 7]. In addition, females exhibit greater
innate, humoral and cellular responses than males [1, 6].
Many of the differences between females and males in
immune response may partly attributed to differences in sex
hormones, and X chromosomes.

We chose to concentrate on two key female-biased auto-
immune rheumatic diseases (AIRDs), SLE and SSc, with
diverse clinical manifestations [8, 9]. We searched the Pub-
med using the terms sex difference and autoimmune dis-
ease, systemic sclerosis, systemic lupus erythematosus. We
also used references from retrieved articles. Our purpose
was to highlight differences between females and males in
immune responses which will help researches incorporate
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sex variable in future studies to achieve homogeneous
groups of patients with ultimate goal personalized medicine.

Sex hormones

The increased incidence of autoimmune rheumatic dis-
eases (AIRDs) during the reproductive years suggests that
sex hormones are implicated. For instance, female to male
ratio in SLE prior to puberty is 2:1 and after puberty is 9:1
re-enforces the concept that estrogen contributes to SLE
susceptibility [10]. On the other hand, male sex hormones
are protective in lupus-prone NZB/NZW mice. Male mice
develop lupus-like disease later than female mice but cas-
trated males develop disease at the same time as females
[11,12].

Sex steroid hormones exert multiple and variable effects
on many immune cells depending on cell type, and the
experimental system. In general, estrogen has immunostim-
ulatory effects on adaptive immune system, including an
in vivo increase of Ig-producing plasma cells, although it
also increases human Tregs numbers and function, whereas
androgens have immunosuppressive effects [12—14]. Estro-
gen also increases the production of prolactin which has
immunostimulatory effects promoting the production of
CD40 Ligand (CD40L), IL-6, type I interferon o (IFNo) and
T cell proinflammatory cytokines [15]. Estrogen, through
estrogen receptors (ERs), stimulates IL-6 expression in mice
and humans [16] and, by inhibiting apoptosis of autoreac-
tive T cells, may contribute to autoimmunity in SLE [13].
Interferon regulatory factor 5(IRFS) that controls the expres-
sion of type I IFN, a significant pathogenic factor for SLE
and SSc [17, 18], was upregulated by estrogen in vitro in
mice [19]. In addition, TLR7-mediated IFNa production by
plasmatoid dendritic cells (pDCs) is increased in females
compared to males and this is positively regulated in vivo by
estrogen through estrogen receptor signaling [20]. Unc-93
homolog BI(UNC93B1), an endoplasmic reticulum trans-
membrane protein, essential for the function of TLR7 and
TLR9Y was increased by estrogen in mice [21].

Estrogen, depending on cell type and sex exhibit vari-
able effects on peroxisome proliferator-activated receptor
gamma (PPARY), a nuclear receptor, and a master regulator
of adipocyte differentiation. PPARYy expression is higher in
female than male T cells, and is enhanced by estrogen in
male T cells, but is inhibited by estrogen in cancer cells [22,
23]. PPARY is also involved in immune cell modulation as
it drives macrophage M2 differentiation, inhibits TH1 and
TH17 cells [24], and is necessary for Tregs function [25].
In addition, macrophage PPARY is required for phagocyto-
sis of apoptotic cell bodies, whereas macrophage PPARy
knock-out mice developed lupus-like glomerulonephritis
[26]. PPARY also regulated TGFp-mediated fibrogenesis and
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protected from PAH in mice [27]. Pioglitazole, a PPARYy
agonist, significantly decreased activation of CD4 + T cells
from female mice during the estrus stage of menstrual cycle,
but not CD4 + T cells during the diestrus stage of menstrual
cycle or CD4 +T cells from male mice. In addition, pioglita-
zone treatment reduced T follicular helper (TFH) responses
in female but not in male mice [28], whereas female, but not
male, CD4-PPARY knock-out mice had increased TFH cells
and germinal center B cells and spontaneously developed
autoimmune phenotypes [28].

Sex hormones can induce epigenetic changes. For
instance, estrogen, by downregulating DNA methyl-trans-
ferase 1 expression that leads to DNA hypomethylation in
T cells from SLE female patients may contribute to auto-
immunity in SLE [13]. In transgender individuals, an /L2
promoter-associated region was demethylated at 12-month
post-feminizing hormonal therapy (estrogen in combina-
tion with anti-androgen) but gained DNA methylation at
12-month post-masculinizing hormonal therapy (testoster-
one)[29]. miRNAs are different between female and male
lupus-prone mice, whereas estrogen promotes lupus-related
miRNASs in castrated mice [30]. miRNAs were also found to
have a pathogenic role in SSc and SLE [31-33].

Gut microbiota may alter sex hormone levels and auto-
immune disease susceptibility. Markle et al. [34] showed
in the non-obese diabetic (NOD) mice, a model of type I
diabetes mellitus, that female mice under germ-free condi-
tions no longer had the increased susceptibility to disease
than males. In addition, microbiota transfer from adult NOD
male mice to immature females increased testosterone levels
and protected against diabetes through androgen receptor
[34]. There are excellent reviews on sex hormones in AIRDs
[35, 36].

X chromosomes

Apart for sex hormones, chromosome genes are critical for
immune responses. Individuals with Klinefelter syndrome
(47,XXY) develop more frequently SLE. The risk of SLE
in men with Klinefelter syndrome (47,XXY) is increased
by 14-fold compared to men (46,XY) and is similar to
that in women (46,XX) [37] and this implies susceptibil-
ity due to X chromosome gene-dose effect. The impor-
tance of X-chromosome genes is supported by the ‘four
core genotype’ (FCG) mouse model. This model involves a
deletion of a testis-determining Sry gene from the Y chro-
mosome which results in gonadal female XY-mice, and an
insertion of Sry transgene onto an autosome which results in
gonadal male mice. The four genotypes created when XY-
Sry gonadal male mice mate with XX female mice are: XX
mice with ovaries, XXSry mice with testis, XY-mice with
ovaries and XY Sry mice with testis [38]. This model allows
the evaluation of the effects of sex hormones and the effects
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of X-chromosome complement. Gonadectomized FCG mice
exhibited increased susceptibility to pristine-induced lupus
in XX mice suggesting that an additional X-chromosome
confers susceptibility irrespective of female gonads [38].

In recent years, much progress has been made towards
deciphering the mechanisms of X chromosome-mediated
susceptibility to autoimmune diseases. Females have two
copies of X chromosomes, one paternal, one maternal, while
males have only one copy, and this would have led to genes
dosage imbalance between the sexes. One X chromosome
is randomly inactivated early in embryonic development in
females to maintain X-linked genes balance between sexes.
However, 20-30% of X-linked genes escape inactivation in
humans [6, 39].

X chromosome inactivation is maintained in mature T
cells but is disrupted in T cells of SLE patients which exhib-
ited abnormal upregulation of X-linked genes [40]. X chro-
mosome inactivation was also disrupted in T cells of late-
stage disease of female NZB/W F1 SLE mouse model [40].
Skewed X-chromosome inactivation has also been reported
in peripheral blood cells from women with SSc [41]. More
importantly, skewed X-chromosome inactivation in females
patients with SSc was associated with decreased expression
of FOXP3 [42].

Various important immune-related genes reside on X
chromosome, including FOXP3, toll-like receptor (TLR)7,
TLR8, CD40L, cytokine receptors (ILI3RA2, IL2RG,
IL9R), BTK, and KDM6A (encoding UTX, an epigenetic
regulator with demethylase activity)[43]. FOXP3 is a
crucial transcription factor for the suppressive function
of Tregs, as loss-of-function mutations of FOXP3 gene
results in the X-linked immune dysregulation, polyendo-
crinopathy, enteropathy (IPEX) syndrome, characterized
by type I diabetes mellitus (DM), autoimmune thyroiditis
(Hashimoto), Addison’s disease, enteropathy, dermatitis,
and other immune manifestations, including thrombocy-
topenia, and hemolytic anemia [44]. Polymorphisms of
FOXP3 gene were detected in various autoimmune dis-
eases, including rheumatoid arthritis, SLE and type I
DM. In a recent study UTX, which enhances NK effector
function, was found to escape X chromosome inactiva-
tion and was expressed more in females than males. For
instance, male NK cell IFNy production was decreased
independently of gonadal hormones, whereas IFNy, as
well as granulocyte monocyte—colony-stimulating fac-
tor (GM-CSF) production, was reduced in female NK
cells with one UTX copy number [45]. In addition, TLR7
gene escapes silencing by X chromosome inactivation
in B cells, monocytes, and plasmacytoid dendritic cells
(pDCs) from women and from Klinefelter syndrome males
and this resulted in greater TLR7 expression and greater
B cell response to T cells [46]. TLR7 senses endosomal
ssRNA originating from extracellular self-nucleic acids

which derive from defective clearance of apoptotic bodies
and is involved in autoimmune germinal center formation
and autoantibody production [47]. Expression of TLR7
was higher in XX and XXY relative to XY immune cells,
including pDCs, B cells and monocytes [46]. TLR7-medi-
ated IFNa production by pDCs is increased in SLE [48],
whereas overexpression of TLR7 in mice resulted in SLE
development [46, 49]. TLR7 also enhanced profibrotic
tissue inhibitor of metalloproteinase 1(TIMP-1) in SSc
monocytes [50]. One study reported that both X-chromo-
some gene dosage and estrogen receptors signaling con-
tribute to enhanced TLR7-mediated IFNa production in
pDCs from women [51]. A TLRS transgenic mouse model
of SSc exhibited more severe skin fibrosis which was
abrogated by pDC deletion [52]. TLR8 was upregulated
in pDCs in SSc [52]. CD40L, a co-stimulatory molecule
on CD4 + T cells, was found to be overexpressed in T cells
from female patients with SLE [53] and SSc [54].

X chromosome genes may also have more generalized
effects than susceptibility to autoimmune diseases. For
instance, in a four-core genotype mouse model, it has been
demonstrated that XX mice with either testes or ovaries
live longer than XY mice with either testes or ovaries [55].

Autosomal genes

While autosomal genes are not different between females
and males, their expression may differ, and differences
in gene expression on autosomes are conserved among
mamalians [56, 57]. Transcriptomics analysis of T cells
and B cells from healthy human identified hundreds of
sex-biased autosomal transcripts [58]. In addition, after
stimulation of peripheral blood leukocytes with lipopol-
ysaccharide (LPS), an innate stimulation, sex-specific
responses were found in hundreds of autosomal genes [59].
Sex dimorphic gene expression throughout the genome
was also detected in mouse neutrophils [60]. Furthermore,
there was a remarkable cell specificity in sex-biased gene
expression. Transcriptome analysis of untreated immune
cells from C56BL/6 mice, showed that sexual dimorphism
was restricted to macrophages and mediated by innate
immune pathways [61]. In addition, Mendelian randomi-
zation analysis showed an association of /L6 with rheu-
matoid arthritis(RA) in females but with psoriatic arthritis
in males [62].

Environment exerts different effects on gene regulation
in females and males. For instance, female mice exhibited
differences in gene expression compared to male mice fed
identical diet [63].

There are excellent reviews on the sex dimorphism in
immune cell composition and function, and X-chromosome
inactivation-related immune effects [6, 64, 65].
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Sex bias in clinical manifestations

Environmental factors confer different susceptibil-
ity to AIRDs. In a meta-analysis, silica exposure con-
fers increased susceptibility for SSc to males, but not
to females [66]. As already mentioned, women develop
AIRDs much more frequently than men. However, men
develop more severe manifestations of AIRDs than
women. In a systematic review, male sex was found to be
is a risk factor for rheumatoid arthritis-associated inter-
stitial lung disease (RA-ILD) [67]. In a meta-analysis
renal involvement, serositis and thrombocytopenia were
more frequent in male SLE than femal SLE patients [68].
Men’s suffering from serious disease manifestations is best
illustrated in SSc. In a review, men were more likely to
develop scleroderma renal crisis, diffuse cutaneous SSc
(dcSSc), anti-topoisomerase I antibodies (ATA), and more
active disease [69]. In addition, in SSc-associated pulmo-
nary arterial hypertension (PAH) male sex was strongly
associated with rapid disease progression [70]. In addi-
tion, males were predominantly ATA-positive compared to
females, and PAH and dcSSc were more frequent in males
after adjusting for autoAb status [71]. In a randomized
controlled trial of SSc-ILD patients treated with mycophe-
nolate mofetil (MMF) or oral cyclophosphamide, men had
worse radiographic progression at 2 years compared to
women after adjusting for baseline disease severity and
treatment received, and worse survival [72]. In addition,
mortality, the hard outcome of a disease was high in men
with SSc. In two large inception cohorts of SSc patients a
multivariable analysis showed that male sex was associ-
ated with 5-year mortality [73]. In a 10-year study of very
large cohorts, the Leiden combined care in SSc (CISS) and
the European scleroderma trials and research(EUSTAR),
multivariable analysis showed that male sex was the
most important risk factor for all-cause mortality of SSc
patients [71]. SSc-related mortality was higher in men than
women in the Norwegian cohort [74] and in the EUSTAR
cohort [71]. Sex bias in mortality in infectious diseases
also reported. An analysis of COVID-19 data from many
countries revealed a male bias in mortality [75].

Sex bias in response to immunotherapy

Given the sex difference in immune response one would
expect differences to pharmacological treatments between
females and males regarding both immunotherapy efficacy
and adverse effects.

In TNFa-naive spondyloarthritis (SpA) patients, men
discontinued adalimumab more frequently than women
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due to inadequate response [76]. In contrast, other inves-
tigators found that RA remission, as defined by no swollen
joint, no tender joint, and normal erythrocyte sedimen-
tation rate, was significantly lower in women than men
at 2 year and 5 year post-treatment [77]. In addition, in
a 20-week randomized double-blind, placebo-controlled
trial in patients with diabetic cardiomyopathy, a phospho-
diesterase 5 inhibitor tadalafil resulted in improvement
in cardiac torsion and fiber shortening in men but not in
women [78]. The identification of gene expression differ-
ence between females and males in SSc is expected to lead
to optimal immunotherapy, as gene expression changes
reflected clinical response in abatacept- and mycopheno-
late mofetil-treated patients with SSc [79, 80].

Regarding adverse drug reaction it should be noted that
women are more susceptible to drug effects, as they are
exposed to higher concentrations and longer elimination
times of drugs compared to men, and these pharmacoki-
netics parameters are associated with higher incidence of
adverse drug reactions [81, 82].

Women develop higher ab responses to influenza vac-
cine but also more frequent adverse effects compared to
men [1]. In addition, more women than men experienced
adverse effects and anaphylactic reactions to Phizer/BioN-
Tech COVID-19 vaccine [83, 84] and more serious adverse
effects to biological treatment in RA [85]. In a post-hoc
analysis of pooled data from four randomized controlled
trials of Nintedanib in autoimmune disease—ILD, women
were more likely to have gastrointestinal tract (GIT) adverse
effects, elevation of liver enzymes, drug dose reduction and
drug interruption compared to men [86].

Concluding remarks

In conclusion, more and more accumulated data point to dif-
ferences in innate and adaptive immune responses between
females and males. These differences are not restricted to
X-linked genes expression but are located throughout the
genome. Certain differences between females and males
are present during the reproductive years, highlighting the
importance of sex hormones [65]. Therefore, sex is a vari-
able that should always be considered in research studies and
trials in AIRDs. This approach will help better define disease
susceptibility, early diagnosis, homogeneous patient groups,
and optimal immunotherapy. Identifying immune-related
escape genes and their expression in immune cell subsets
will be an important step towards precision medicine.

Author contributions LIS had the idea, searched the literature and
drafted the manuscript. ICC critically revised the work.



Rheumatology International (2024) 44:203-209

207

Funding No financial or non-financial interest are directly or indirectly
related to this work.

Declarations

Conflict of interest Disclosure of potential conflicts of interest: none
declared.

References

10.

11.

12.

13.

14.

Klein SL, Jedlicka A, Pekosz A (2010) The Xs and Y of immune
responses to viral vaccines. Lancet Infect Dis 10(5):338-349.
https://doi.org/10.1016/S1473-3099(10)70049-9

Brandt JE, Priori R, Valesini G, Fairweather DL (2015) Sex
differences in Sjogren’s syndrome: a comprehensive review of
immune mechanisms. Biol Sex Differ 6:19. https://doi.org/10.
1186/513293-015-0037-7

Freire M, Rivera A, Sopeiia B, et al (2017). Clinical and epide-
miological differences between men and women with systemic
sclerosis: a study in a Spanish systemic sclerosis cohort and lit-
erature review. Clin Exp Rheumatol. 35 Suppl 106 (4):89-97
Rees F, Doherty M, Grainge MJ, Lanyon P, Zhang W (2017) The
worldwide incidence and prevalence of systemic lupus erythema-
tosus: a systematic review of epidemiological studies. Rheumatol-
ogy (Oxford) 56(11):1945-1961. https://doi.org/10.1093/rheum
atology/kex260

Rogers MAM, Wei MY, Kim C, Lee JM (2020) Sex Differences
in autoimmune multimorbidity in type 1 diabetes mellitus and
the risk of cardiovascular and renal disease: a longitudinal study
in the United States, 2001-2017. J Womens Health (Larchmt)
29(4):511-519. https://doi.org/10.1089/jwh.2019.7935

Jiwrajka N, Anguera MC (2022) The X in seX-biased immunity
and autoimmune rheumatic disease. ] Exp Med 219(6):¢20211487.
https://doi.org/10.1084/jem.20211487

Huang Z, Chen B, Liu X, Li H, Xie L, Gao Y, Duan R, Li Z,
Zhang J, Zheng Y, Su W (2021) Effects of sex and aging on the
immune cell landscape as assessed by single-cell transcriptomic
analysis. Proc Natl Acad Sci U S A 118(33):2023216118. https://
doi.org/10.1073/pnas.2023216118

Sakkas LI, Chikanza IC, Platsoucas CD (2006) Mechanisms of
disease: the role of immune cells in the pathogenesis of systemic
sclerosis. Nat Clin Pract Rheumatol 2(12):679-685. https://doi.
org/10.1038/ncprheum0346

Tsokos GC (2011) Systemic lupus erythematosus. N Engl J] Med
365(22):2110-2121. https://doi.org/10.1056/NEJMral 100359
Tedeschi SK, Bermas B, Costenbader KH (2013) Sexual dispari-
ties in the incidence and course of SLE and RA. Clin Immunol
149(2):211-218

Roubinian JR, Talal N, Greenspan JS, Goodman JR, Siiteri PK
(1978) Effect of castration and sex hormone treatment on survival,
anti-nucleic acid antibodies, and glomerulonephritis in NZB/
NZW F1 mice. J Exp Med 147(6):1568-1583. https://doi.org/10.
1084/jem.147.6.1568

Gubbels Bupp MR, Jorgensen TN (2018) Androgen-induced
immunosuppression. Front Immunol. https://doi.org/10.3389/
fimmu.2018.00794

Moulton VR (2018) Sex hormones in acquired immunity and auto-
immune disease. Front Immunol 9:2279. https://doi.org/10.3389/
fimmu.2018.02279

Verthelyi D (2001) Sex hormones as immunomodulators in health
and disease. Int Inmunopharmacol 1(6):983-993. https://doi.org/
10.1016/51567-5769(01)00044-3

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

Legorreta-Haquet MV, Santana-Sanchez P, Chavez-Sanchez L,
Ak C-R (2022) The effect of prolactin on immune cell subsets
involved in SLE pathogenesis. Front Immunol 13:1016427.
https://doi.org/10.3389/fimmun.2022.1016427

Isse K, Specht SM, Lunz JG 3rd, Kang LI, Mizuguchi Y, Demetris
AJ (2010) Estrogen stimulates female biliary epithelial cell inter-
leukin-6 expression in mice and humans. Hepatology 51(3):869—
880. https://doi.org/10.1002/hep.23386

Brkic Z, van Bon L, Cossu M et al (2016) The interferon type
I signature is present in systemic sclerosis before overt fibro-
sis and might contribute to its pathogenesis through high
BAFF gene expression and high collagen synthesis. Ann
Rheum Dis 75(8):1567-1573. https://doi.org/10.1136/annrh
eumdis-2015-207392

Postal M, Vivaldo JF, Fernandez-Ruiz R, Paredes JL, Appenzel-
ler S, Niewold TB (2020) Type I interferon in the pathogenesis of
systemic lupus erythematosus. Curr Opin Immunol. https://doi.
org/10.1016/j.c0i1.2020.10.014

Shen H, Panchanathan R, Rajavelu P, Duan X, Gould KA,
Choubey D (2010) Gender-dependent expression of murine Irf5
Gene: implications for sex bias in autoimmunity. ] Mol Cell Biol
2(5):284-290. https://doi.org/10.1093/jmcb/mjq023

Seillet C, Laffont S, Trémollieres F, Rouquié N, Ribot C, Arnal
J-F, Douin-Echinard V, Gourdy P, Guéry J-C (2012) The TLR-
mediated response of plasmacytoid dendritic cells is positively
regulated by estradiol in vivo through cell-intrinsic estrogen
receptor a signaling. Blood 119(2):454-464. https://doi.org/10.
1182/blood-2011-08-371831

Panchanathan R, Liu H, Choubey D (2013) Expression of murine
Unc93b1 is up-regulated by interferon and estrogen signaling:
implications for sex bias in the development of autoimmunity. Int
Immunol 25(9):521-529. https://doi.org/10.1093/intimm/dxt015
Chu R, van Hasselt A, Vlantis AC (2014) The cross-talk between
estrogen receptor and peroxisome proliferator-activated receptor
gamma in thyroid cancer. Cancer 120:142-153. https://doi.org/
10.1002/cncr.28383

Park HJ, Choi JM (2017) Sex-specific regulation of immune
responses by PPARs. Exp Mol Med 49:e364

Hernandez-Quiles M, Broekema MF, Kalkhoven E (2021) PPAR-
gamma in metabolism, immunity, and cancer: unified and diverse
mechanisms of Action. Front Endocrinol (Lausanne). https://doi.
org/10.3389/fend0.2021.624112

Wohlfert EA, Nichols FC, Nevius E, Clark RB (2007) Peroxi-
some proliferator-activated receptor gamma (PPARgamma) and
immunoregulation: enhancement of regulatory T cells through
PPARgamma-dependent and -independent mechanisms. J Immu-
nol 178(7):4129-4135. https://doi.org/10.4049/jimmunol.178.7.
4129

Roszer T, Menéndez-Gutiérrez MP, Lefterova M, Alameda D,
Nuiiez V, Lazar MA, Fischer T, Ricote M (2011) Autoimmune
kidney disease and impaired engulfment of apoptotic cells in
mice with macrophage peroxisome proliferator-activated recep-
tor gamma or retinoid X receptor alpha deficiency. J Immunol
186(1):621-631. https://doi.org/10.4049/jimmunol.1002230

Liu Y, Wang J, Luo S, Zhan Y, Lu Q (2021) The roles of PPARYy
and its agonists in autoimmune diseases: a comprehensive review.
J Autoimmun. https://doi.org/10.1016/j.jaut.2020.102510

Park HJ, Park HS, Lee JU, Bothwell ALM, Choi JM (2016) Gen-
der-specific differences in PPARy regulation of follicular helper
T cell responses with estrogen. Sci Rep 6:28495. https://doi.org/
10.1038/srep28495

Shepherd R, Bretherton I, Pang K et al.(2012). Gender-affirming
hormone therapy induces specific DNA methylation changes in
blood. Clin Epigenet 14:24

Khan D, Dai R, Ansar Ahmed S (2015) Sex differences and estro-
gen regulation of miRNAs in lupus, a prototypical autoimmune

@ Springer


https://doi.org/10.1016/S1473-3099(10)70049-9
https://doi.org/10.1186/s13293-015-0037-7
https://doi.org/10.1186/s13293-015-0037-7
https://doi.org/10.1093/rheumatology/kex260
https://doi.org/10.1093/rheumatology/kex260
https://doi.org/10.1089/jwh.2019.7935
https://doi.org/10.1084/jem.20211487
https://doi.org/10.1073/pnas.2023216118
https://doi.org/10.1073/pnas.2023216118
https://doi.org/10.1038/ncprheum0346
https://doi.org/10.1038/ncprheum0346
https://doi.org/10.1056/NEJMra1100359
https://doi.org/10.1084/jem.147.6.1568
https://doi.org/10.1084/jem.147.6.1568
https://doi.org/10.3389/fimmu.2018.00794
https://doi.org/10.3389/fimmu.2018.00794
https://doi.org/10.3389/fimmu.2018.02279
https://doi.org/10.3389/fimmu.2018.02279
https://doi.org/10.1016/s1567-5769(01)00044-3
https://doi.org/10.1016/s1567-5769(01)00044-3
https://doi.org/10.3389/fimmun.2022.1016427
https://doi.org/10.1002/hep.23386
https://doi.org/10.1136/annrheumdis-2015-207392
https://doi.org/10.1136/annrheumdis-2015-207392
https://doi.org/10.1016/j.coi.2020.10.014
https://doi.org/10.1016/j.coi.2020.10.014
https://doi.org/10.1093/jmcb/mjq023
https://doi.org/10.1182/blood-2011-08-371831
https://doi.org/10.1182/blood-2011-08-371831
https://doi.org/10.1093/intimm/dxt015
https://doi.org/10.1002/cncr.28383
https://doi.org/10.1002/cncr.28383
https://doi.org/10.3389/fendo.2021.624112
https://doi.org/10.3389/fendo.2021.624112
https://doi.org/10.4049/jimmunol.178.7.4129
https://doi.org/10.4049/jimmunol.178.7.4129
https://doi.org/10.4049/jimmunol.1002230
https://doi.org/10.1016/j.jaut.2020.102510
https://doi.org/10.1038/srep28495
https://doi.org/10.1038/srep28495

208

Rheumatology International (2024) 44:203-209

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

disease. Cell Immunol 294(2):70-79. https://doi.org/10.1016/j.
cellimm.2015.01.004

Honda N, Jinnin M, Kira-Etoh T et al (2013) miR-150 down-
regulation contributes to the constitutive type I collagen over-
expression in scleroderma dermal fibroblasts via the induction
of integrin $3. Am J Pathol 182(1):206-216. https://doi.org/10.
1016/j.ajpath.2012.09.023

Makino K, Jinnin M, Hirano A et al (2013) The downregulation
of microRNA let-7a contributes to the excessive expression of
type I collagen in systemic and localized scleroderma. J Immunol
190(8):3905-3915. https://doi.org/10.4049/jimmunol.1200822
Luo B, Zhou K, Liufu Y, Huang X, Zeng H, Zhang Z (2022)
Novel insight into miRNA biology and its role in the pathogenesis
of systemic lupus erythematosus. Front Immunol 13:1059887.
https://doi.org/10.3389/fimmu.2022.1059887

Markle JGM, Frank DN, Mortin-Toth S, Robertson CE, Feazel
LM, Rolle-Kampczyk U, von Bergen M, McCoy KD, Macpher-
son AJ, Danska JS (2013) Sex differences in the gut microbiome
drive hormone-dependent regulation of autoimmunity. Science
339(6123):1084-1088. https://doi.org/10.1126/science.1233521
Taneja V (2018) Sex Hormones Determine Immune Response.
Front Immunol 9:1931. https://doi.org/10.3389/fimmu.2018.
01931

Cutolo M, Straub RH (2020) Sex steroids and autoimmune rheu-
matic diseases: state of the art. Nat Rev Rheumatol 16(11):628—
644. https://doi.org/10.1038/s41584-020-0503-4

Scofield RH, Bruner GR, Namjou B et al (2008) Klinefelter’s syn-
drome (47, XXY) in male systemic lupus erythematosus patients:
support for the notion of a gene-dose effect from the X chromo-
some. Arthritis Rheum 58(8):2511-2517. https://doi.org/10.1002/
art.23701

Arnold AP, Xuqi Chen X (2009) What does the “four core geno-
types” mouse model tell us about sex differences in the brain and
other tissues? Front Neuroendocrinol 30(1):1-9. https://doi.org/
10.1016/j.yfrne.2008.11.001

Fang H, Disteche CM, Berletch JB (2019) X Inactivation and
escape: epigenetic and structural features. Front Cell Dev Biol
7:219. https://doi.org/10.3389/fcell.2019.00219

Syrett CM, Paneru B, Sandoval-Heglund D et al (2019) Altered
X-chromosome inactivation in T cells may promote sex-biased
autoimmune diseases. JCI Insight 4(7):e126751. https://doi.org/
10.1172/jci.insight. 126751

Ozbalkan Z, Bagislar S, Kiraz S, Akyerli CB, Ozer HT, Yavuz
S, Birlik AM, Calgiineri M, Ozcelik T (2005) Skewed X chro-
mosome inactivation in blood cells of women with scleroderma.
Arthritis Rheum 52(5):1564-1570. https://doi.org/10.1002/art.
21026

Broen JC, Wolvers-Tettero IL, Geurts-van Bon L, Vonk MC,
Coenen MJ, Lafyatis R, Radstake TR, Langerak AW (2010)
Skewed X chromosomal inactivation impacts T regulatory cell
function in systemic sclerosis. Ann Rheum Dis 69(12):2213-
2216. https://doi.org/10.1136/ard.2010.129999

Libert C, Dejager L, Pinheiro I (2010) The X chromosome in
immune functions: when a chromosome makes the difference. Nat
Rev Immunol 10(8):594-604. https://doi.org/10.1038/nri2815
Husebye ES, Anderson MS, Kédmpe O (2018) Autoimmune poly-
endocrine syndromes. N Engl J Med 378(12):1132-1141. https://
doi.org/10.1056/NEJMral713301

Cheng MI, Li JH, Riggan L et al (2023) The X-linked epige-
netic regulator UTX controls NK cell-intrinsic sex differ-
ences. Nat Immunol 24(5):780-791. https://doi.org/10.1038/
$41590-023-01463-8

Souyris M, Cenac C, Azar P et al (2018) TLR7 escapes X chromo-
some inactivation in immune cells. Sci Immunol. https://doi.org/
10.1126/sciimmunol.aap8855

@ Springer

47.

48.

49.

50.

S1.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Satterthwaite AB (2021) TLR7 signaling in lupus B cells:
new insights into synergizing factors and downstream sig-
nals. Curr Rheumatol Rep 23(11):80. https://doi.org/10.1007/
$11926-021-01047-1

Sakata K, Nakayamada S, Miyazaki Y, Kubo S, Ishii A, Nakano
K, Tanaka Y (2018) Up-regulation of TLR7-mediated IFN-o pro-
duction by plasmacytoid dendritic cells in patients with systemic
lupus erythematosus. Front Immunol 9:1957. https://doi.org/10.
3389/fimmu.2018.01957

Deane JA, Pisitkun P, Barrett RS et al (2007) Control of toll-like
receptor 7 expression is essential to restrict autoimmunity and
dendritic cell proliferation. Immunity 27(5):801-810. https://doi.
org/10.1016/j.immuni.2007.09.009

Ciechomska M, Huigens CA, Hiigle T, Stanly T, Gessner A, Grif-
fiths B, Radstake TRDJ, Hambleton S, O’Reilly S, van Laar JM
(2013) Toll-like receptor-mediated, enhanced production of profi-
brotic TIMP-1 in monocytes from patients with systemic sclerosis:
role of serum factors. Ann Rheum Dis 72(8):1382-1389. https://
doi.org/10.1136/annrheumdis-2012-201958

Laffont S, Rouquié N, Azar P, Seillet C, Plumas J, Aspord C,
Guéry JC (2014) X-Chromosome complement and estrogen recep-
tor signaling independently contribute to the enhanced TLR7-
mediated IFN-a production of plasmacytoid dendritic cells from
women. J Immunol 193(11):5444-5452. https://doi.org/10.4049/
jimmunol. 1303400

Ah Kioon MD, Tripodo C, Fernandez D, Kirou KA, Spiera RF,
Crow MK, Gordon JK, Barrat FJ (2018) Plasmacytoid dendritic
cells promote systemic sclerosis with a key role for TLRS. Sci
Transl Med. https://doi.org/10.1126/scitranslmed.aam8458
Hewagama A, Gorelik G, Patel D, Liyanarachchi P, McCune
WIJ, Somers E, Gonzalez-Rivera T, Michigan Lupus
Cobhort; Strickland F, Bruce Richardson B, (2013) Overexpression
of X-linked genes in T cells from women with lupus. J Autoim-
mun 41:60-71. doi: https://doi.org/10.1016/j.jaut.2012.12.006
Lian X, Xiao R, Hu X, Kanekura T, Jiang H, Li Y, Wang Y, Yang
Y, Zhao M, Lu Q (2012) DNA demethylation of CD40l in CD4+
T cells from women with systemic sclerosis: a possible explana-
tion for female susceptibility. Arthritis Rheum 64(7):2338-2345.
https://doi.org/10.1002/art.34376

Davis EJ, Lobach I, Dubal DB (2019) Female XX sex chromo-
somes increase survival and extend lifespan in aging mice. Ageing
Cell 18(1):e12871. https://doi.org/10.1111/acel. 12871

Bhasin JM, Chakrabarti E, Peng D-O, Kulkarni A, Chen X, Smith
JD (2008) Sex specific gene regulation and expression QTLs in
mouse macrophages from a strain intercross. PLoSone 3(1):e1435.
https://doi.org/10.1371/journal.pone.0001435

Ober C, Loisel DA, Gilad Y (2008) Sex-specific genetic architec-
ture of human disease. Nat Rev Genet 9(12):911-922. https://doi.
org/10.1038/nrg2415

Schmiedel BJ, Singh D, Madrigal A, Valdovino-Gonzalez AG,
White BM, Zapardiel-Gonzalo J, Ha B, Altay G, Greenbaum
JA, McVicker G, Seumois G, Rao A, Kronenberg M, Peters B,
Vijayanand P (2018) Impact of genetic polymorphisms on human
immune cell gene expression. Cell 175(6):1701-1715.e16. https://
doi.org/10.1016/j.cell.2018.10.022

Stein MM, Conery M, Magnaye KM, Clay SM, Billstrand C, Nico-
lae R, Naughton K, Ober C, Thompson EE (2021) Sex-specific
differences in peripheral blood leukocyte transcriptional response
to LPS are enriched for HLA region and X chromosome genes.
Sci Rep 11(1):1107. https://doi.org/10.1038/s41598-020-80145-z
Lu RJ, Taylor S, Contrepois K, Kim M, Bravo JI, Ellenberger M,
Sampathkumar NK, Benayoun BA (2021) Multi-omic profiling
of primary mouse neutrophils predicts a pattern of sex and age-
related functional regulation. Nat Aging 1(8):715-733. https://doi.
org/10.1038/s43587-021-00086-8


https://doi.org/10.1016/j.cellimm.2015.01.004
https://doi.org/10.1016/j.cellimm.2015.01.004
https://doi.org/10.1016/j.ajpath.2012.09.023
https://doi.org/10.1016/j.ajpath.2012.09.023
https://doi.org/10.4049/jimmunol.1200822
https://doi.org/10.3389/fimmu.2022.1059887
https://doi.org/10.1126/science.1233521
https://doi.org/10.3389/fimmu.2018.01931
https://doi.org/10.3389/fimmu.2018.01931
https://doi.org/10.1038/s41584-020-0503-4
https://doi.org/10.1002/art.23701
https://doi.org/10.1002/art.23701
https://doi.org/10.1016/j.yfrne.2008.11.001
https://doi.org/10.1016/j.yfrne.2008.11.001
https://doi.org/10.3389/fcell.2019.00219
https://doi.org/10.1172/jci.insight.126751
https://doi.org/10.1172/jci.insight.126751
https://doi.org/10.1002/art.21026
https://doi.org/10.1002/art.21026
https://doi.org/10.1136/ard.2010.129999
https://doi.org/10.1038/nri2815
https://doi.org/10.1056/NEJMra1713301
https://doi.org/10.1056/NEJMra1713301
https://doi.org/10.1038/s41590-023-01463-8
https://doi.org/10.1038/s41590-023-01463-8
https://doi.org/10.1126/sciimmunol.aap8855
https://doi.org/10.1126/sciimmunol.aap8855
https://doi.org/10.1007/s11926-021-01047-1
https://doi.org/10.1007/s11926-021-01047-1
https://doi.org/10.3389/fimmu.2018.01957
https://doi.org/10.3389/fimmu.2018.01957
https://doi.org/10.1016/j.immuni.2007.09.009
https://doi.org/10.1016/j.immuni.2007.09.009
https://doi.org/10.1136/annrheumdis-2012-201958
https://doi.org/10.1136/annrheumdis-2012-201958
https://doi.org/10.4049/jimmunol.1303400
https://doi.org/10.4049/jimmunol.1303400
https://doi.org/10.1126/scitranslmed.aam8458
https://doi.org/10.1016/j.jaut.2012.12.006
https://doi.org/10.1002/art.34376
https://doi.org/10.1111/acel.12871
https://doi.org/10.1371/journal.pone.0001435
https://doi.org/10.1038/nrg2415
https://doi.org/10.1038/nrg2415
https://doi.org/10.1016/j.cell.2018.10.022
https://doi.org/10.1016/j.cell.2018.10.022
https://doi.org/10.1038/s41598-020-80145-z
https://doi.org/10.1038/s43587-021-00086-8
https://doi.org/10.1038/s43587-021-00086-8

Rheumatology International (2024) 44:203-209

209

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

Gal-Oz ST, Maier B, Yoshida H et al (2019) ImmGen report: sex-
ual dimorphism in the immune system transcriptome. Nat Com-
mun 10(1):4295. https://doi.org/10.1038/s41467-019-12348-6
Hong J, QuZ,Ji X, Li C, Zhang G, Jin C, Wang J, Zhang Y, Shen
Y, Meng J, Zhou C, Fang C, Wang W, Yan S (2021) Genetic
associations between IL-6 and the development of autoimmune
arthritis are gender-specific. Front Immunol. https://doi.org/10.
3389/fimmu.2021.707617

Zammaretti F, Panzica G, Eva C (2007) Sex-dependent regulation
of hypothalamic neuropeptide Y-Y1 receptor gene expression in
moderate/high fat, high-energy diet-fed mice. J Physiol 583 (Pt
2):445-454. https://doi.org/10.1113/jphysiol.2007.133470
Rubtsova K, Marrack P, Rubtsov AV (2015) Sexual dimorphism
in autoimmunity. J Clin Invest 125(6):2187-2193. https://doi.org/
10.1172/JCI78082

Klein SL, Flanagan KL (2016) Sex differences in immune
responses. Nat Rev Immunol 16:626-638. https://doi.org/10.1038/
nri.2016.90

McCormic ZD, Khuder SS, Aryal BK, Ames AL, Khuder SA
(2010) Occupational silica exposure as a risk factor for scle-
roderma: a meta-analysis. Int Arch Occup Environ Health
83(7):763-769. https://doi.org/10.1007/s00420-009-0505-7
Fazeli MS, Khaychuk V, Wittstock K, Han X, Crocket G, Lin M,
Hill SL, Ferri L (2021) Rheumatoid arthritis-associated interstitial
lung disease: epidemiology, risk/prognostic factors, and treatment
landscape. Clin Exp Rheumatol 39(5):1108-1118. https://doi.org/
10.55563/clinexprheumatol/h9tc57

Boodhoo KD, Liu S, Zuo X (2016) Impact of sex disparities on
the clinical manifestations in patients with systemic lupus erythe-
matosus: a systematic review and meta-analysis. Medicine (Bal-
timore) 95(29):e4272. https://doi.org/10.1097/MD.0000000000
004272

Hughes M, Pauling JD, Armstrong-James L, Denton CP, Galdas P,
Flurey C (2020) Gender-related differences in systemic sclerosis.
Autoimmun Rev 19(4):102494. https://doi.org/10.1016/j.autrev.
2020.102494

Mihai C, Antic M, Dobrota R et al (2018) Factors associated with
disease progression in early-diagnosed pulmonary arterial hyper-
tension associated with systemic sclerosis: longitudinal data from
the DETECT cohort. Ann Rheum Dis 77(1):128-132. https://doi.
org/10.1136/annrheumdis-2017-211480

Liem SIE, Boonstra M, le Cessie S et al (2022) Sex-specific risk
of anti-topoisomerase antibodies on mortality and disease severity
in systemic sclerosis:10-year analysis of the Leiden CCISS and
EUSTAR cohorts. Lancet Rheumatol 4:6699—-e709

Volkmann ER, Tashkin DP, Silver R et al (2022) Sex differences
in clinical outcomes and biological profiles in systemic sclerosis-
associated interstitial lung disease: a post-hoc analysis of two ran-
domized controlled trials. Lancet Rheumatol 4:e668—e678. https://
doi.org/10.1016/S2665-9913(22)00193-X

Domsic RT, Nihtyanova SI, Wisniewski SR et al (2016) Deriva-
tion and external validation of a prediction rule for five-year mor-
tality in patients with early diffuse cutaneous systemic sclerosis.
Arthritis Rheumatol 68(4):993-1003. https://doi.org/10.1002/art.
39490

Hoffmann-Vold AM, Molberg O, Midtvedt O, Garen T, Gran JT
(2013) Survival and causes of death in an unselected and complete
cohort of Norwegian patients with systemic sclerosis. J Rheumatol
40(7):1127-1133. https://doi.org/10.3899/jrheum.121390

75.

76.

7.

78.

79.

80.

81.

82.

83.

84.

86.

Scully EP, Haverfield J, Ursin RL, Tannenbaum C, Klein SL
(2020) Considering how biological sex impacts immune responses
and COVID-19 outcomes. Nat Rev Immunol 20(7):442-447.
https://doi.org/10.1038/s41577-020-0348-8

Lagana B, Zullo A, Scribano ML et al (2019) Sex Differences in
response to TNF-Inhibiting drugs in patients With spondyloar-
thropathies or inflammatory bowel diseases. Front Pharmacol
10:47. https://doi.org/10.3389/fphar.2019.00047

Forslind K, Hafstrom I, Ahlmén M, Svensson B et al (2007) Sex:
a major predictor of remission in early rheumatoid arthritis? Ann
Rheum Dis 66(1):46-52. https://doi.org/10.1136/ard.2006.056937
Pofi R, Giannetta E, Feola T et al (2022) Sex-specific effects of
daily tadalafil on diabetic heart kinetics in RECOGITO, a rand-
omized, double-blind, placebo-controlled trial. Sci Transl Med.
https://doi.org/10.1126/scitranslmed.abl8503

ChakravartyEF MV, Fiorentino D, Wood TA, Haddon DJ, Jar-
rell JA, Utz PJ, Genovese MC, Whitfield ML, Chung L (2015)
Gene expression changes reflect clinical response in a placebo-
controlled randomized trial of abatacept in patients with diffuse
cutaneous systemic sclerosis. Arthritis Res Ther 17(1):159.
https://doi.org/10.1186/s13075-015-0669-3

Hinchclift M, Toledo DM, Taroni JN et al (2018) Mycopheno-
late mofetil treatment of systemic sclerosis reduces myeloid cell
numbers and attenuates the inflammatory gene signature in skin.
J Invest Dermatol 138(6):1301-1310. https://doi.org/10.1016/j.
jid.2018.01.006

Soldin OP, Mattison DR (2009) Sex diftferences in pharmacokinet-
ics and pharmacodynamics. Clin Pharmacokinet 48(3):143-157.
https://doi.org/10.2165/00003088-200948030-00001

Zucker I, Prendergast BJ (2020) Sex differences in pharmacoki-
netics predict adverse drug reactions in women. Biol Sex Differ
11(1):32. https://doi.org/10.1186/5s13293-020-00308-5

Menni C, Klaser K, May A (2021) Vaccine side-effects and
SARS-CoV-2 infection after vaccination in users of the COVID
symptom study app in the UK: a prospective observational study.
Lancet Infect Dis 21(7):939-949. https://doi.org/10.1016/S1473-
3099(21)00224-3

Xiong X, Yuan J, Li M, Jiang B, Lu K (2021) Age and gender
disparities in adverse events following COVID-19 vaccination:
real-world evidence based on big data for risk management. Front
Med. https://doi.org/10.3389/fmed.2021.700014

. Sokka T, Toloza S, Cutolo M et al (2009) Women, men, and rheu-

matoid arthritis: analyses of disease activity, disease characteris-
tics, and treatments in the QUEST-RA study. Arthritis Res Ther
11(1):R7. https://doi.org/10.1186/ar2591

Hoffmann-Vold AM, Volkmann ER, Allanore Y et al (2022)
Safety and tolerability of nintedanib in patients with interstitial
lung diseases in subgroups by sex: a post-hoc analysis of pooled
data from four randomized controlled trials. Lancet Rheumatol.
https://doi.org/10.1016/S2665-9913(22)00215-6

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer


https://doi.org/10.1038/s41467-019-12348-6
https://doi.org/10.3389/fimmu.2021.707617
https://doi.org/10.3389/fimmu.2021.707617
https://doi.org/10.1113/jphysiol.2007.133470
https://doi.org/10.1172/JCI78082
https://doi.org/10.1172/JCI78082
https://doi.org/10.1038/nri.2016.90
https://doi.org/10.1038/nri.2016.90
https://doi.org/10.1007/s00420-009-0505-7
https://doi.org/10.55563/clinexprheumatol/h9tc57
https://doi.org/10.55563/clinexprheumatol/h9tc57
https://doi.org/10.1097/MD.0000000000004272
https://doi.org/10.1097/MD.0000000000004272
https://doi.org/10.1016/j.autrev.2020.102494
https://doi.org/10.1016/j.autrev.2020.102494
https://doi.org/10.1136/annrheumdis-2017-211480
https://doi.org/10.1136/annrheumdis-2017-211480
https://doi.org/10.1016/S2665-9913(22)00193-X
https://doi.org/10.1016/S2665-9913(22)00193-X
https://doi.org/10.1002/art.39490
https://doi.org/10.1002/art.39490
https://doi.org/10.3899/jrheum.121390
https://doi.org/10.1038/s41577-020-0348-8
https://doi.org/10.3389/fphar.2019.00047
https://doi.org/10.1136/ard.2006.056937
https://doi.org/10.1126/scitranslmed.abl8503
https://doi.org/10.1186/s13075-015-0669-3
https://doi.org/10.1016/j.jid.2018.01.006
https://doi.org/10.1016/j.jid.2018.01.006
https://doi.org/10.2165/00003088-200948030-00001
https://doi.org/10.1186/s13293-020-00308-5
https://doi.org/10.1016/S1473-3099(21)00224-3
https://doi.org/10.1016/S1473-3099(21)00224-3
https://doi.org/10.3389/fmed.2021.700014
https://doi.org/10.1186/ar2591
https://doi.org/10.1016/S2665-9913(22)00215-6

	Sex bias in immune response: it is time to include the sex variable in studies of autoimmune rheumatic diseases
	Abstract
	Introduction
	Sex hormones
	X chromosomes
	Autosomal genes

	Sex bias in clinical manifestations
	Sex bias in response to immunotherapy
	Concluding remarks
	References




