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Abstract

Immune function varies widely across humans. Biological sex is a key factor underlying human immune variability, with men pre-
senting with more severe infections and increased cancer rates, while women exhibit higher vaccine responses and prevalence of
autoimmunity. Intrinsic biological sex differences arise from varying contributions of chromosomal sex, and sex hormone sensing
and downstream signaling to different cell types. This complex regulation presents a unique opportunity for the exploration of
human immune sex differences using systems-level methods of investigation. Here we analyze the current literature and the appli-
cations of systems immunology in elucidating the immune sex differences in humans. We examine mechanisms of biological sex
modulation of human immunity via sex chromosomes, and particularly emphasize the role of sex hormones. We then focus on how
systems immunology has been advancing our understanding of how sex impacts the healthy immune system at steady state, rang-
ing from cell composition, transcriptomics, epigenomics, metabolomics, spatial and cell-cell interactions, to plasma proteomics. We
also examine systems-level applications to investigating sex differences upon immune perturbations and give an overview of key
future directions for the field. Systems immunology provides a powerful framework to decode biological sex-regulated pathways in
immunity, paving the way for more precise, sex-informed therapeutic interventions to address sex differences in immune-
related conditions.
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allow for mechanistic investigation in high depth, they lack the
ability to profile the human immune system in a holistic manner.
The immune system is highly complex: at the cellular and molec-
ular levels, a wide range of immune cell types arise from diverse
ontogenies and circulate throughout the body and/or reside in
tissues. Immune subsets are equipped with varied functions and
states and interact with and co-regulate one another at steady
state. While local factors regulate immunity at the tissue level,
the integrated response to immune stimuli requires coordinated
whole-body communication between the site of initial insult and
other tissues. Thus, variation at molecular, cellular, and systemic

Introduction

Immune function varies widely in humans. The combination of
unique extrinsic environmental exposures and intrinsic physiologi-
cal processes results in stark differences in infection and immune-
related diseases across individuals. The COVID-19 pandemic under-
scored this immune function variability, with SARS-CoV-2 exposure
leading to outcomes ranging from asymptomatic to severe disease
and post-acute infection syndromes [1]. While a variety of identified
risk factors have been identified for immune-related diseases, it
remains a major challenge to predict person-specific outcomes

prior to immune insults such as viral exposure. This stems from
both the absence of simple, reliable metrics to assess immune func-
tion in the clinics [2] and a limited holistic understanding of mecha-
nisms driving human immune variability. Advances in
experimental and computational immunology approaches are now
enabling the systematic profiling of the human immune system,
paving the way for a more refined understanding of human im-
mune function and for more tailored approaches to prevent, pre-
dict, and treat immune-related diseases.

Traditionally, immunology research has employed reduction-
ist approaches to characterize cellular and molecular pathways
underlying human immune function. While such frameworks

levels of immune regulation gives rise to heterogeneity in human
immune responses. Originating from a systems biology frame-
work, systems immunology is an innovative approach that aims
to understand the complexity of the immune system and its
components. Systems immunology combines high-throughput
experimental methods with advanced computational analyses to
unveil complex immune interactions and underlying determi-
nants of immune function.

An important application of systems immunology lies in dis-
secting how intrinsic and extrinsic factors shape immune vari-
ability. Among intrinsic factors, biological sex emerges as a major
regulator of immune function, driving significant differences in
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susceptibility and severity of infection and immune-related dis-
eases. Women generally display heightened responses to vaccines
and have increased prevalence of autoimmunity, while men
mount less robust immune responses and show higher infection
severity [3]. Systems immunology offers a holistic framework to
dissect biological sex-regulated pathways in immunity and ad-
vance the development of tailored interventions for sex differences
in immune-related conditions. In this review, we analyze the cur-
rent literature and the applications of systems immunology in elu-
cidating the immune sex differences in humans.

Biological sex regulates human immunity

Biological sex differences are reported in infections [4,5], autoim-
munity [6,7], inflammatory diseases [8], cancer [9], transplanta-
tion [10-12], and vaccination [13,14]. Acute and chronic
infections are generally more severe and lead to higher mortality
in males [15], including bacterial (e.g. Mycobacterium tuberculosis)
[4], tropical parasitic [16], and viral (e.g. SARS-CoV-2) [17] infec-
tions. Conversely, a female bias is evident in post-acute infection
syndromes [18], a series of symptoms persisting after acute infec-
tion, such as long COVID (LC) following SARS-CoV-2 infection
[19,20]. Autoimmune disorders, such as multiple sclerosis (MS),
systemic lupus erythematosus (SLE), and rheumatoid arthritis
(RA), disproportionately affect females, with 80% of people suf-
fering from autoimmune disorders being females [21]. Biological
sex is also an important factor in transplantation success [10,11],
with males receiving liver, kidney, and heart transplants from fe-
male donors showing worse outcomes [10, 22]. Female-to-male
bone marrow transplantation shows a higher risk of acute graft-
versus-host disease, and this risk is further accentuated for grafts
obtained from female donors that were previously pregnant [11].
Moreover, females also display heightened responses to vac-
cines—with half a dose of influenza vaccination producing the
same antibody titers as a full dose in males [13,14]. In addition,
sex differences have been reported in CAR-T cell therapy [23] and
checkpoint inhibitor therapy for cancer [24]. Overall, studies
strongly suggest that females mount more robust immune
responses compared to males, significantly affecting disease de-
velopment and progression. Such striking immune sex differen-
ces are reported across many species, and have been reviewed
elsewhere for fruit flies [25], mice [3, 26, 27], primates [28], and
across species [29,30]. Here we focus on sex differences in the hu-
man immune system at different levels of biological organiza-
tion, including cell composition, cell states, local interactions
among immune cells, and dynamics upon perturbation.

Human immune sex differences originate from both biological
sex and gender effects. Gender refers to a social construct that
encompasses gender roles and other behaviors that influence
how men, women, and others expose themselves to infections,
seek healthcare, etc. Gender differences impact care-seeking,
care quality, treatment adherence, and exposure to pathogens.
In contrast, biological sex relates to physiological characteristics
like sex chromosomes, sex hormones, genitals and gonads, and
secondary sexual characteristics. Herein we focus on biological
sex’s effects on immunity and use the terms male and female
throughout the text, though we acknowledge that gender alone
and its interaction with sex also contribute to the observed epide-
miological sex differences.

Chromosomal sex

Human females present two X chromosomes, while males pos-
sess an X and a Y chromosome. The X chromosome contains a

higher number of genes compared to the Y chromosome, where
most genes are related to sex determination and development.
Of note, around 54 genes found in the X chromosome have
immune-related functions [31]. X-linked genes are generally
expressed in both sexes, while Y genes are only expressed in
males. X chromosome inactivation (XCI) mediates gene dosage
compensation and occurs during human embryonic develop-
ment in females, suppressing expression from one of the X chro-
mosomes at random [32]. Canonical XCI is maintained through
XIST RNA expression in most cells, which binds to the inactivated
X chromosome to repress gene expression. Conversely, non-
canonical XCI maintenance has been observed for cells that
maintain XCI while lacking XIST RNA expression [33], such as the
case of peripheral blood B and T cells [31]. Yet, as many as 20% of
X chromosome genes escape XCI, with this percentage being
highly dependent on cell identity and functional state [34]. For in-
stance, the viral sensor TLR7 escapes XCI and shows higher ex-
pression in human B cells, plasmacytoid dendritic cells (pDCs),
and monocytes from females, especially in female-biased auto-
immune diseases such as SLE [35]. Females also display biallelic
expression of CD40LG in T cells, which has also been associated
with SLE [33, 36]. Moreover, XCI escapee genes can show elevated
expression in female cells (e.g. DDX3X, KDM6A), while many do
not exhibit any sex bias (e.g. IKBG, USP9X) [37]. Adding to the
complexity of X chromosome gene expression, XCI is typically
regarded as a random process, resulting in a mosaic pattern of
cells where either the maternal or the paternal X chromosome is
inactivated [32]. However, skewed XCI is relatively common in
females [38], and complete XCI skewing—where the same paren-
tal X chromosome is inactivated across all cells—has also been
observed in the developing thymic T cells of a pediatric donor
[37]. Finally, sex chromosome numbers can deviate from the bi-
nary XX and XY. Disorders of sexual development (DSDs) are
characterized by the presence of different combinations of sexual
chromosomes, such as Turner (X0) or Klinefelter syndrome
(XXY). Such differences in X chromosome numbers affect gene
expression of X-linked genes TLR7 and CD40LG in human periph-
eral blood mononuclear cells (PBMC) [39], and have also been
linked to higher rates of autoimmune disease, most likely due to
gene dosage alterations [40, 41].

The Y chromosome also shows a role in human immune func-
tion [42]. For instance, some Y haplogroups exhibit faster pro-
gression of HIV to AIDS, and higher mortality [43], potentially
relating to the DDX3X gene, which is reported to be a key factor
of HIV-1 replication [44]. The Y chromosome also contains spe-
cific proteins, such as antigen (H-Y) that can be immunogenic fol-
lowing transplantation of male donor kidneys into female
recipients, leading to a worse prognosis [10, 22]. Moreover, the
frequency of somatic loss of the Y chromosome in immune cells
increases with age and has been identified as a risk factor for severe
COVID-19 [45], Alzheimer’s, and prostate cancer [46].

Sex hormones

Sex hormones play a central role in regulating physiological pro-
cesses, including the development and function of the immune
system. Females and males display striking differences in sex
steroid production, circulating levels, and signaling over the
course of life. Generally, males have higher concentration of
androgens in circulation, such as testosterone, its more potent
form dihydrotestosterone (DHT), and androstenedione, while
females show higher levels of estrogens (estrone, estradiol, and
estriol) and progestins (progesterone) during reproductive
age [47].



Physiology of sex hormones

Sex hormone levels are mainly controlled by the hypothalamic-
pituitary-gonadal axis (HPG). Hypothalamus-derived gonadotro-
pin-releasing hormone (GnRH) stimulates pituitary gland
production of follicle-stimulating hormone (FSH) and luteinizing
hormone (LH), which are gonadotropins that control the produc-
tion of steroid hormones (Fig. 1). The site of androgen production
differs between the sexes, being mostly produced in the testes in
males, while female androgen precursors are generated in the
ovaries and adrenal cortex and then transformed to testosterone
in the periphery [56]. In females at reproductive age, the most po-
tent estrogen is estradiol, which is predominantly produced by the
ovaries and by the placenta during pregnancy [57, 58]. Following
menopause, estrogen levels significantly drop and mainly derive
from adipose tissue aromatization of circulating steroids [56].
Adipose tissue is also the major estrogen source in males [57, 58].
Similar to estrogens, progesterone is primarily produced by the
ovaries and by the placenta during pregnancy in females at repro-
ductive age, and by the adrenal cortex after menopause in females
and throughout life in males [59].

Signaling of sex hormones

GnRH, gonadotropins, and sex steroids exert their actions via in-
tracellular or membrane-bound receptors (Fig. 1). Androgens,
estrogens, and progestins bind to their cognate intracellular nu-
clear receptors (AR, ERa & ER, PR, respectively), which act as
transcription factors that quickly modulate gene expression in
immune cells. In addition, sex hormones show “ligand promiscu-
ity” and can bind to other non-cognate nuclear receptors, though
at low, varying affinities [60, 61]. Of note, AR, ERa, and ERB are
widely expressed across human blood immune cell types, includ-
ing neutrophils, dendritic cells, monocytes and macrophages, T
cells and B cells, while human bone marrow immune cell progen-
itors also express AR, ERa, and PR [62]. Overall, PR expression
seems to be more restricted, though it has also been detected in
uterine NK cells [63]. Yet, it remains unclear the extent of sex
hormone receptor expression across human tissue resident im-
mune cells. Sex steroid nuclear receptors bind to their corre-
sponding androgen, estrogen, and progesterone response
elements (i.e. ARE, ERE, PRE), which are widely present across the
human genome (Fig. 1). While immune cells express sex hor-
mone receptors, sex hormone response genes and related path-
ways have been mostly described for cells that highly express sex
hormone receptors, such as cancer cells. In fact, current sex hor-
mone response gene sets (MSigDB [64, 65]), regions with nuclear
receptor motifs (MSigDB [64, 65]), and direct sex hormone
receptor-DNA binding experimental evidence (CistromeDB [66,
67] and TFLink [68]) are predominantly derived from cancer cell
lines. Although a comprehensive list of direct targets of sex hor-
mone nuclear receptors is still missing for immune cells, we
highlight selected sex hormone receptor target genes in human
immune cells from chromatin immunoprecipitation (ChIP) evi-
dence (Table 1). Such targets include, for instance, IL1B, FOXP3,
and CCR7, and highlight a role for direct sex hormone receptor
regulation of T cell differentiation and chemokine signaling.
Moreover, crosstalk among nuclear hormone receptors has been
reported, including DNA binding in other hormone response ele-
ments, but also cooperative activation or repression, and antago-
nistic effects of target genes [75-78], but their relevance in immune
cells is not fully resolved. In sum, sex steroids can induce long-
lasting effects by regulating the epigenome via nuclear sex hor-
mone receptors [79]. Alternatively, nuclear receptors can also exert
their effects through rapid non-genomic signaling, involving
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kinases such as PI3K/Akt and ERK/MAPK pathways [55] (Fig. 1).
Finally, sex hormones can also induce intracellular signaling path-
ways via membrane-bound G protein-coupled receptors (GPCR)
AR, ER, and PR [50, 80]. When activated, GPCRs typically exert their
effects through sequential activation of kinases such as MAPK,
PI3K/Akt, PKA, or PKC (Fig. 1), though evidence regarding the role
of this signaling in human immune cells is relatively limited.

The upstream regulators of sex steroids, GnRH, FSH, and LH,
also signal through membrane-bound GPCRs (Fig. 1). GnRH re-
ceptor expression has been reported in immune cell subsets,
such as blood CD4* T cells, B cells, plasma cells, and bone mar-
row progenitors [48, 62, 81], while bone marrow and thymic im-
mune progenitors express FSH and LH receptors [62, 82].
However, the extent of the interplay between the HPG axis and
the immune system has not been studied in a comprehensive
way to date [83]. Thus, the complexity of biological sex regulators
in human immunity arises from the varying contribution of chro-
mosomal sex, and sex hormone sensing and downstream signal-
ing to individual cell types.

Sex hormone levels across life

The circulating levels of sex hormones are highly dynamic across
life, with three distinct phases throughout the human lifespan
(Fig. 2A-B). The first exposure to sex hormones takes place during
fetal development. Maternal- and placental-derived sex steroids
are metabolized before reaching the fetus [84-86]. Fetal testes
start producing testosterone at around 10 weeks of gestation and
lead to masculinization of the male fetus [87]. Birth is followed by
mini-puberty at 0-6 months, a period when gonadotropins rise in
the neonate due to the activation of the HPG axis and lead to in-
creased concentrations of testosterone in males and estradiol in
females [88]. However, these levels quickly drop and remain min-
imal during childhood [88]. During puberty, the reactivation of
the HPG axis allows the rise of sex hormones [89] (Fig. 2B).
Interestingly, it is during puberty that the incidence of sex differ-
ences in immune-related diseases like SLE or allergic asthma sig-
nificantly diverges between the sexes [90].

Testosterone remains relatively stable through male adult-
hood, while the concentrations of estrogens and progesterone
vary throughout the female reproductive cycle (menstrual cycle,
pregnancy, and menopause), which are associated with changes
in disease risk and severity in females [91, 92]. The female men-
strual cycle begins with the follicular phase, where a drop in pro-
gesterone levels is followed by hypothalamic release of GnRH,
which stimulates the anterior pituitary to secrete FSH and LH.
FSH stimulates the ovaries to produce estrogen. At mid-
menstrual cycle, estrogen produces a sudden surge in LH levels
that triggers ovulation. The luteal phase follows, where proges-
terone is secreted by the ovarian corpus luteum. If no fertilization
takes place, both progesterone and estrogen levels drop, leading
to menstruation, and a new cycle starts. Interestingly, the sever-
ity of symptoms of chronic autoimmune diseases has been
reported to vary along the menstrual cycle. For instance, SLE and
MS symptoms worsen during the luteal phase and menstruation
[92-95], whereas RA has been shown to worsen during the follicu-
lar phase [93, 96, 97]. Conversely, if fertilization occurs, the cycle
is interrupted with the implantation of the embryo starting preg-
nancy. During early pregnancy, secretion of human chorionic go-
nadotropin (hCG) by the embryo maintains the corpus luteum
production of progesterone and estrogen, reaching considerably
higher concentrations than a typical menstrual cycle. As preg-
nancy progresses, estrogen and progesterone levels continue to
rise steadily, supporting fetal growth and preparing the body for
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Figure 1. Overview of signaling pathways for sex hormones and upstream regulators. Interaction of hypothalamic-pituitary-gonadal axis protein
hormones and steroid hormones with their receptors, highlighting their tissue sources, cognate receptors, downstream non-genomic and genomic
signaling cascades. The hypothalamus-derived GnRH acts via the GPCR GnRHR triggering non-genomic signaling pathways. Pituitary-derived LH and
FSH bind to their respective GPCRs, LHCGR and FSHR, activating similar non-genomic signaling cascades. Androgens, such as testosterone, DHT, and
androstenedione, act through both membrane androgen receptors (mAR) and androgen receptors (AR). mAR is a GPCR that mediates non-genomic
signaling, while the nuclear receptor AR initiates both non-genomic signaling, and genomic signaling by binding AREs in the nucleus. Estrogens,
including estradiol, estrone, and estriol, act through both membrane estrogen receptors (mER) and nuclear ERa and ERB. mER mediates non-genomic
signaling, while nuclear receptors ERa/ERf activate both non-genomic signaling, and genomic signaling by binding EREs. Progestins, like progesterone,
act through membrane progesterone receptors (mPR), which induce non-genomic signaling, and nuclear PR, which initiates both non-genomic
signaling, and genomic signaling pathways by PRE binding. Androgen, estrogen, and progestin signaling exhibit significant crosstalk. Sex hormones
bind at low affinity to non-cognate sex hormone receptors, and sex hormone nuclear receptors can interact with various hormone response elements
and cooperate or antagonize each other to activate or repress gene expression. Light-colored arrows indicate lower binding affinity. Intracellular
signaling cascades depicted are derived from immune cells (GnRH, mER) [48, 49, 50], testicular Sertoli cells and ovarian granulosa (FSHR) [51], or cell
lines derived from ovarian and testicular (LHCGR) [52], prostate (mAR) [53], breast (mPR) [54] or diverse types of cancer (AR, ERa/B, PR) [55]. AR:
androgen receptor, ARE: androgen response element, ER: estrogen receptor, ERE: estrogen response element, ERK/MAPK: extracellular signal-regulated
kinase/mitogen-activated protein kinase, FSH: follicle-stimulating hormone, FSHR: FSH receptor, GnRH: gonadotropin-releasing hormone, GnRHR:
GnRH receptor, LH: luteinizing hormone, LHCGR: LH/choriogonadotropin receptor, mAR: membrane-bound AR, mER: membrane-bound ER, mPR:
membrane-bound PR, Pi3K/Akt: phosphoinositide 3-kinase/protein kinase B, PKA: protein kinase A, PKC: protein kinase C, PR: progesterone receptor,
PRE: progesterone response element. Created in BioRender. Escriva Font, J. (2025) https://BioRender.com/ejhfg27.

labor. Autoimmunity symptoms improve during pregnancy for Significant immune changes also occur later in life, where es-
MS and RA [91, 98] and worsen again after delivery, while SLE trogen drops sharply during female menopause and reach levels
flares are more frequent in pregnant individuals [91, 98]. comparable to those found in males [99] (Fig. 2B). This is coupled
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Table 1. Selected sex hormone receptor target genes in human immune cells from ChIP-seq and ChIP-PCR data

Receptor Target gene Immune cell subset Biological context Reference
AR IL1B Tumor-associated macrophages Prostate cancer patients (chr. XY) Ref. [69]
TREM-1, CCL2, CCL3, CCL7, PMA-activated THP-1 cells Cell line from a leukemia patient (chr. XY) Ref. [70]
CCL13,IL8, IL10
FOXP3 Peripheral blood regulatory T cells Healthy patients (chr. XX and XY) Ref. [71]
ERa FOXP3 Regulatory T cells Cervical cancer patients (chr. XX) Ref. [72]
CD16 PMA-activated THP-1 cells Cell line from a leukemia patient (chr. XY) Ref. [73]
ERB CXCR4, CCR7, IL1I0RA Mantel-cell lymphoma cells Cell line from a B cell lymphoma Ref. [74]

patient (chr. XY)

with changes in symptoms in some autoimmune diseases such
as less flares in SLE, or increased severity of MS [91]. Conversely,
testosterone levels steadily decline in males—around 1% per
year [100]—during a process known as andropause or late-onset
hypogonadism. In addition, about 20% of males over the age of
70 exhibit significantly low testosterone levels [101]. The general
decline in male testosterone levels has been associated with an
increase in the diagnosis of MS with age [102].

Altered sex hormone dynamics

Multiple conditions that affect hormone levels and signaling are
associated with immune dysfunction (Fig. 2C). Higher concentra-
tion of testosterone in the blood is a hallmark of polycystic ovar-
ian syndrome (PCOS) in women, and PCOS has been linked to an
increased pro-inflammatory state [103]. Conversely, hypogonad-
ism [104] is characterized by diminished gonadal sex hormone
production in males and females. Males with untreated hypogo-
nadism (without exogenous testosterone supplementation) show
a higher risk of RA and SLE [105]. Female hypogonadism is often
associated with DSDs like Turner syndrome (X0) [106], which pre-
sent with increased risk of autoimmune disease, such as juvenile
RA and Hashimoto’s thyroiditis [107]. Other intersex conditions
like the androgen insensitivity syndrome, caused by a genetic de-
fect in the X-linked AR gene, have been linked to increased risk of
autoimmune diseases like Sjogren’s syndrome [108] and celiac
disease [109].

Pharmacological modulation of sex hormone levels and sig-
naling also impacts immune function (Fig. 2C). For instance, the
use of oral contraceptives, usually containing estrogen and/or
progestin, has been associated with increased risk of autoimmu-
nity [110]. Moreover, transgender women receiving exogenous es-
trogen therapy coupled with GnRH agonist for feminizing
hormone therapy (FHT) [111] show increased risk of developing
MS [112]. Yet, the long-term consequences of FHT and masculin-
izing hormone therapy (MHT) [113] on immune responses and
immune-related diseases remain widely unknown. In addition,
antiandrogens and androgen deprivation therapy (ADT) are rou-
tinely used for prostate cancer treatment [114], while antiestro-
gens target ER™ breast tumors, both of which have been reported
to have additional immunomodulatory effects [115]. For in-
stance, ADT enhances CD8* T cell cytotoxicity [116], while anti-
estrogens increase NK cell cytotoxicity [117]and activate
neutrophil proinflammatory pathways [118]. Because of such im-
munomodulatory properties, pharmacological modulation of sex
hormones has also been harnessed in clinical trials of immune-
related diseases. However, results are variable, with antiandro-
gen treatment aimed at dampening inflammatory responses not
showing improvement in severe COVID-19 recovery [119], while
different sex hormone modulation strategies show varying
effects in MS clinical symptoms [120].

Overall, biological sex shapes immunity through the interplay
of sex chromosomes, sex hormone signaling, and their effects on
cell types across lifespan, presenting significant challenges for
human immune investigation. The complex diversity in genetic
and sex hormone signaling across human cohorts, including
transgender and intersex individuals, presents as a unique op-
portunity for exploration of human immune sex differences us-
ing systems-level methods of investigation (Fig. 2B-C).

Investigating immune sex differences
through systems immunology

Dissecting the contribution of different hormonal factors to hu-
man immune sex differences requires holistic profiling of im-
mune dynamics while accounting for the complex modes of sex
hormone regulation. Human immune function can be investi-
gated at various levels: molecular, cellular, intercellular, organ,
organism, cohort, and population (Fig. 3A) [121]. At the molecular
level, genetic polymorphisms, variation in epigenomic landscape
and in gene expression at transcription and translation levels
regulate cellular states of different immune cell subsets, shaping
their function. At the cellular level, individual immune subsets
display varying phenotypes, specialized functions, numbers, and
kinetics across human organs. Beyond the molecular and cellular
levels, intercellular communication governs immune cell devel-
opment, activation, effector functions, and tissue homeostasis,
by coordinating signals both among immune cells and between
immune and non-immune cells such as epithelial, stromal, and
endothelial cells [122]. These intercellular interactions occur at
the tissue level via direct cell-to-cell ligand-receptor contact or
via soluble factors, including cytokines, chemokines, pathogen-
associated molecular patterns, metabolites, and hormones. At
the organ level, the magnitude of the network further increases
compared with the intercellular communication within a niche.
Coordinated interactions between immune and non-immune
cells within the tissues ensure homeostasis and responses to in-
fection/injury in an organ-specific manner. Investigating sex dif-
ferences in human immunity at the organism level represents a
complex challenge, as it requires integrating tissue-level immu-
nity with systemic communication throughout the body. The un-
derstanding of sex differences in human immune function at a
human cohort level enables the identification of patterns in im-
munity within a group of individuals that share a specific condi-
tion, which can be comparisons between males and females, or
within the same individuals over time in longitudinal human
cohorts, such as comparisons of varying levels of sex hormone
over time (Fig. 2). Lastly, investigating sex differences in human
immunity at the population level through epidemiological stud-
ies can highlight variability in the immune system across various
demographic groups [123-125] and across environments [126,
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Figure 2. Sex hormones across lifespan in humans. A. Estradiol, progesterone, and testosterone levels across different endocrinological phases of life
for individuals with XX and XY chromosomal sex. In utero levels are inferred from maternal serum and amniotic fluid levels (dashed curves), whereas
post-natal values are derived from blood measurements (solid curves). Dashed vertical lines indicate notable hormone transitions, including birth,
puberty onset, embryo implantation, and menopause. Short, dotted lines delineate each menstrual cycle. Ref [47, 86, 87, 298-300]. B. Trajectories over
the course of life for testosterone and estradiol blood concentrations in individuals with XX and XY chromosomal sex. Both sexes start at low
circulating sex hormone concentrations at birth and diverge during puberty. Males show a steady testosterone decline during andropause, while
female menopause shows faster kinetics in estradiol concentration reduction. Variability in hormone concentrations is depicted with dotted circles.
Ref [47]. C. Landscape of testosterone and estrogen signaling for different human cohorts across life stages, sex-hormone altering conditions, and
pharmacological modulations. Comparison of immune measurements among these groups can enable investigation of sex chromosomes and sex
hormone modulation of human immune function. PCOS: Polycystic ovarian syndrome. MHT: Masculinizing hormone therapy. FHT: Feminizing
hormone therapy. Orange denotes individuals with XX chromosomal sex, and purple denotes individuals with XY chromosomal sex.

127]. The exposome encompasses all environmental exposures underlying biological sex by focusing on genetic, hormonal, and
throughout life, which are heavily conditioned by gender effects, environmental factors breaks through the binary restriction of
such as microbiome composition, infection history, and lifestyle the terms male/female and promotes mechanistic understanding
factors. Investigation of exposome influences poses as a great ap- and health equality across genders. In this context, systems im-
proach to assess how gender- and sex-specific exposures shape munology readily incorporates data-driven approaches and can

immunity [128]. In addition, deconstructing the variables aid in decoding immune sex-related variation in humans.
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Figure 3. Multiscale immunology investigation via system immunology approaches. A. Scales of human immune investigation, ranging from
molecular- to cohort-level investigation via immunology studies, and population-based investigation via epidemiology studies. B. Experimental
immunology approaches: Experimental techniques are plotted based on the knowledge depth and breadth they can provide, and colored based on their
category: systems immunology (blue) versus classical immunology (green). Generally, systems immunology provides a broader understanding due to
high-throughput techniques. Some methods can be regarded as systems-level or classical approaches, depending on the experimental design, and are
colored half blue and half green. C. Computational immunology approaches: Single-cell transcriptomics data illustrates how computational
approaches enable the investigation of sex differences in immunity at multiple biological scales. DEGs, differentially expressed genes; PPI databases,
protein-protein interaction databases, e.g. STRING [139]; TFBS databases, transcriptional factor binding site databases, e.g. JASPAR [140]; LRI databases,
ligand-receptor interaction databases, e.g. CellPhoneDB [141], CellChatDB [142], and OmniPath [143]; GEMs, genome-scale metabolic models [144].

Created in BioRender. Cao, T. (2025) https://BioRender.com/7er4sm8.

Classical immunology research has traditionally employed
hypothesis-driven approaches to investigate human immune
regulation by closely examining individual cell populations and
molecular underpinnings one at a time. These molecular and cel-
lular reductionist approaches, such as qPCR, Western blot, and
ELISA, have provided critical knowledge depth into the functions
of specific immune cell subsets, signaling pathways, and molecu-
lar mediators, establishing the foundation of our mechanistic un-
derstanding of the immune system (Fig. 3B). The current
unprecedented development of high throughput technologies
now supports a more systematic framework for investigation of
immunity, significantly expanding the breadth of our knowledge
in human immunology. Unlike reductionist approaches, systems
immunology supports the simultaneous analysis of multiple
immunological parameters. As a consequence, systems immu-
nology (i) facilitates a holistic view of immune interactions and
networks, (ii) provides mechanistic understanding across biologi-
cal levels of regulation, (iii) enables the identification of novel
biomarkers and (iv) supports the determination of immune

heterogeneity within cohorts. This integration is made possible
through a combination of diverse cutting-edge omics techniques
and advanced computational methods. Such experimental tech-
niques include profiling immune cell composition using cytome-
try techniques, analyzing genetic contributions to immune
function via the genome through genome-wide association stud-
ies (GWAS), capturing immune cell gene expression profiles via
microarrays, transcriptomics and epigenomics technologies,
probing the immune proteome using proteomics methods such
as mass spectrometry, Olink [129], and SomaScan [130], and fi-
nally employing CRISPR screens [131] and RNAIi to dissect gene
function and regulatory networks in immune responses (Fig. 3B).
Conventionally, bulk omics measure the “averaged” omics profile
of a pool of cells, limiting interpretation of results in heteroge-
neous samples, such as blood or tissue samples that present di-
verse immune cell type composition. Conversely, the burgeoning
single-cell techniques provide unprecedented resolution of the
immune system at single-cell resolution. Apart from the popular
single-cell RNA sequencing (scRNA-seq) capturing the cellular
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transcriptome, single-cell techniques can be applied to different
molecular modalities, including genomics and epigenomics [132],
such as profiling chromatin accessibility via single-cell ATAC se-
quencing (scATAC-seq) [133] and mapping protein-DNA interac-
tions with nano-CUT&Tag [134]. Alternatively, single-cell
multiomics allows measuring of several molecular modalities of
same group of cells simultaneously, with usual combinations of
transcriptome with epigenome, proteome, and genomics [135],
such as combining transcriptome and surface protein profiling in
Cellular Indexing of Epitopes by Sequencing (CITE-seq), or cou-
pling B Cell Receptor (BCR) [136] or T Cell Receptor (TCR) [137] se-
quencing with scRNA-seq in Single Cell Immune Profiling
provided by 10X Genomics. Thus, systems immunology generates
rich, multi-layered data that enables hypothesis generation and
can reveal how biological sex regulates complex immune net-
works across biological scales, which can be further validated by
traditional immunology studies [138].

Data generated from systems immunology studies are gener-
ally characterized by a high number of observations (e.g. sam-
ples, cells) and features (e.g. transcripts, proteins), requiring
advanced computational methods for data statistical modelling
and machine learning. Typical scRNA-seq analysis of immune
sex differences includes determining immune subset composi-
tion differences, differential gene expression, and pathway anal-
yses such as Gene Set Enrichment Analysis (GSEA) [139].
Advancing standard analysis by combining scRNA-seq data with
external databases, metadata, and other omics layers enables a
more mechanistic and holistic interpretation (Fig. 3C). For in-
stance, gene regulatory networks can be inferred from scRNA-
seq datasets, together with single-cell epigenomics and gene reg-
ulatory databases (e.g. protein-protein interaction databases
[140] and transcription factor binding site databases [68, 141], re-
vealing putative molecular mechanisms for biological sex regula-
tion of the immune system. At the intercellular level, cell-cell
communication networks can be inferred from transcriptomic
and proteomic data using ligand-receptor interaction (LRI) data-
bases [142-144], which provide insights into intercellular signal-
ing shifts underlying sex differences in immunity. Moreover,
integration with genome-scale metabolic models [145] can reveal
sex differences in the metabolism of immune cells, with recent
work demonstrating sex hormone biosynthesis in immune cells
[146]. Additionally, supervised predictive modeling based on clin-
ical records and multiomics data can improve biomarker discov-
ery and stratification of patients for more precise medical
care (Fig. 3C).

Below we discuss how systems immunology has been advanc-
ing our understanding of human sex differences in the healthy
immune system at steady state, ranging from cell composition,
transcriptomics, epigenomics, metabolism, cell-cell interactions,
to plasma proteomics. Thereafter, we examine systems-level
applications to investigating sex differences upon immune
perturbations.

Immune system at steady state

Cell composition

The immune system of a human being encompasses over one
trillion cells throughout the body, with immune subset composi-
tion varying across tissues [147]. Immune cells are typically de-
fined by surface and intracellular protein markers using flow,
spectral, or mass cytometry. Flow cytometry identifies markers
via fluorescently labelled antibodies, with cell classification being
achieved by setting hierarchical thresholds. However, flow cy-
tometry antibody panels can only incorporate up to 30

parameters due to significant overlap between fluorescent sig-
nals [148]. Spectral cytometry enhances flow cytometry capabili-
ties by incorporating a fluorophore’s whole emission spectrum
rather than specific wavelengths, allowing for an additional
number of parameters [148]. Further, mass cytometry (CyTOF) is
based on isotope-tagged antibodies and mass spectrometry-
based quantification and enables the inclusion of over 60 param-
eters simultaneously [149]. Lack of standardization—due to vari-
ability in experimental protocols, such as choice of markers and
antibodies, gating strategies, and analysis—limits reproducibility
[150]. Initiatives such as Optimized Multicolor
Immunofluorescence Panel (OMIP) aim to standardize experi-
mental cytometry panels and protocols [151]. For instance, a 50-
color spectral panel was developed for extensive immune pheno-
typing, focusing on T cells and dendritic cells [152]. Beyond ex-
perimental standardization, data-driven approaches can identify
immune subsets from high-dimensional cytometry using meth-
ods such as dimensionality reduction (e.g. principal component
analysis and uniform manifold approximation and projection)
and unsupervised clustering [153,154], among other machine-
learning tools [155]. For instance, Infinity Flow integrates tradi-
tional flow cytometry with a machine learning algorithm for si-
multaneous quantification of hundreds of proteins [156]. These
advanced approaches provide powerful frameworks for studying
cellular heterogeneity, such as sex differences in immune cell
populations.

Biological sex impacts human immune cell composition.
Females display a higher frequency of blood naive CD4*and
CD8" T cells [157], iNKT [158], NKT cells [157], NCR* CD56" ILC
[157] and ILC3 [157], mucosa-associated invariant T (MAIT) cells
[157], and plasma cells [159], while males have a higher fre-
quency of blood myeloid cells, including monocytes [157,
159,160], basophils [160], neutrophils [160], and eosinophils [160],
but also lymphoid cells such as NK cells [157, 159, 161] and y8 T
cells [158]. Notably, the frequency of blood monocytes in females
increases with age, eventually matching the increased percen-
tages in males [162]. Additionally, a study with over 173,480 indi-
viduals showed that age, sex, and menopause status contributed
to 40% of the variation in blood immune cell frequencies [163],
highlighting the strong impact of biological sex in blood immune
composition. Human immune sex differences in immune compo-
sition are not limited to the blood. Sex differences are observed in
hematopoiesis, with male bone marrow progenitors producing
red blood cells at higher rates, mostly due to testosterone [164].
Yet, research regarding sex differences in the development of hu-
man immune subsets in the bone marrow is lacking. Females dis-
play increased thymic output [165,166], which is an indicator of
increased T cell maturation rate when compared to males. In ad-
dition, tonsils from female pediatric donors contain a higher
frequency of memory B cells, while males show increased pro-
portions of activated and naive B cells [167].

Sex hormone changes throughout life impact human immune
cell composition. Before puberty, males display increased CD4* T
regulatory counts in the blood, whereas females show increased
counts of conventional CD4"T cells [168]. During puberty,
CD4"and CD8* memory T cells increase in both sexes, together
with a male-specific decrease in CD197 cells [169]. Females at re-
productive age exhibit increased neutrophil frequencies, lower
lymphocyte percentages, and higher neutrophil-to-lymphocyte
ratio (NLR), a pattern that reverses after menopause [160]. While
band neutrophil levels are higher in males versus females during
reproductive age in healthy and autoimmune states, pregnancy



increases band neutrophil signatures, which intensify with gesta-
tional age [170].

In addition, exogenous sex hormone therapy also impacts im-
mune cell composition. For instance, MHT reduces the frequency
of circulating plasmacytoid dendritic cells (pDCs), CD8" MAIT
cells and CD24" CD8* central memory T cells [171]. Further, high
levels of estrogen during controlled ovarian stimulation during
fertility treatment increases neutrophil, monocyte, and CD4" T
cell counts with a concomitant decrease in CD8* T cells [172]. In
contrast, androgen ablation using GnRH agonists in aged males
increases lymphocyte levels, especially NK and T cells, the latter
being attributed to increased thymic output [173]. Moreover,
gonadotropins such as LH have been reported to expand bone
marrow progenitors in vitro [82]. These studies showcase the
complexity of biological sex effects, particularly through hor-
mones, on the immune composition across tissues and highlight
the need for comprehensive studies addressing biological sex
effects in immune cell composition across human tissues.

Transcriptomics

While variation in immune cell composition has a prominent ef-
fect on immunity [174], elucidating cellular states and functional
activity of immune cells is essential for a deeper comprehension
of the mechanisms underlying immune sex differences.
Microarrays and RNA sequencing (RNA-seq) are the two main
techniques used to profile the bulk transcriptome, with microar-
rays quantifying the expression of a panel of predetermined
sequences, while RNA-seq employs high-throughput sequencing
of all or targeted sequences [175, 176]. These two technologies
have been usefully employed to capture the transcriptomic dif-
ferences in blood immune cells between males and females.

Through an integrated multi-cohort comparison of publicly
available whole blood microarray datasets of 458 healthy individ-
uals, Bongen et al. identified 144 differentially expressed genes
(DEGs) between the sexes, including 94 female-biased and 50
male-biased genes [162]. Several of the DEGs are located on sex
chromosomes, including 17 out of 25 X-linked genes that are
known to escape from XCI (e.g. XIST, RPS4X, and CD40LG). This
study also reported that 75% of sex-biased genes are located on
autosomal chromosomes, indicating that sex differences in im-
munity at the transcriptome level extend beyond chromosome
composition differences between the sexes [162] and suggest that
other mechanisms—including hormonal effects—mediate sex
differences. In fact, analysis of blood microarray data of 5,241
healthy individuals revealed that 7 out of 20 genes that have the
highest fold change between sexes are strongly linked to estrogen
regulation [177], including the G protein-coupled estrogen recep-
tor GPER, and ADM [178] and ERG [179], both of which are ERa-
regulated targets identified in rodents. Female-biased genes are
enriched for autoimmune disease pathways, particularly RA
gene sets [177], providing a perspective of how sex-biased gene
expression may contribute to a higher prevalence of autoimmu-
nity in females.

Further resolution of transcriptomic findings is revealed
through single-cell sequencing methods, including plate-based
[180, 181], droplet microfluidics-based [182], combinatorial
indexing [183] scRNA-seq, among others. Huang et al. used
scRNA-seq to analyze PBMCs from males and females across age
groups, revealing that males have more aging-associated DEGs
than females. Sex-associated DEGs are observed across all im-
mune cells, increasing in number with age, with females showing
upregulated T cell activation and B cell signaling pathways, and
males exhibiting heightened innate immunity and inflammatory
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pathways in monocytes [159]. TCR [137] and BCR [136] sequenc-
ing at the single-cell level further enables investigation of sex dif-
ferences in clonality and diversity of T and B cell repertoires. Sex
differences regarding TCR diversity and clone size have been
reported, as they are linked to the aforementioned decreased thy-
mic output in males [165,166]. TCR repertoires in females are
more diverse, while clonotypes with high frequencies are more
common in males [184]. Further, HLA genes show sex-specific
effects in driving the selection and expansion of T cells with spe-
cific TCRB variable regions [185]. Similarly, although BCR reper-
toire diversity has been reported to be higher in females [186], it
still warrants further examination [187]. In addition to single-cell
sequencing alone, CITE-seq—typically used for clustering and
identification of cell types—can be used to compare protein pro-
files across conditions [188-190], although sex differences have
not yet been addressed this way.

Sex hormones significantly impact the human immune tran-
scriptome. Sex differences at the bulk transcriptomic expression
level in PBMCs decrease after menopause, but increase with hor-
monal contraceptive use, indicating the role of sex hormones in
regulating PBMC gene expression [177]. Testosterone also regu-
lates the immune transcriptome at steady-state, with testoster-
one therapy modulating the crossregulation of IFN and tumor
necrosis factor (TNF) responses by decreasing IFNa response
gene sets and increasing TNF signaling via NFxB following MHT
[171]. Single-cell analyses also suggest a role for testosterone sig-
naling inhibition in antitumor immunity, as CD8" T cells that re-
spond to systemic antiandrogen treatment have increased TCR
and IFNy signaling [116]. Combined, these studies suggest that
sex hormones may directly regulate immune cell function via
sex hormone receptors.

Epigenomics

Given their role in shaping gene expression, sex hormones likely
drive immune sex differences at the gene regulatory level.
Epigenomic methods provide insights from chromatin accessibil-
ity (e.g. DNase-seq [191], ATAC-seq [192], histone modification)
and transcription factor regulation (e.g. ChIP-seq [193],
CUT&RUN [194], CUT&Tag [195]), to chromosome interactions (e.
g. Hi-C [196], HiChIP [197, 198]). Among these, ATAC-seq stands
out as a widely used technique, which uses transposase enzymes
to cut open regions of chromatin and insert adapters for se-
quencing of these regions. Exploring sex differences with both
RNA- and ATAC-seq, Marquez et al. profiled females and males
aged 22 to 93 years, revealing a shift from adaptive to innate im-
munity with age through concordant transcriptomic and epige-
nomic age-related decrease in T cell functions and increase in
NK and CD8* T cell cytotoxicity and monocyte function in both
sexes [199]. Yet, aging also impacted the transcriptome and epi-
genome of immune subsets differently between the sexes, with
male-specific decreases in B cell-related genes, alongside greater
age-associated monocyte activation in males [199].

Single-cell epigenomics analysis via scATAC-seq shows that
sex hormones have long-lasting effects on the human immune
cell epigenomic state. One year of MHT increases transcript fac-
tor activity of all canonical NFxB pathways in T cells and NK cells
[171]. Coupled with increased IFNy production by NK cells pre-
treated with androgens, these results may suggest an NFxB-me-
diated regulation of lymphocytic function following testosterone
treatment [171]. Yet, while single-cell epigenomics techniques
provide unprecedented resolution and analytical tools are avail-
able, studies addressing epigenomic differences between males
and females in immunity remain surprisingly limited. The
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availability of single-cell chromatin accessibility atlases [200,
201] provides a unique opportunity to explore general sex differ-
ences in the immune cell epigenomic landscape using existing
resources.

Metabolomics

Immune responses are energetically intensive and require coor-
dinated metabolic adaptations both at the cellular and systemic
levels. Immunometabolism explores how metabolic processes in-
fluence immune cell function, emerging as a promising layer in
systems immunology by adding a new dimension to the complex-
ity of immune responses [202]. Immunometabolism relies on
approaches based on mass spectrometry, which imply measuring
the concentrations of metabolites (e.g. lipids, amino acids) either
inside of cells, or in extracellular fluids like plasma. For measur-
ing in vitro cellular metabolism, Seahorse assays enable real-time
evaluation of immune sex differences by quantifying glycolysis,
mitochondrial respiration, and substrate use, providing mecha-
nistic insights such as the balance between glycolysis and fatty
acid oxidation [203]. In contrast, cytometry- or sequencing-based
techniques enable inference of metabolic activity at single-cell
resolution [202]. SCENITH combines specific enzyme inhibitors
and protein synthesis to assess the reliance on specific metabolic
pathways (e.g. glycolysis, oxidative phosphorylation) via flow cy-
tometry across immune subsets [204]. Similarly, Met-Flow [205]
enables flow-cytometry detection of metabolic enzymes and
transporters (e.g. lactate dehydrogenase, glucose transporters),
thus providing a static snapshot of metabolic-protein expression.
Alternatively, metabolic states can be inferred from scRNA-seq
data combined with genome-scale metabolic models [145] utiliz-
ing computational approaches such as METAFlux [206] or
Compass [207].

The human metabolome is highly different between the sexes,
evident in both health [208] and disease [209, 210]. While sex dif-
ferences in mitochondrial biology across organs have been identi-
fied, such as increased mitochondrial content in female
leukocytes [211], direct exploration of sex differences in immuno-
metabolism has only recently begun [30, 212]. Macrophages from
placentas of females have an increased dependency on fatty acid
oxidation, whereas those from males show increased glycolytic
activity, correlating with the capacity to remove apoptotic cells
[213]. Blood CD4" T cells derived from female severe asthma
patients are more dependent on glutamine uptake than those
from males [214]. Sex differences in immunometabolism are
likely to be driven by sex hormones, which are known to modu-
late systemic metabolism. For instance, estrogen promotes fat
storage in subcutaneous tissues and glucose uptake by skeletal
muscle, whereas testosterone enhances protein synthesis and li-
polysis [215]. At the cellular level, male neutrophils exhibit in-
creased mitochondrial respiration under stress compared to
female macrophages, which correlates with decreased respon-
siveness and IFNy responses and is reversed upon estradiol treat-
ment [216], highlighting the emerging role of sex hormones in
regulating immunometabolism in humans.

Spatial omics

Spatial omics enables molecular analysis while preserving tissue
structure, adding location information that other omics lack
[217]. Visium [218] uses a chip covered by barcoded poly-A probes
to capture mRNA in the tissue samples, offering an exploratory
way to map gene expression. Hybridization-based in situ sequenc-
ing (HybISS) [219] uses padlock probes and rolling circle amplifi-
cation to detect hundreds of genes in a single tissue section.

Compared to Visium, HybISS is less suited for exploratory analy-
ses, focusing more on targeted specific genes or pathways rather
than broad transcriptome profiling. However, it provides subcel-
lular resolution, which is not currently achievable with Visium.
Deterministic barcoding in tissue for spatial omics sequencing
(DBiT-seq) [220] is an open protocol for spatial omics that enables
exploratory examination. It employs a different strategy to bar-
code the spatial information before sequencing, based on micro-
fluidics, which theoretically leads to higher resolution compared
to Visium. In addition, spatial proteomics couples imaging tech-
niques with targeted antibody-based approaches, to determine
protein expression within tissues. Methods like Phenocycler [221]
(previously named CODEX) and COMET [222] allow the study of
protein distribution in tissue samples. Both use multiplexed im-
munofluorescence with up to dozens of markers (maximum
60-plex for CODEX [221] and 40-plex for COMET [222]), offering
flexibility through pre-defined or custom antibodies [223], en-
abling the exploration and biological interpretation of protein
abundance and location, and facilitating the examination of cel-
lular and molecular information in specific tissues.

Spatial omics can offer unique insights by preserving spatial
context, allowing for the investigation of sex differences in im-
munity within the tissue environment. Recently, Stankiewicz
et al. utilized spatial omics with a 48 antibody Phenocycler panel
to investigate the thymic architecture in 4- to 5-month-old males
and females [224]. This approach enabled the detection of higher
double-positive T cells and cortical epithelial cells in females and
higher single-positive T cells and medullary thymic epithelial
cells in males, suggesting a female bias toward positive selection
and a male bias toward negative selection [224]. Sex hormone
regulation of breast immune cells has been recently shown in
transgender men undergoing MHT using Phenocycler [225].
Androgen treatment leads to changes in cellular distribution,
with a decrease in macrophages and an increase in CD4" T cells
close to the epithelium. Functional changes are also observed, in-
cluding lower antigen presentation activity of macrophages and
enriched activation pathways (e.g. TCF7) in CD4* T cells. In addi-
tion, fibroblasts near the epithelial niche express higher IL-16
upon MHT, potentially explaining the increased T cell infiltration
[225]. These studies highlight how spatial omics can shape a new
avenue of immune exploration by determining the distribution,
function, and crosstalk of tissue immune cells between
the sexes.

Cell-cell communication

Immune responses emerge from a network of interactions
among cells that can be of direct contact or through soluble fac-
tors such as cytokines, chemokines, etc. Cell-to-cell interactions
are commonly inferred from LRI databases [142, 143]. In such,
LRI are established from experimental studies utilizing electron
or optical microscopy, chemical tagging or mechanical force
assays, and further validated by co-immunoprecipitation and
functional studies [226]. Cell-cell interactions can be evaluated
by combining LRI databases, such as CellPhoneDB [142] and
CellChatDB [143], with single-cell or spatial transcriptomics data
through a multitude of computational approaches, such as
CellChat [143] and MultiNicheNet [227] (reviewed in ref [228]).
Other tools, such as DIALOGUE [229], have been developed to
identify novel multi-cellular programs (i.e. sets of coordinated
gene activity across various cell types) by evaluating correlations
in gene expression levels from single-cell and spatial transcrip-
tomics data. Further combination of the identified multi-cellular



programs with external LRI databases can reveal potential regu-
latory mediators.

Approaches assessing cell-cell interactions have uncovered
sex and age differences in cell communication in PBMCs [159].
Young females show increased BAFF and APRIL signaling from
conventional dendritic cells type 2 (cDC2) to plasma cells and
memory B cells [159], which have been reported to be dysregu-
lated in autoimmune disease [230]. Further, chemokine signaling
is increased with aging in males versus females, such as IL-1B-
IL1IR2 from monocytes to monocytes, and CXCL10-CXCR3 from
DCs to T cells [159]. Sex hormones also regulate human PBMC
cell-cell communication. MHT leads to further upregulation of
IL-6, TNF, IL-15, and IL-12B production by monocytes following
LPS stimulation, which in turn trigger NK and CD8" T cells to ac-
tivate genes related to cytotoxicity, such as SOCS1 and RUNX2 in
CD8*T cells, and IFNG and GZMB in NK cells [171]. Together,
these studies showcase that immune sex differences extend be-
yond intracellular mechanisms; even small differences within
specific cell types may be amplified through cell-cell communi-
cation networks, with biological sex influencing intercellular sig-
naling and contributing to broader differences in immune
responses and related diseases.

Plasma proteomics

Immune plasma proteomics enables the comprehensive study of
soluble factors in the blood and provides a snapshot of a person’s
systemic immune environment. Although mass spectrometry-
based proteomics allows for untargeted proteome profiling with
high resolution, it can lack sensitivity to low-abundance proteins
without prior enrichment, such as cytokines or transcription fac-
tors [231]. On the other hand, proximity-based extensions assay
[129], and aptamers-based technologies [130] provide simulta-
neous measurements of thousands of proteins at a time from
samples of only a few microliters. However, they are limited by
the selected panel of antibodies or aptamers chosen for the de-
tection and their specificity regarding isoforms or protein com-
plexes. For instance, Olink has a 92-protein panel with lowly
abundant proteins involved in inflammation [232]. Notably,
males have been reported to have increased concentrations of 31
of these inflammatory proteins in healthy state, including TNF
family members (TRANCE, TRAIL), CCL11, and MCP-2, whereas
females only showed increased concentrations of 3 proteins,
OPG, and myeloid cell regulating factors CSF-1 and FIt3L [233].
Immune plasma proteomics is also impacted by exogenous sex
hormone therapy. Olink proteomics analysis shows that TNF
family proteins (TNF, RANKL, TNFSFR9, and TRAIL) are also in-
creased in plasma following MHT [171]. Yet, cisgender men still
exhibit higher TNF levels when compared to transgender men
and transgender women [234]. Further, the TNF family member
that regulates B cell function, BAFF, is higher in both transgender
and cisgender women, indicating a role for estrogen regulation.
Moreover, use of oral contraceptives has profound effects on the
plasma proteome of females [235] and suppresses the levels of
many inflammatory proteins such as TNF family members
TRANCE and TWEAK, and CCL11 [161]. Altogether, integration of
plasma proteomics with other systems-level methods will be key
to enable the determination of the cellular and tissue origins of
the sex differences in immune plasma proteome in humans.

Immune sex differences upon immune
perturbation

The human immune system is highly dynamic. Thus, sex differ-
ences are not only manifested at steady state, but are also
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evident across perturbed immune states, such as upon infections
[4,5] and vaccination [13,14]. Sex differences upon perturbation
can be explored through in vitro and ex vivo studies of PBMC,
whole blood, tissue sections, and organoids. However, controlled
in vivo studies offer a more comprehensive framework by en-
abling the identification of system-level responses that can be di-
rectly linked to clinical outcomes.

Blood-stimulation models

Studying immune responses under controlled conditions typi-
cally involves direct ex vivo whole blood stimulation, which intro-
duces less technical biases and preserves the physiological
context of the immune response, or in vitro stimulated PBMCs,
with increased experimental flexibility and mechanistic insights
[236]. To this end, whole microbes (e.g. bacteria, viruses, fungi),
antigens derived from them, or synthetic agonists (e.g. TLR ago-
nists) are used to analyze specific immune responses via modula-
tion of proliferation, gene expression, or cytokine production. For
instance, after exposing whole blood from male and female
donors to bacterial, viral, and fungal agents ex vivo, 181 genes
were reported to show sex differences only after stimulation
[237]. Further, females consistently overexpressed genes across
all stimulations [237], altogether indicating that these sex-
specific effects were mostly shared across stimuli. For example,
females show higher expression of ICOS, which negatively influ-
ences T cell activation, while males have stronger expression of
CD14, involved in LPS sensing [237]. In contrast, males produce
more monocyte-derived cytokines after LPS stimulation of whole
blood and PBMC exposure to Candida albicans conidia, while females
produce more Thil7-related responses to C. albicans hyphae [238],
suggesting stimuli-dependent sex-specific responses.

Sex hormones also regulate immune responses assessed
in vitro. Oral contraceptive usage reduces female IFNy and TNFa
production after LPS whole-blood stimulation [238]. Whole-blood
LPS stimulation also induces higher TNF in cisgender and trans-
gender men, compared to transgender and cisgender women
[234], suggesting a role for sex hormone rather than sex chromo-
some regulation in higher TNF responses in males. Additionally,
higher testosterone in females was associated with stronger [FNa
responses after stimulation with R848, a TLR7 agonist, whereas
increased testosterone correlated with lower IFNa responses in
males [239]. Altogether, blood stimulation studies underscore
how the reactive and dynamic nature of the immune system
amplifies steady-state differences between the sexes—aligning
with the observed sex differences in infectious and immune-
related diseases—and how the sex hormone milieu plays a prom-
inent role in shaping immune responses.

Tissue-stimulation models

Tissue samples, such as tumor slices or tonsil organoids, can be
used to evaluate sex differences in immune responses in a more
in vivo-like tissue microenvironment. These tissues can readily
be obtained from diverse sources, including discarded materials
from deceased individuals (e.g. autopsies, organ donors) or living
individuals (e.g. clinical biopsies, surgery) [240]. Tumor tissue is
used in personalized immunotherapy research, as it enables di-
rect evaluation of a treatment in individual patient tumors [9].
Although biological sex is relevant in cancer immunotherapy
[241-243], to date no studies have focused on assessing sex differ-
ences through ex vivo tumor stimulation assays. Besides, tonsil
organoids offer unique advantages to simulate adaptive immune
responses ex vivo, such as preserving the in vivo lymphoid tissue
architecture, rich in B and T cells, and showcasing extensive use
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in vaccine research [167, 244, 245]. For example, tonsil organoids
from pediatric donors exposed to live-attenuated influenza vac-
cine (LAIV) showed sex-dimorphic responses, with females exhib-
iting increased specific antibody responses even though male-
derived organoids contained more activated B cell subsets after
7 days [167]. Future exploration of tissue-stimulation models will
provide a deeper understanding of mechanisms underlying im-
mune sex differences in more realistic environments that en-
compass tissue-resident immune cells and other local factors.

In vivo immune perturbation following infection

Longitudinal sampling of human cohorts enables investigation of
biological sex effects following perturbations (e.g. infection, vac-
cination) while controlling for the considerable human interindi-
vidual variability. Immune responses after infection can be
explored at different levels (Fig. 3A). Temporal dynamics of
plasma proteins vary between males and females with severe
COVID-19. While females show higher CCL26 and lower IL3RA
shortly after symptom onset compared to males, they exhibit
similar trends in expression over the course of recovery. In con-
trast, ILIRL2 decreases to normal levels faster in females follow-
ing recovery [246]. Male patients hospitalized for COVID-19 show
increased CCLS [247], which has been associated with COVID-19
disease severity [248]. In the same study, flow cytometry of
PBMCs identified higher counts of non-classical monocytes
(CD14*CD16") in male patients compared to females [247].
Moreover, females have increased BCR clonotype size and more
BCR mutations compared to males during COVID-19 infection
[189]. In addition, a series of studies have reported sex differences
regarding long COVID patients and patients who quickly recov-
ered after SARS-CoV-2 infection with no long-lasting sequelae
[18, 249-251]. During acute infection, males who developed LC
show decreased monocyte and DC frequencies and higher NK
counts, while females who develop LC show increased exhausted
T cells and cytokine-secreting T cells [251]. Moreover,
CD14*" monocytes from males who later developed LC displayed
impaired CD40LG-CD40 signaling [249], which is important for T
cell and monocyte interactions during inflammatory responses,
and increased pro-inflammatory IFNy and IL-15 [249], and TGF-8
[250] signaling. Of note, these findings are concordant with ele-
vated TGF-B-family members and IL-8 in serum plasma of LC
males [251]. In contrast, CD14" monocytes in females showed in-
creased CCLS signaling from T and NK cells [249], coupled with
lower TGFB1 expression [250].

Serum Epitope Repertoire Analysis (SERA) enables profiling of
peptide-specific antibodies, facilitating exposome analysis
through detection of previous exposure to pathogens [252] or
autoantigens associated with autoimmune diseases [253], thus
providing insights into an individual’s immune history. Similarly,
VirScan systematically profiles existing immunity against viruses
based on phage display technology [254]. SERA analysis reveals
that females with LC are overwhelmingly seropositive to HSV-2
[251], which has been linked to increased risk of post-acute infec-
tion syndromes [18], and showcase sex-specific disease associa-
tion with immune histories. Notably, a pre-print study recently
highlighted a role for sex hormones in LC [251], where female tes-
tosterone is negatively associated with LC risk and symptom bur-
den, while male estradiol levels have a protective effect against
LC symptom severity [251]. Moreover, when whole blood from LC
patients is stimulated ex vivo with herpesviruses antigens, females
show increased antibody reactivity to EBV, HSV-2, and CMV.
Interestingly, low testosterone is associated with increased reactiv-
ity to EBV and HSV-2 viruses in both females and males, and to

CMV only in females with LC [251]. Altogether, investigating sex
differences within the context of infectious and infection-related
syndromes can further validate regulatory mechanisms underly-
ing sex differences in immune responses in an in vivo setting.

In vivo immune perturbation following vaccination
Vaccination poses an ideal framework to study in vivo immune
responses in a controlled environment, while holding special rel-
evance for identifying sex differences in disease management. In
fact, evidence from aged adults (60-80 yrs) supports a female ad-
vantage early after influenza vaccination. Females upregulate
type I IFN and classical-complement activation genes at 3days
[255] and show increased numbers of influenza-specific memory
B cells 28days after vaccination, linked to increased expression
of B cell gene modules, whereas males exhibit higher NK and cy-
totoxic T cell gene expression at day 3 and 28 [256] and increased
complement and protein processing pathways at 28 days [255]. In
addition, influenza vaccine responses can be impacted by previ-
ous mild COVID-19 disease [257]. Before vaccination, COVID-19
recovered males have lower innate immune gene expression sig-
natures in monocytes and increased CD8* T cell activation signa-
tures compared to unexposed males and recovered females.
Shortly after vaccination, recovered males display increased fre-
quencies of and higher IFNy production by a subset of T cells
(GPR56* CD8") due to a simultaneous increase in IL-15-producing
classical monocytes, while such an effect is absent in females.
Interestingly, these differences between the recovered and unex-
posed cohorts fade at 28 days after vaccination [257].

Sex hormones may explain sex differences observed after vac-
cination. The role of sex hormones was evaluated in adolescents
in responses after LAIV and SARS-CoV-2 mRNA BNT162b2 cova-
ccination [258]. At baseline, males show lower numbers of pDCs
in blood, and free testosterone is negatively associated with the
production of type I interferon (IFN-I) by pDCs. Conversely,
males’ pDC IFN-I production increases and reaches comparable
levels with females’ one day after vaccination. Surprisingly, DHT
is associated with elevated IgG titers, and men show higher anti-
body responses after co-vaccination with LAIV and BNR162b2
[258]. These findings are concordant with the observation that
previous COVID-19 infection enhances influenza vaccine re-
sponse in males [257]. Females also show elevated antibody
responses and expression of cytokines in the serum following in-
fluenza vaccine, while males with higher testosterone concentra-
tions show the lowest antibody responses [259]. Furthermore,
Olink profiling of 92 inflammatory proteins revealed that several
cytokines, including CXCL1 and IL-18, are negatively correlated
with blood testosterone concentration after BCG vaccination
[233], showcasing the in vivo immunosuppressive role of testos-
terone following vaccination. In contrast, no significant changes
in protein levels were observed in females, though female PBMC
stimulation in vitro with M. tuberculosis show increased IFNy pro-
duction when compared to males [233]. These studies emphasize
the complexity of the interplay of sex hormones and immune
responses to stimuli when investigated in vivo or in vitro, and—be-
yond the male/female binary—they highlight that variation in
immunological parameters can be dependent on the relative con-
centrations of sex hormones.

In vivo immune investigation across tissues

Investigating immune sex differences across tissues is crucial for
understanding disease susceptibility, symptomatology, severity,
and mortality [260, 261] and modeling disease comprehensively
[30, 240]. Systems immunology can accommodate multi-tissue



modeling, moving beyond traditional reductionist methods that
focus on individual tissues at a time. For instance, this has been
successfully applied to survey androgen effects across tissues in
mice [262]. Such holistic approaches can identify networks of
interactions between cells and molecules across organs [261].
Recently, comprehensive human datasets spanning different
organs are being generated, such as from Dominguez Conde
et al., which contains data from immune cells from 12 different
organs [263], and from Suo et al. which profiles the developing
Immune system across organs [264]. In disease, male COVID-19
patients show increased interactions between macrophages and
T cells in nasal tissue across mild and severe cases compared to
females. In parallel, only PBMCs from severe cases in males dis-
play elevated pro-inflammatory macrophage activation (TLR/cy-
tokine gene sets) and heightened macrophage-CD8" T cell
interactions [265]. In sum, while tissue differences might explain
sex-linked susceptibility to COVID-19, blood disparities reflect
systemic alterations that likely underlie higher male mortality.
Overall, systems immunology studies employ experimental
design, omics techniques, and computational approaches that
are complementary to classical immunology studies, and under-
line the importance of comprehensive studies in profiling sex dif-
ferences in the immune systems across organs for improved
understanding of disease pathogenesis and immune kinetics.

Future directions
Multiomics integration

To better understand the detailed impact of sex on immune sys-
tem, multiomics integration is an inevitable future direction.
While diseases often result from disruptions in intricate path-
ways across omics layers (genomics, transcriptomics, proteo-
mics, and metabolomics), single-omics studies cannot capture
the essential cross-layer interactions. Multiomics integration
offers a solution to this challenge and can be categorized into
two types. Vertical integration is applied when using multiomics
techniques to collect multi-modalities from the same samples/
cells simultaneously, by using shared sample or cell identifiers to
directly align each layer. Diagonal integration merges different
omics modalities obtained from their respective mono-omics
techniques (such as integrating scRNA-seq and scATAC-seq data-
sets), requiring advanced mapping techniques to link samples
obtained from different assays [266, 267].

Multiomics integration offers a holistic perspective that
extends the ability to identify sample/cell subgroups, discover
biomarkers, and reveal potential molecular mechanisms under-
lying sex differences in immunity. Omics data is high-
dimensional and noisy [268], making dimensionality reduction
crucial before analysis. Instead of applying such preprocessing
separately, joint approaches like joint non-negative matrix fac-
torization (jJNMF) [269,270] and multiomics factor analysis (MOFA
[271] and MOFA+ [272]) are particularly useful to identify shared
and omics-specific patterns via uncovering latent structures that
reveal relationships between datasets. Additionally, feature se-
lection tools such as mixOmics [273] support biomarker identifi-
cation across layers, while regulatory network methods like
SCENIC+ [274] integrate chromatin accessibility with transcrip-
tomics to infer gene regulatory networks. Moreover, tracking of
sex-specific immune changes via multiomics profiling over
time—due to immune or sex hormone perturbations—requires
analytic platforms designed for longitudinal multiomics data.
PALMO (Platform for analyzing longitudinal multiomics data)
[275] and Stabl [276] both provide frameworks to analyze time-
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course data across multiple omics layers, which can facilitate the
investigation of immune sex differences and immune impact
from sex across omics modalities in future studies. For instance,
Sauerwald et al. investigated how immune states at baseline con-
tribute to sex differences in SARS-CoV-2 infection outcomes by
integrating whole blood bulk RNA-seq and serum Olink proteo-
mic data from a cohort of young adults [277]. This multiomics
integration analysis demonstrated that the pre-existing higher
expression of interferon-stimulated genes in female neutrophils
causally contributes to the female-bias antiviral responses, as
reflected in molecular responses, viral load, and clinical symp-
toms [277], highlighting the potential of multiomics integration
in revealing mechanisms underlying sex differences in hu-
man immunity.

Addressing biological sex in analyses
and prediction

While sex differences in immunity and disease are widely ac-
knowledged, biological sex has historically been ignored in re-
search [30]. Several bottlenecks prevent the inclusion of sex and
gender considerations from basic science to clinical practice in
immunology, ranging from aspects regarding study design and
analysis to systemic discrimination and the lack of inclusion of
vulnerable groups [278]. Even today, sex-disaggregated data is of-
ten not readily available. For instance, over 25% of publications
in human immunology research up to 2009 did not specify the
sex of the subjects [279]. In research studies where both sexes are
included, often results are still not disaggregated based on sex,
despite encouragement from guidelines such as the Sex and
Gender Equity in Research (SAGER) [280, 281]. Tools have been
developed to overcome some of these barriers using sequencing
data. XYalign [282] addresses misalignment issues caused by X-Y
chromosome homology by incorporating sex chromosome com-
plement during alignment, improving accuracy in chromosomal
sex identification of samples. Additionally, to address unspeci-
fied sex of the subjects, packages like SexInferences (https://
github.com/SexChrLab/SexInference) and CellXY (https://github.
com/phipsonlab/cellXY) have been developed to infer biological
sex of the samples from either DNA sequencing, RNA sequenc-
ing, or scRNA-seq data. Large-scale sex label annotation of more
than 450,000 human transcriptome samples was achieved by
Flynn et al. [283], indicating a promising future direction that
includes sex inference function into public sequencing repositories
(e.g. GEO), enabling suggested sex annotation for each dataset.
Further, even when studies report sex differences, they often
lack robust statistical support [284] as sex is frequently treated
as a confounder rather than a relevant factor in analysis.
However, designing studies with appropriate sample sizes to sup-
port meaningful comparisons between sexes is usually feasible
[285]. Rather than only deriving findings representative of the av-
erage population by adjusting statistical models for sex, future
studies should directly examine sex differences to generate more
precise and applicable insights for both sexes. This approach is
exemplified in a long COVID study, where inclusion of sex in
analyses and prediction revealed sex-specific LC predictors, such
as higher NK cells, decreased monocytes, and higher level of
TGF-B for males, and increased cytokine-secreting T cells and
higher EBV reactivity for females [251]. Building on this, incorpo-
rating omics data into machine learning models will reveal novel
predictors, such as sets of genes or metabolites. However, limited
research studies of sex differences in immunity have explored
prediction models with omics data. One barrier to such inclusion
is the limited samples compared to thousands of features
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Table 2. Sex annotation compliance across selected repositories relevant for systems immunology. For each database, four aspects of

sex metadata are assessed: (1) availability of sex metadata (v: metadata field available, !: field not present, x: no option available), (2)
requirement for submitting sex metadata (v: required, !: recommended, x: not mentioned in guidelines), (3) clear distinction between
sex and gender (v: present, !: two categories but unclear definitions, x: no distinction), (4): use of controlled terminology (v: required,

I: recommended, x: free text).

Datatype Databases Sex metadata Sex metadata Sexvs.gender Uses controlled
available required distinction terminology

General ImmPort v X X v

EGA (European Genome-Phenome Archive) 4 v X v

BioSamples v v v v
Flow cytometry FlowRepository v ! X v
Transcriptomics GEO (Gene Expression Omnibus) v ! X X

GTEx (Genotype-Tissue Expression) v v X v
Single cell transcriptomics ~ Single Cell Expression Atlas v ! X v

HCA (Human Cell Atlas) 4 v v v
Epitopes IEDB (Immune Epitope Database) v ! X v
Epigenomics ENCODE (Encyclopedia of DNA Elements) v ! X v
Proteomics PRIDE (PRoteomics IDEntifications Database) v X X v
Metabolomics MetaboLights v ! X v

measured from omics techniques, which tend to overfit the
trained prediction models and thus lack generalization to other
cohorts. In recent years, methods such as Stabl [276] have been
designed to cope with such challenges. By noise injection fol-
lowed by subsampling iterations, Stabl ensures a robust feature
selection threshold that limits the number of features in the fi-
nal model.

Analyses that disentangle biological sex effects on the immune
system require comprehensively curated gene lists, including sex-
biased immune modules, XCI escapees, and hormone-responsive
genes across immune cell types. Systematic evaluation of sex-
biased expression across tissues (e.g. Oliva et al. [286]), and identifi-
cation of sex-specific expression signatures in immune cells (e.g.
Bongen et al. [162]) enable the quantification of sex differences
across disease states and lifespan. To distinguish sex chromosome
from sex hormone effects, a key priority is identifying genes that es-
cape X chromosome inactivation across immune cell types and ac-
tivation states [35, 37, 287]. In addition, genome-wide identification
of hormone-responsive genes, such as genes directly bound by nu-
clear hormone receptors or downstream of membrane-bound
receptors (Table 1), is especially lacking in primary immune cells,
as current data are mostly limited to cancer cell lines [70, 288, 289].

Importantly, neglecting biological sex in research has had
consequences in medicine. For example, eight out of 10 prescrip-
tion drugs withdrawn from the market between 1997 and 2001 in
the US had greater undesired effects for women, even after equal
prescription rates [290]. Moreover, the exclusion of pregnant indi-
viduals and other minorities from clinical trials has led to harm-
ful therapeutic approaches and a lack of knowledge on how sex
hormones impact health [278], highlighting the need to include
women and minoritized populations in research. Lastly, sexism
and other types of discrimination also have conditioned the
amount of funding or research interest in sex differences [278].
Inclusion of gender-diverse and intersex cohorts can reveal im-
mune signatures that do not neatly align with chromosomal or
hormonal extremes [291], and highlight the need for sex-aware
research moving forward to enable more personalized medical
interventions.

Open science’s role in the study of sex differences
Systems immunology heavily relies on experimental methods
that produce large amounts of complex data, and requires data-
driven analytical approaches. Thus, open science is at the core of
systems immunology’s success and particularly critical for the

robust study of sex differences. Open science refers to a set of
practices aimed at making research reproducible and accessible.
This involves several aspects such as utilizing accessible and re-
producible methods for data analysis (i.e. code, software), data
sharing, having public access to research results, and educa-
tional resources [292]. Adhering to the FAIR (Findability,
Accessibility, Interoperability, Reusability) principles is vital for
the development and future of human immunology research
[293]. In this context, the study of sex differences in the immune
system can greatly benefit from researchers adhering to such
practices. First, data and its corresponding metadata, such as sex
and gender labels, should be findable by hosting the data in ade-
quate repositories and unique identifiers like DOIs (Table 2).
Second, data should be accessible, prioritizing open access,
allowing for automated access, and with appropriate ethical
compliance for sensitive data, allowing for systematic evaluation
of sex differences. Third, data should be interoperable and follow
standard guidelines for readily integration among datatypes,
which is essential for defining sex-linked immune signatures.
Last, data should be reusable and thus include rich metadata de-
tailing origin, purpose, and conditions for reuse [293]. Individual
researchers and consortiums building reference datasets must
include key metadata (i.e. sex and other demographic or biologi-
cal factors) and ensure that the datasets reflect population-level
diversity. For instance, sex annotation compliance across se-
lected repositories relevant to systems immunology shows a
widespread lack of clear distinction between sex and gender in
the metadata fields (Table 2).

To advance systems immunology studies of immune responses
across sexes, public data repositories, and consortiums generating
comprehensive population-level reference datasets will play a
central role. Deep profiling at population-scale provides a plat-
form to discover robust differences between the sexes. The UK
Biobank project is collecting genomics [294], plasma proteomic
[295], among other data, all of which are linked to health registries
in the UK. It has provided valuable insights into our understand-
ing of human variation in the immune system related to sex, such
as during COVID-19 infection [246]. In Sweden, initiatives such as
Swedish CArdioPulmonary Biolmage Study [296] or EpiHealth
[297] have also included omics profiling in their studies and are
predicted to elevate our understanding of immune variation at
the population level. Together, open science resources and initia-
tives enable a deeper understanding of immune sex differences
by providing the data and tools necessary for uncovering



molecular, cellular, and systemic mechanisms underlying sex dif-
ferences in immune responses.

Conclusion

Sex differences are a fundamental aspect of human immunity.
Advances in systems immunology pave the way for a more holis-
tic understanding of how biological sex shapes the immune sys-
tem in steady state and upon perturbation. As high-throughput
technologies and computational tools become more accessible,
adherence to open science principles is essential for systematic
analysis of multimodal data. Population-level profiling paired
with cross-cohort comparisons will enable the disentanglement
of sex chromosome and sex hormone effects at all levels of im-
mune variation. These efforts lay the foundations for personal-
ized approaches to treating and managing diseases. Ultimately,
this will ensure that differences between males and females and
beyond the binary are properly accounted for in immunological
research and clinical practice.

Acknowledgements

We would like to acknowledge Hanne Frederiksen, Anders Juul
and colleagues at Copenhagen University Hospital who kindly
shared sex steroid reference intervals across human life that are
referenced in Fig. 2B. We also thank members of our Systems
Immunology Lab, colleagues at Lund University, LU Stem Cell
Centre, LU Wallenberg Centre for Molecular Medicine, ScilifeLab
and Data-Driven Life Sciences program for insightful discussions
and network. We acknowledge that Figs in this review have been
generated with Biorender.com.

Author contributions

Joan Escriva-Font (Conceptualization [equal], Data curation [equal],
Formal analysis [equal], Investigation [equal], Methodology [equal],
Visualization [equal], Writing—original draft [equal], Writing—re-
view & editing [equal]), Tianze Cao (Conceptualization [equal],
Investigation [equal], Methodology [equal], Visualization [equal],
Writing—original draft [equal], Writing—review & editing [equal]),
and Camila Consiglio (Conceptualization [equal], Formal analysis
[equal], Funding acquisition, Investigation [equal], Methodology
[equal], Project administration, Supervision, Visualization [equal],
Writing—original draft [equal], Writing—review & editing [equal])

Conflict of interest: No conflicts to declare.

Funding

JEF, TC, and CRC are supported by the ScilifeLab & Wallenberg
Data Driven Life Science Program (grant: KAW 2020.0239, Consiglio)
and The Swedish Research Council (grant: Vetenskapsradet 2024—
03592, Consiglio).

Data availability

No original data have been generated for this review.

Ethics approval
Not applicable.

Decoding sex differences in human immunity | 15

Consent

Not applicable.

References

1.

10.

11.

12.

13.

14.

15.

Zhang J, Dong X, Liu G, Gao Y. Risk and protective factors for
COVID-19 morbidity, severity, and mortality. Clin Rev Allergy
Immunol 2023;64:90-107. https://doi.org/10.1007/s12016-022-
08921-5.

. Davis MM. A prescription for human immunology. Immunity

2008;29:835-8. https://doi.org/10.1016/j.immuni.2008.12.003.

. Klein SL, Flanagan KL. Sex differences in immune responses.

Nat Rev Immunol 2016;16:626-38. https://doi.org/10.1038/nri.
2016.90.

Dias SP, Brouwer MC, Van De Beek D. Sex and gender differen-
ces in bacterial infections. Infect Immun 2022;90:€00283-22.
https://doi.org/10.1128/1ai.00283-22.

. Jacobsen H, Klein SL. Sex differences in immunity to viral

infections. Front Immunol 2021;12:720952. https://doi.org/10.
3389/fimmu.2021.720952.

Walsh §J, Rau LM. Autoimmune diseases: a leading cause of
death among young and middle-aged women in the United
States. Am ] Public Health 2000;90:1463-6. https://doi.org/10.
2105/AJPH.90.9.1463.

Conrad N, Misra S, Verbakel JY et al Incidence, prevalence, and
co-occurrence of autoimmune disorders over time and by age,
sex, and socioeconomic status: a population-based cohort
study of 22 million individuals in the UK. Lancet 2023;401:
1878-90. https://doi.org/10.1016/S0140-6736(23)00457-9.
Kriegova E, Manukyan G, Mikulkova Z et al Gender-related dif-
ferences observed among immune cells in synovial fluid in
knee osteoarthritis. Osteoarthritis Cartilage 2018;26:1247-56.
https://doi.org/10.1016/j.joca.2018.04.016.

Dong M, Cioffi G, Wang ] et al Sex differences in cancer inci-
dence and survival: a pan-cancer analysis. Cancer Epidemiol
Biomarkers Prev 2020;29:1389-97. https://doi.org/10.1158/1055-
9965.EPI-20-0036.

Puoti F, Ricci A, Nanni-Costa A et al Organ transplantation and
gender differences: a paradigmatic example of intertwining
between biological and sociocultural determinants. Biol Sex
Differ 2016;7:35.513293-016-0083-4. https://doi.org/10.1186/
513293-016-0088-4.

Gale RP, Bortin MM, Van Bekkum DW et al Risk factors for
acute graft-versus-host disease. Br ] Haematol 1987;67:397-406.
https://doi.org/10.1111/j.1365-2141.1987.tb06160.x.

Lau A, West L, Tullius SG. The impact of sex on alloimmunity.
Trends Immunol 2018;39:407-18. https://doi.org/10.1016/j.it.
2018.01.008.
Sénchez-de Prada L, Ortiz de Lejarazu-Leonardo R,
Castrodeza-Sanz] et al Do vaccines need a gender perspective?
Influenza says yes!. Front Immunol 2021;12:715688. https://doi.
org/10.3389/fimmu.2021.715688.

Engler RJM,. ( 2008;). Half- vs Full-Dose Trivalent Inactivated
Influenza Vaccine (2004-2005): Age, Dose, and Sex Effects on
Immune Responses. Arch Intern Med 168:2405. https://doi.org/
10.1001/archinternmed.2008.513.

Nguyen NT, Chinn J, Ferrante MD et al Male gender is a predic-
tor of higher mortality in hospitalized adults with COVID-19.
Plos ONE 2021;16:0254066. https://doi.org/10.1371/journal.
pone.0254066.


https://doi.org/10.1007/s12016-022-08921-5
https://doi.org/10.1007/s12016-022-08921-5
https://doi.org/10.1016/j.immuni.2008.12.003
https://doi.org/10.1038/nri.2016.90
https://doi.org/10.1038/nri.2016.90
https://doi.org/10.1128/iai.00283-22
https://doi.org/10.3389/fimmu.2021.720952
https://doi.org/10.3389/fimmu.2021.720952
https://doi.org/10.2105/AJPH.90.9.1463
https://doi.org/10.2105/AJPH.90.9.1463
https://doi.org/10.1016/S0140-6736(23)00457-9
https://doi.org/10.1016/j.joca.2018.04.016
https://doi.org/10.1158/1055-9965.EPI-20-0036
https://doi.org/10.1158/1055-9965.EPI-20-0036
https://doi.org/10.1186/s13293-016-0088-4
https://doi.org/10.1186/s13293-016-0088-4
https://doi.org/10.1111/j.1365-2141.1987.tb06160.x
https://doi.org/10.1016/j.it.2018.01.008
https://doi.org/10.1016/j.it.2018.01.008
https://doi.org/10.3389/fimmu.2021.715688
https://doi.org/10.3389/fimmu.2021.715688
https://doi.org/10.1001/archinternmed.2008.513
https://doi.org/10.1001/archinternmed.2008.513
https://doi.org/10.1371/journal.pone.0254066
https://doi.org/10.1371/journal.pone.0254066

16

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Escriva-Font et al.

Sellau J, Hansen CS, Gélvez RI et al Immunological clues to sex
differences in parasitic diseases. Trends Parasitol 2024;40:
1029-41. https://doi.org/10.1016/j.pt.2024.09.006.

Scully EP, Haverfield ], Ursin RL et al Considering how biologi-
cal sex impacts immune responses and COVID-19 outcomes.
Nat Rev Immunol 2020;20:442-7. https://doi.org/10.1038/
s41577-020-0348-8.

Silva J, Iwasaki A. Sex differences in postacute infection syn-
dromes. Sci Transl Med 2024;16:ead02102. https://doi.org/10.
1126/scitranslmed.ado2102.

Chen C, Haupert SR, Zimmermann L et al Global prevalence of
post-coronavirus disease 2019 (COVID-19) condition or long
covid: a meta-analysis and systematic review. ] Infect Dis 2022;
226:1593-607. https://doi.org/10.1093/infdis/jiac136.

Davis HE, McCorkell L, Vogel JM, Topol EJ. Long COVID: major
findings, mechanisms and recommendations. Nat Rev Microbiol
2023;21:133-46. https://doi.org/10.1038/541579-022-00846-2.
Invernizzi P, Pasini S, Selmi C et al Female predominance and
X chromosome defects in autoimmune diseases. ] Autoimmun
2009;33:12-6. https://doi.org/10.1016/j jaut.2009.03.005.

Scott DM, Ehrmann IE, Ellis PS et al Why do some females re-
ject males? The molecular basis for male-specific graft rejec-
tion. J Mol Med (Berl) 1997;75:103-14. https://doi.org/10.1007/
$001090050095.

Patel MS, Mian A, Jalota A et al Sex-specific risk factors for sur-
vival in b-cell non-hodgkin lymphoma patients after anti-
CD19 CAR T-cell therapy. Preprint 2024; https://doi.org/10.
1101/2024.12.12.24318935.

Hu W, Qian X, Wang S et al Sex-a potential factor affecting im-
mune checkpoint inhibitor therapy for cancers. Front Immunol
2022;13:1024112. https://doi.org/10.3389/fimmu.2022.1024112.
Belmonte RL, Corbally M-K, Duneau DF, Regan JC. Sexual
Dimorphisms in Innate Immunity and Responses to Infection
in Drosophila melanogaster. Front Immunol 2019;10:3075.
https://doi.org/10.3389/immu.2019.03075.

Braga Tibaes JR, Barreto Silva MI, Wollin B et al Sex differences
in systemic inflammation and immune function in diet-
induced obesity rodent models: A systematic review. Obes Rev
2024;25:e13665. https://doi.org/10.1111/0br.13665.
Fairweather D, Beetler DJ, McCabe EJ, Lieberman SM.
Mechanisms underlying sex differences in autoimmunity. J
Clin Invest 2024;134: https://doi.org/10.1172/JCI180076.
Mariencheck CL. The immunity gap in primates. Evol Anthropol
2024;33:e22038. https://doi.org/10.1002/evan.22038.

Kelly CD, Stoehr AM, Nunn C et al Sexual dimorphism in im-
munity across animals: a meta-analysis. Ecol Lett 2018;21:
1885-94. https://doi.org/10.1111/ele.13164.

Gal-Oz ST, Shay T. Immune sexual dimorphism: connecting
the dots. Physiology (Bethesda) 2022;37:55-68. https://doi.org/10.
1152/physiol.00006.2021.

Forsyth KS, Jiwrajka N, Lovell CD et al The conneXion between
sex and immune responses. Nat Rev Immunol 2024;24:487-502.
https://doi.org/10.1038/s41577-024-00996-9.

Barreto VM, Kubasova N, Alves-Pereira CF, Gendrel A-V. X-
chromosome inactivation and autosomal random monoallelic
expression as “Faux Amis”. Front Cell Dev Biol 2021;9:740937.
https://doi.org/10.3389/fcell.2021.740937.

Wang]J, Syrett CM, Kramer MC et al Unusual maintenance of X
chromosome inactivation predisposes female lymphocytes for
increased expression from the inactive X. Proc Natl Acad Sci
USA 2016;113: https://doi.org/10.1073/pnas.1520113113.
Tukiainen T, Villani A-C, Yen A, Genome Browser Data
Integration &Visualization—UCSC Genomics Institute, University

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

of California Santa Cruz et al Landscape of X chromosome inacti-
vation across human tissues. Nature 2017;550:244-8. https://doi.
org/10.1038/nature24265.

Souyris M, Cenac C, Azar P et al TLR7 escapes X chromosome
inactivation in immune cells. Sci Immunol 2018;3:eaap8855.
https://doi.org/10.1126/sciimmunol.aap8855.

Lian X, Xiao R, Hu X et al DNA demethylation of CD40L in
CD4+ T cells from women with systemic sclerosis: A possible
explanation for female susceptibility. Arthritis Rheum 2012;64:
2338-45. https://doi.org/10.1002/art.34376.

Gylemo B, Bensberg M, Hennings V et al A landscape of X-inac-
tivation during human T cell development. Nat Commun 2024;
15:10527. https://doi.org/10.1038/s41467-024-54110-7.
Shvetsova E, Sofronova A, Monajemi R, BIOS consortium,
GoNL consortium et al Skewed X-inactivation is common in
the general female population. EurJ Hum Genet 2019;27:455-65.
https://doi.org/10.1038/s41431-018-0291-3.

Sarmiento L, Svensson J, Barchetta I et al Copy number of the
X-linked genes TLR7 and CD40L influences innate and adap-
tive immune responses. Scand ] Immunol 2019;90:€12776.
https://doi.org/10.1111/sji.12776.

Sawalha AH, Harley JB, Scofield RH. Autoimmunity and
Klinefelter's syndrome: When men have two X chromosomes.
J Autoimmun 2009;33:31-4. https://doi.org/10.1016/j.jaut.2009.
03.006.

Seminog OO, Seminog AB, Yeates D, Goldacre MJ. Associations
between Klinefelter's syndrome and autoimmune diseases:
English national record linkage studies. Autoimmunity 2015;48:
125-8. https://doi.org/10.3109/08916934.2014.968918.

Maan AA, Eales J, Akbarov A et al The Y chromosome: a blue-
print for men’s health? Eur ] Hum Genet 2017;25:1181-8.
https://doi.org/10.1038/ejhg.2017.128.

Sezgin E, Lind JM, Shrestha S et al Association of Y chromo-
some haplogroup I with HIV progression, and HAART out-
come. Hum Genet 2009;125:281-94. https://doi.org/10.1007/
500439-008-0620-7.

Yedavalli VSRK, Neuveut C, Chi Y et al Requirement of DDX3
DEAD box RNA helicase for HIV-1 Rev-RRE export function.
Cell 2004;119:381-92. https://doi.org/10.1016/j.cell.2004.
09.029.

Bruhn-Olszewska B, Davies H, Sarkisyan D et al Loss of Y in
leukocytes as a risk factor for critical COVID-19 in men.
Genome Med 2022;14:139. https://doi.org/10.1186/s13073-022-
01144-5.

Dumanski JP, Halvardson J, Davies H et al Immune cells lack-
ing Y chromosome show dysregulation of autosomal gene ex-
pression. Cell Mol Life Sci 2021;78:4019-33. https://doi.org/10.
1007/s00018-021-03822-w.

Frederiksen H, Johannsen TH, Andersen SE et al Sex- and age-
specific reference intervals of 16 steroid metabolites quantified
simultaneously by LC-MS/MS in sera from 2458 healthy sub-
jects aged 0 to 77 years. Clin Chim Acta 2024;562:119852.
https://doi.org/10.1016/j.cca.2024.119852.

Tanriverdi F, Silveira LF, MacColl GS, Bouloux PM. The
hypothalamic-pituitary-gonadal axis: immune function and
autoimmunity. J Endocrinol 2003;176:293-304. https://doi.org/
10.1677/j0e.0.1760293.

Quintanar JL, Guzman-Soto I. Hypothalamic neurohormones
and immune responses. Front Integr Neurosci 2013;7:56. https://
doi.org/10.3389/fnint.2013.00056.

Notas G, Kampa M, Castanas E. G protein-coupled estrogen
receptor in immune cells and its role in immune-related


https://doi.org/10.1016/j.pt.2024.09.006
https://doi.org/10.1038/s41577-020-0348-8
https://doi.org/10.1038/s41577-020-0348-8
https://doi.org/10.1126/scitranslmed.ado2102
https://doi.org/10.1126/scitranslmed.ado2102
https://doi.org/10.1093/infdis/jiac136
https://doi.org/10.1038/s41579-022-00846-2
https://doi.org/10.1016/j.jaut.2009.03.005
https://doi.org/10.1007/s001090050095
https://doi.org/10.1007/s001090050095
https://doi.org/10.1101/2024.12.12.24318935
https://doi.org/10.1101/2024.12.12.24318935
https://doi.org/10.3389/fimmu.2022.1024112
https://doi.org/10.3389/fimmu.2019.03075
https://doi.org/10.1111/obr.13665
https://doi.org/10.1172/JCI180076
https://doi.org/10.1002/evan.22038
https://doi.org/10.1111/ele.13164
https://doi.org/10.1152/physiol.00006.2021
https://doi.org/10.1152/physiol.00006.2021
https://doi.org/10.1038/s41577-024-00996-9
https://doi.org/10.3389/fcell.2021.740937
https://doi.org/10.1073/pnas.1520113113
https://doi.org/10.1038/nature24265
https://doi.org/10.1038/nature24265
https://doi.org/10.1126/sciimmunol.aap8855
https://doi.org/10.1002/art.34376
https://doi.org/10.1038/s41467-024-54110-7
https://doi.org/10.1038/s41431-018-0291-3
https://doi.org/10.1111/sji.12776
https://doi.org/10.1016/j.jaut.2009.03.006
https://doi.org/10.1016/j.jaut.2009.03.006
https://doi.org/10.3109/08916934.2014.968918
https://doi.org/10.1038/ejhg.2017.128
https://doi.org/10.1007/s00439-008-0620-7
https://doi.org/10.1007/s00439-008-0620-7
https://doi.org/10.1016/j.cell.2004.09.029
https://doi.org/10.1016/j.cell.2004.09.029
https://doi.org/10.1186/s13073-022-01144-5
https://doi.org/10.1186/s13073-022-01144-5
https://doi.org/10.1007/s00018-021-03822-w
https://doi.org/10.1007/s00018-021-03822-w
https://doi.org/10.1016/j.cca.2024.119852
https://doi.org/10.1677/joe.0.1760293
https://doi.org/10.1677/joe.0.1760293
https://doi.org/10.3389/fnint.2013.00056
https://doi.org/10.3389/fnint.2013.00056

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

diseases. Front Endocrinol (Lausanne) 2020;11:579420. https://
doi.org/10.3389/fendo.2020.579420.

Casarini L, Crépieux P. Molecular mechanisms of action of
FSH. Front Endocrinol (Lausanne) 2019;10:305. https://doi.org/10.
3389/fendo.2019.00305.

Shpakov AO. Hormonal and allosteric regulation of the
luteinizing hormone/chorionic gonadotropin receptor. Front
Biosci (Landmark Ed) 2024;29:313. https://doi.org/10.31083/j.fbl2
909313.

Thomas P. Membrane androgen receptors unrelated to nuclear
steroid receptors. Endocrinology 2019;160:772-81. https://doi.
0rg/10.1210/en.2018-00987.

Thomas P. Membrane progesterone receptors (mPRs, PAQRs):
review of structural and signaling characteristics. Cells 2022;
11:1785. https://doi.org/10.3390/cells11111785.

Thiebaut C, Vlaeminck-Guillem V, Trédan O et al Non-geno-
mic signaling of steroid receptors in cancer. Mol Cell Endocrinol
2021;538:111453. https://doi.org/10.1016/j.mce.2021.111453.
Naamneh Elzenaty R, Du Toit T, Flick CE. Basics of androgen
synthesis and action. Best Pract Res Clin Endocrinol Metab 2022;
36:101665. https://doi.org/10.1016/j.beem.2022.101665.
Simpson ER. Sources of estrogen and their importance. J Steroid
Biochem Mol Biol 2003;86:225-30. https://doi.org/10.1016/S0960-
0760(03)00360-1.

Nelson LR, Bulun SE. Estrogen production and action. ] Am
Acad Dermatol 2001;45:5116-S124. https://doi.org/10.1067/mjd.
2001.117432.

Diep CH, Daniel AR, Mauro LJ et al Progesterone action in
breast, uterine, and ovarian cancers. J Mol Endocrinol 2015;54:
R31-R53. https://doi.org/10.1530/JME-14-0252.

Jacobs MN, Lewis DFV. Steroid hormone receptors and dietary
ligands: a selected review. Proc Nutr Soc 2002;61:105-22.
https://doi.org/10.1079/PNS2001140.

Steroid hormone receptors | Nuclear hormone receptors |
[UPHAR/BPS Guide to PHARMACOLOGY https://www.guideto
pharmacology.org/GRAC/FamilyDisplayForward?familyld=
107 &familyType=NHR.

Abdelbaset-Ismail A, Suszynska M, Borkowska S et al Human
haematopoietic stem/progenitor cells express several func-
tional sex hormone receptors. ] Cell Mol Med 2016;20:134-46.
https://doi.org/10.1111/jcmm.12712.

Henderson TA, Saunders PTK, Moffett-King A et al Steroid re-
ceptor expression in uterine natural killer cells. J Clin Endocrinol
Metab 2003;88:440-9. https://doi.org/10.1210/jc.2002-021174.
Liberzon A, Subramanian A, Pinchback R et al Molecular signa-
tures database (MSigDB) 3.0. Bioinformatics 2011;27:1739-40.
https://doi.org/10.1093/bioinformatics/btr260.

Liberzon A, Birger C, Thorvaldsdéttir H et al The molecular sig-
natures database hallmark gene set collection. Cell Syst 2015;1:
417-25. https://doi.org/10.1016/j.cels.2015.12.004.

Mei S, Qin Q, Wu Q et al Cistrome Data Browser: a data portal
for ChIP-Seq and chromatin accessibility data in human and
mouse. Nucleic Acids Res 2017;45:D658-D662. https://doi.org/
10.1093/nar/gkw983.

Zheng R, Wan C, Mei S et al Cistrome data browser: expanded
datasets and new tools for gene regulatory analysis. Nucleic
Acids Res 2019;47:D729-D735. https://doi.org/10.1093/nar/
gky1094.

Liska O, Bohdr B, Hidas A et al TFLink: an integrated gateway
to access transcription factor-target gene interactions for mul-
tiple species. Database 2022;2022:baac083. https://doi.org/10.
1093/database/baac083.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

Decoding sex differences in human immunity | 17

Wang D, Cheng C, Chen X et al IL-18 Is an androgen-responsive
target in macrophages for immunotherapy of prostate cancer.
Adv Sci (Weinh) 2023;10:e2206889. https://doi.org/10.1002/
advs.202206889.

Cioni B, Zaalberg A, van Beijnum JR et al Androgen receptor
signalling in macrophages promotes TREM-1-mediated pros-
tate cancer cell line migration and invasion. Nat Commun 2020;
11:4498. https://doi.org/10.1038/s41467-020-18313-y.

Walecki M, Eisel F, Klug J et al Androgen receptor modulates
Foxp3 expression in CD4+ CD25" Foxp3™ regulatory T-cells.
Mol Biol Cell 2015;26:2845-57. https://doi.org/10.1091/mbc.E14-
08-1323.

Adurthi S, Kumar MM, Vinodkumar HS et al Oestrogen recep-
tor-a binds the FOXP3 promoter and modulates regulatory T-
cell function in human cervical cancer. Sci Rep 2017;7:17289.
https://doi.org/10.1038/s41598-017-17102-w.

Kramer PR, Winger V, Kramer SF. 178-Estradiol utilizes the es-
trogen receptor to regulate CD16 expression in monocytes. Mol
Cell Endocrinol 2007;279:16-25. https://doi.org/10.1016/j.mce.
2007.08.014.

Huang D, Huang Z, Indukuri R et al Estrogen receptor g (ESR2)
transcriptome and chromatin binding in a mantle cell lym-
phoma tumor model reveal the tumor-suppressing mecha-
nisms of estrogens. Cancers (Basel) 2022;14:3098. https://doi.
org/10.3390/cancers14133098.

Truong TH, Lange CA. Deciphering steroid receptor crosstalk
in hormone-driven cancers. Endocrinology 2018;159:3897-907.
https://doi.org/10.1210/en.2018-00831.

Panet-Raymond V, Gottlieb B, Beitel LK et al Interactions be-
tween androgen and estrogen receptors and the effects on
their transactivational properties. Mol Cell Endocrinol 2000;167:
139-50. https://doi.org/10.1016/S0303-7207(00)00279-3.

De Bosscher K, Desmet S, Clarisse D et al Nuclear receptor
crosstalk-defining the mechanisms for therapeutic innova-
tion. Nat Rev Endocrinol 2020;16:363-77. https://doi.org/10.
1038/541574-020-0349-5.

Paakinaho V, Palvimo JJ. Genome-wide crosstalk between
steroid receptors in breast and prostate cancers. Endocr
Relat Cancer 2021;28:R231-R250. https://doi.org/10.1530/ERC-
21-0038.

Hoffmann JP, Liu JA, Seddu K, Klein SL. Sex hormone signaling
and regulation of immune function. Immunity 2023;56:
2472-91. https://doi.org/10.1016/j.immuni.2023.10.008.

Dosiou C, Hamilton AE, Pang Y et al Expression of membrane
progesterone receptors on human T lymphocytes and Jurkat
cells and activation of G-proteins by progesterone. ] Endocrinol
2008;196:67-77. https://doi.org/10.1677/JOE-07-0317.

Carbone F, Procaccini C, De Rosa V et al Divergent immuno-
modulatory effects of recombinant and urinary-derived FSH,
LH, and hCG on human CD4+ T cells. ] Reprod Immunol 2010;85:
172-9. https://doi.org/10.1016/].jri.2010.02.009.

Velardi E, TsaiJJ, Radtke S et al Suppression of luteinizing hor-
mone enhances HSC recovery after hematopoietic injury. Nat
Med 2018;24:239-46. https://doi.org/10.1038/nm.4470.
Zakharova L, Sharova V, Izvolskaia M. Mechanisms of recipro-
cal regulation of gonadotropin-releasing hormone (GnRH)-pro-
ducing and immune systems: the role of GnRH, cytokines and
their receptors in early ontogenesis in normal and pathological
conditions. Int J Mol Sci 2020;22:114. https://doi.org/10.3390/
ijms22010114.

Fisher DA. The unique endocrine milieu of the fetus. J Clin
Invest 1986;78:603-11. https://doi.org/10.1172/JCI112616.


https://doi.org/10.3389/fendo.2020.579420
https://doi.org/10.3389/fendo.2020.579420
https://doi.org/10.3389/fendo.2019.00305
https://doi.org/10.3389/fendo.2019.00305
https://doi.org/10.31083/j.fbl2909313
https://doi.org/10.31083/j.fbl2909313
https://doi.org/10.1210/en.2018-00987
https://doi.org/10.1210/en.2018-00987
https://doi.org/10.3390/cells11111785
https://doi.org/10.1016/j.mce.2021.111453
https://doi.org/10.1016/j.beem.2022.101665
https://doi.org/10.1016/S0960-0760(03)00360-1
https://doi.org/10.1016/S0960-0760(03)00360-1
https://doi.org/10.1067/mjd.2001.117432
https://doi.org/10.1067/mjd.2001.117432
https://doi.org/10.1530/JME-14-0252
https://doi.org/10.1079/PNS2001140
https://www.guidetopharmacology.org/GRAC/FamilyDisplayForward?familyId=107&familyType=NHR
https://www.guidetopharmacology.org/GRAC/FamilyDisplayForward?familyId=107&familyType=NHR
https://www.guidetopharmacology.org/GRAC/FamilyDisplayForward?familyId=107&familyType=NHR
https://doi.org/10.1111/jcmm.12712
https://doi.org/10.1210/jc.2002-021174
https://doi.org/10.1093/bioinformatics/btr260
https://doi.org/10.1016/j.cels.2015.12.004
https://doi.org/10.1093/nar/gkw983
https://doi.org/10.1093/nar/gkw983
https://doi.org/10.1093/nar/gky1094
https://doi.org/10.1093/nar/gky1094
https://doi.org/10.1093/database/baac083
https://doi.org/10.1093/database/baac083
https://doi.org/10.1002/advs.202206889
https://doi.org/10.1002/advs.202206889
https://doi.org/10.1038/s41467-020-18313-y
https://doi.org/10.1091/mbc.E14-08-1323
https://doi.org/10.1091/mbc.E14-08-1323
https://doi.org/10.1038/s41598-017-17102-w
https://doi.org/10.1016/j.mce.2007.08.014
https://doi.org/10.1016/j.mce.2007.08.014
https://doi.org/10.3390/cancers14133098
https://doi.org/10.3390/cancers14133098
https://doi.org/10.1210/en.2018-00831
https://doi.org/10.1016/S0303-7207
https://doi.org/10.1038/s41574-020-0349-5
https://doi.org/10.1038/s41574-020-0349-5
https://doi.org/10.1530/ERC-21-0038
https://doi.org/10.1530/ERC-21-0038
https://doi.org/10.1016/j.immuni.2023.10.008
https://doi.org/10.1677/JOE-07-0317
https://doi.org/10.1016/j.jri.2010.02.009
https://doi.org/10.1038/nm.4470
https://doi.org/10.3390/ijms22010114
https://doi.org/10.3390/ijms22010114
https://doi.org/10.1172/JCI112616

18

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

Escriva-Font et al.

Petraglia F, Angioni S, Coukos G et al Neuroendocrine Mechanisms
Regulating Placental Hormone Production 1991;18:147-156.
https://doi.org/10.1159/000418462.

Kuijper E. AM, Ket JCF, Caanen MR et al Reproductive hormone
concentrations in pregnancy and neonates: a systematic re-
view. Reprod Biomed Online 2013;27:33-63. https://doi.org/10.
1016/j.rbmo.2013.03.009.

Scott HM, Mason JI, Sharpe RM. Steroidogenesis in the fetal
testis and its susceptibility to disruption by exogenous com-
pounds. Endocr Rev 2009;30:883-925. https://doi.org/10.1210/
er.2009-0016.

Kuiri-Hénninen T, Sankilampi U, Dunkel L. Activation of the
hypothalamic-pituitary-gonadal axis in infancy: minipuberty.
Horm Res Paediatr 2014;82:73-80. https://doi.org/10.1159/0003
62414.

Manotas MC, Gonzdlez DM, Céspedes C et al Genetic and epi-
genetic control of puberty. Sex Dev 2022;16:1-10. https://doi.
0rg/10.1159/000519039.

Leffler J, Triggianese P. Editorial: The relationship between pu-
berty and immune-driven disease. Front Pediatr 2023;11:
1244240. https://doi.org/10.3389/fped.2023.1244240.

Desai MK, Brinton RD. Autoimmune disease in women: endo-
crine transition and risk across the lifespan. Front Endocrinol
(Lausanne)  2019;10:265. https://doi.org/10.3389/fendo.2019.
00265.

Oertelt-Prigione S. Immunology and the menstrual cycle.
Autoimmun Rev 2012;11:A486-A492. https://doi.org/10.1016/j.
autrev.2011.11.023.

Colangelo K, Haig S, Bonner A et al Self-reported flaring varies
during the menstrual cycle in systemic lupus erythematosus
compared with rheumatoid arthritis and fibromyalgia.
Rheumatology (Oxford) 2011;50:703-8. https://doi.org/10.1093/
rheumatology/keq360.

Zorgdrager A, De Keyser J. The premenstrual period and exac-
erbations in multiple sclerosis. Eur Neurol 2002;48:204-6.
https://doi.org/10.1159/000066166.

Zorgdrager A, De Keyser J. Menstrually related worsening of
symptoms in multiple sclerosis. J Neurol Sci 1997;149:95-7.
https://doi.org/10.1016/50022-510X(97)05396-3.

Rudge SR, Kowanko IC, Drury PL. Menstrual cyclicity of finger
joint size and grip strength in patients with rheumatoid arthri-
tis. Ann Rheum Dis 1983;42:425-30. https://doi.org/10.1136/ard.
42.4.425.

Latman NS. Relation of menstrual cycle phase to symptoms of
rheumatoid arthritis. Am J Med 1983;74:957-60. https://doi.org/
10.1016/0002-9343(83)90789-1.

Maria Merz W, Fischer-Betz R, Hellwig K et al Pregnancy and
autoimmune disease. Dtsch Arztebl Int 2022:119:145-56.
https://doi.org/10.3238/arztebl.m2021.0353.

Nelson HD. Menopause. Lancet 2008;371:760-70. https://doi.
0rg/10.1016/50140-6736(08)60346-3.

Matsumoto AM. Andropause: clinical implications of the de-
cline in serum testosterone levels with aging in men. J Gerontol
A Biol Sci Med Sci 2002;57:M76-M99. https://doi.org/10.1093/ge
rona/57.2.M76.

Singh P. Andropause: current concepts. Indian J Endocr Metab
2013;17:621. https://doi.org/10.4103/2230-8210.123552.
Ysrraelit MC, Correale J. Impact of andropause on multiple
sclerosis. Front Neurol 2021;12:766308. https://doi.org/10.3389/
fneur.2021.766308.

Shabbir S, Khurram E, Moorthi VS et al The interplay between
androgens and the immune response in polycystic ovary

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

syndrome. J Transl Med 2023;21:259. https://doi.org/10.1186/
$12967-023-04116-4.

Carnegie C. Diagnosis of hypogonadism: clinical assessments
and laboratory tests. Rev Urol 2004;6:53-S8.

Baillargeon ], Al Snih S, Raji MA et al Hypogonadism and the
risk of rheumatic autoimmune disease. Clin Rheumatol 2016;35:
2983-7. https://doi.org/10.1007/s10067-016-3330-x.
Voutsadaki K, Matalliotakis M, Ladomenou F. Hypogonadism
in adolescent girls: treatment and long-term effects. Acta
Biomedica Atenei Parmensis 2022;93:e2022317. https://doi.org/
10.23750/abm.v93i5.13719.

De Sanctis V, Khater D. Autoimmune diseases in Turner syn-
drome: an overview. Acta Bio Medica Atenei Parmensis 2019;90:
341-4. https://doi.org/10.23750/abm.v90i3.8737.

Sullivan DA, Sullivan BD, Evans JE et al Androgen deficiency,
meibomian gland dysfunction, and evaporative dry eye. Ann N
Y Acad Sci 2002;966:211-22. https://doi.org/10.1111/j.1749-
6632.2002.tb04217 .x.

Walker MD, Zylberberg HM, Green PHR et al Endocrine compli-
cations of celiac disease: a case report and review of the litera-
ture. Endocr Res 2019;44:27-45. https://doi.org/10.1080/07435
800.2018.1509868.

Williams WV. Hormonal contraception and the development
of autoimmunity: A review of the literature. Linacre Q 2017;84:
275-95. https://doi.org/10.1080/00243639.2017.1360065.
Tangpricha V, Den Heijer M. Oestrogen and anti-androgen
therapy for transgender women. Lancet Diabetes Endocrinol
2017;5:291-300. https://doi.org/10.1016/52213-8587(16)30319-9.
Pakpoor J, Wotton CJ, Schmierer K et al Gender identity disor-
ders and multiple sclerosis risk: a national record-linkage
study. Mult Scler 2016;22:1759-62. https://doi.org/10.1177/
1352458515627205.

Irwig MS. Testosterone therapy for transgender men. Lancet
Diabetes Endocrinol 2017;5:301-11. https://doi.org/10.1016/
$2213-8587(16)00036-X.

HuangJ, Lin B, Li B. Anti-androgen receptor therapies in pros-
tate cancer: a brief update and perspective. Front Oncol 2022;
12:865350. https://doi.org/10.3389/fonc.2022.865350.

Huang H, Zhou J, Chen H et al The immunomodulatory effects
of endocrine therapy in breast cancer. ] Exp Clin Cancer Res
2021;40:19. https://doi.org/10.1186/5s13046-020-01788-4.

Guan X, Polesso F, Wang C et al Androgen receptor activityin T
cells limits checkpoint blockade efficacy. Nature 2022;606:
791-6. https://doi.org/10.1038/541586-022-04522-6.

Richards JO, Albers AJ, Smith TS et al NK cell-mediated anti-
body-dependent cellular cytotoxicity is enhanced by tamoxi-
fen in HER2/neu non-amplified, but not HER2/neu-amplified,
breast cancer cells. Cancer Immunol Immunother 2016;65:1337-5.
https://doi.org/10.1007/500262-016-1885-7.

Corriden R, Hollands A, Olson J et al Tamoxifen augments the
innate immune function of neutrophils through modulation of
intracellular ceramide. Nat Commun 2015;6:8369. https://doi.
0rg/10.1038/ncomms9369.

Cani M, Epistolio S, Dazio G et al Antiandrogens as therapies
for COVID-19: a systematic review. Cancers (Basel) 2024;16:298.
https://doi.org/10.3390/cancers16020298.

Shayestehfar M, Salari M, Karimi S et al Sex hormone therapy
in multiple sclerosis: A systematic review of randomized clini-
cal trials. J Cent Nerv Syst Dis 2024;16:11795735231223411.
https://doi.org/10.1177/11795735231223411.

Tsang, J. (2024). Towards Al Models of Human Immunity: Past,
Present, Future. https://doi.org/10.5281/zenodo.14254157.


https://doi.org/10.1159/000418462
https://doi.org/10.1016/j.rbmo.2013.03.009
https://doi.org/10.1016/j.rbmo.2013.03.009
https://doi.org/10.1210/er.2009-0016
https://doi.org/10.1210/er.2009-0016
https://doi.org/10.1159/000362414
https://doi.org/10.1159/000362414
https://doi.org/10.1159/000519039
https://doi.org/10.1159/000519039
https://doi.org/10.3389/fped.2023.1244240
https://doi.org/10.3389/fendo.2019.00265
https://doi.org/10.3389/fendo.2019.00265
https://doi.org/10.1016/j.autrev.2011.11.023
https://doi.org/10.1016/j.autrev.2011.11.023
https://doi.org/10.1093/rheumatology/keq360
https://doi.org/10.1093/rheumatology/keq360
https://doi.org/10.1159/000066166
https://doi.org/10.1016/S0022-510X(97)05396-3
https://doi.org/10.1136/ard.42.4.425
https://doi.org/10.1136/ard.42.4.425
https://doi.org/10.1016/0002-9343(83)90789-1
https://doi.org/10.1016/0002-9343(83)90789-1
https://doi.org/10.3238/arztebl.m2021.0353
https://doi.org/10.1016/S0140-6736
https://doi.org/10.1016/S0140-6736
https://doi.org/10.1093/gerona/57.2.M76
https://doi.org/10.1093/gerona/57.2.M76
https://doi.org/10.4103/2230-8210.123552
https://doi.org/10.3389/fneur.2021.766308
https://doi.org/10.3389/fneur.2021.766308
https://doi.org/10.1186/s12967-023-04116-4
https://doi.org/10.1186/s12967-023-04116-4
https://doi.org/10.1007/s10067-016-3330-x
https://doi.org/10.23750/abm.v93i5.13719
https://doi.org/10.23750/abm.v93i5.13719
https://doi.org/10.23750/abm.v90i3.8737
https://doi.org/10.1111/j.1749-6632.2002.tb04217.x
https://doi.org/10.1111/j.1749-6632.2002.tb04217.x
https://doi.org/10.1080/07435800.2018.1509868
https://doi.org/10.1080/07435800.2018.1509868
https://doi.org/10.1080/00243639.2017.1360065
https://doi.org/10.1016/S2213-8587
https://doi.org/10.1177/1352458515627205
https://doi.org/10.1177/1352458515627205
https://doi.org/10.1016/S2213-8587(16)00036-X
https://doi.org/10.1016/S2213-8587(16)00036-X
https://doi.org/10.3389/fonc.2022.865350
https://doi.org/10.1186/s13046-020-01788-4
https://doi.org/10.1038/s41586-022-04522-6
https://doi.org/10.1007/s00262-016-1885-7
https://doi.org/10.1038/ncomms9369
https://doi.org/10.1038/ncomms9369
https://doi.org/10.3390/cancers16020298
https://doi.org/10.1177/11795735231223411
https://doi.org/10.5281/zenodo.14254157

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

Krausgruber T, Fortelny N, Fife-Gernedl V et al Structural cells
are key regulators of organ-specific immune responses. Nature
2020;583:296-302. https://doi.org/10.1038/s41586-020-2424-4.
Scepanovic P, Alanio C, Hammer C, Milieu Intérieur
Consortium et al Human genetic variants and age are the
strongest predictors of humoral immune responses to com-
mon pathogens and vaccines. Genome Med 2018;10:59. https://
doi.org/10.1186/s13073-018-0568-8.

Yao S, Hong C-C, Ruiz-Narvdez EA et al Genetic ancestry and
population differences in levels of inflammatory cytokines in
women: Role for evolutionary selection and environmental
factors. PLoS Genet 2018;14:e1007368. https://doi.org/10.1371/
journal.pgen.1007368.

Bertrand A, Sugrue J, Lou T, Milieu Intérieur Consortium et al
Impact of socioeconomic status on healthy immune responses
in humans. Immunol Cell Biol 2024;102:618-29. https://doi.org/
10.1111/imcb.12789.

Argentieri MA, Amin N, Nevado-Holgado AJ et al Integrating
the environmental and genetic architectures of aging and mor-
tality. Nat Med 2025;31:1016-25. https://doi.org/10.1038/
$41591-024-03483-9.

Danieli MG, Casciaro M, Paladini A et al Exposome: epigenetics
and autoimmune diseases. Autoimmun Rev 2024;23:103584.
https://doi.org/10.1016/j.autrev.2024.103584.

Bucher ML, Anderson FL, Lai Y et al Exposomics as a tool to in-
vestigate differences in health and disease by sex and gender.
Exposome 2023;3:0sad003. https://doi.org/10.1093/expo
some/0sad003.

Wik L, Nordberg N, Broberg] et al Proximity extension assay in
combination with next-generation sequencing for high-
throughput proteome-wide analysis. Mol Cell Proteomics 2021;
20:100168. https://doi.org/10.1016/j.mcpro.2021.100168.
Kraemer S, Schneider DJ, Paterson C et al Crossing the halfway
point: aptamer-based, highly multiplexed assay for the assess-
ment of the proteome. ] Proteome Res 2024;23:4771-88. https://
doi.org/10.1021/acs.jproteome.4c00411.

ShiH, Doench JG, Chi H. CRISPR screens for functional interro-
gation of immunity. Nat Rev Immunol 2023;23:363-80. https://
doi.org/10.1038/s41577-022-00802-4.

Kashima Y, Sakamoto Y, Kaneko K et al Single-cell sequencing
techniques from individual to multiomics analyses. Exp Mol
Med  2020;52:1419-27. https://doi.org/10.1038/512276-020-
00499-2.

Buenrostro JD, Wu B, Litzenburger UM et al Single-cell chro-
matin accessibility reveals principles of regulatory variation.
Nature 2015;523:486-90. https://doi.org/10.1038/nature14590.
Bartosovic M, Castelo-Branco G. Multimodal chromatin profil-
ing using nanobody-based single-cell CUT&Tag. Nat Biotechnol
2023;41:794-805. https://doi.org/10.1038/s41587-022-01535-4.
Lee J, Hyeon DY, Hwang D. Single-cell multiomics: technolo-
gies and data analysis methods. Exp Mol Med 2020;52:1428-42.
https://doi.org/10.1038/s12276-020-0420-2.

Zheng B, Yang Y, Chen L et al B-cell receptor repertoire se-
quencing: Deeper digging into the mechanisms and clinical
aspects of immune-mediated diseases. iScience 2022;25:
105002. https://doi.org/10.1016/j.isci.2022.105002.

PaiJA, Satpathy AT. High-throughput and single-cell T cell re-
ceptor sequencing technologies. Nat Methods 2021;18:881-92.
https://doi.org/10.1038/s41592-021-01201-8.

Davis MM, Tato CM, Furman D. Systems immunology: just get-
ting started. Nat Immunol 2017;18:725-32. https://doi.org/10.
1038/ni.3768.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

Decoding sex differences in human immunity | 19

Subramanian A, Tamayo P, Mootha VK et al Gene set enrich-
ment analysis: a knowledge-based approach for interpreting
genome-wide expression profiles. Proc Natl Acad Sci U S A 2005;
102:15545-50. https://doi.org/10.1073/pnas.0506580102.
Szklarczyk D, Kirsch R, Koutrouli M et al The STRING database
in 2023: protein—protein association networks and functional
enrichment analyses for any sequenced genome of interest.
Nucleic Acids Res 2023;51:D638-D646. https://doi.org/10.1093/
nar/gkac1000.

Rauluseviciute I, Riudavets-Puig R, Blanc-Mathieu R et al
JASPAR 2024: 20th anniversary of the open-access database of
transcription factor binding profiles. Nucleic Acids Res 2024;52:
D174-D182. https://doi.org/10.1093/nar/gkad1059.

Efremova M, Vento-Tormo M, Teichmann SA et al
CellPhoneDB: inferring cell-cell communication from com-
bined expression of multi-subunit ligand-receptor complexes.
Nat Protoc 2020;15:1484-506. https://doi.org/10.1038/s41596-
020-0292-x.

Jin S, Guerrero-Juarez CF, Zhang L et al Inference and analysis
of cell-cell communication using CellChat. Nat Commun 2021;
12:1088. https://doi.org/10.1038/s41467-021-21246-9.

Tirei D, Valdeolivas A, Gul L et al Integrated intra- and inter-
cellular signaling knowledge for multicellular omics analysis.
Mol  Syst Biol 2021;17:€9923. https://doi.org/10.15252/
msb.20209923.

Antonakoudis A, Barbosa R, Kotidis P, Kontoravdi C. The era of
big data: Genome-scale modelling meets machine learning.
Comput Struct Biotechnol ] 2020;18:3287-300. https://doi.org/10.
1016/j.csbj.2020.10.011.

Armingol, E, Ashcroft, J, Mareckova, M et al (2025). Atlas-scale
metabolic activities inferred from single-cell and spatial tran-
scriptomics. bioRxiv, 2025;.05.09.653038. https://doi.org/10.
1101/2025.05.09.653038.

Sender R, Weiss Y, Navon Y et al The total mass, number, and
distribution of immune cells in the human body. Proc Natl Acad
Sci U S A 2023;120:2308511120. https://doi.org/10.1073/
pnas.2308511120.

Robinson JP, Ostafe R, Iyengar SN et al Flow cytometry: the
next revolution. Cells 2023;12:1875. https://doi.org/10.3390/
cells12141875.

Iyer A, Hamers AAJ, Pillai AB. CyTOF® for the masses. Front
Immunol  2022;13:815828.  https://doi.org/10.3389/fimmu.
2022.815828.

Maecker HT, McCoy JP, Nussenblatt R. Standardizing immuno-
phenotyping for the human immunology project. Nat Rev
Immunol 2012;12:191-200. https://doi.org/10.1038/nri3158.
Roederer M, Tdrnok A. OMIPs—Orchestrating multiplexity in
polychromatic science. Cytometry A 2010;77:811-2. A, https://
doi.org/10.1002/cyto.a.20959.

Konecny AJ, Mage PL, Tyznik AJ et al OMIP-102: 50-color phe-
notyping of the human immune system with in-depth assess-
ment of T cells and dendritic cells. Cytometry A 2024;105:430-6.
https://doi.org/10.1002/cyto.a.24841.

Carr EJ, Dooley ], Garcia-Perez JE et al The cellular composition
of the human immune system isshaped by age and cohabita-
tion. Nat Immunol 2016;17:461-8. https://doi.org/10.1038/
ni.3371.

Kaczorowski KJ, Shekhar K, Nkulikiyimfura D et al Continuous
immunotypes describe human immune variation and predict
diverse responses. Proc Natl Acad Sci U S A 2017;114:
E6097-E6106. https://doi.org/10.1073/pnas.1705065114.


https://doi.org/10.1038/s41586-020-2424-4
https://doi.org/10.1186/s13073-018-0568-8
https://doi.org/10.1186/s13073-018-0568-8
https://doi.org/10.1371/journal.pgen.1007368
https://doi.org/10.1371/journal.pgen.1007368
https://doi.org/10.1111/imcb.12789
https://doi.org/10.1111/imcb.12789
https://doi.org/10.1038/s41591-024-03483-9
https://doi.org/10.1038/s41591-024-03483-9
https://doi.org/10.1016/j.autrev.2024.103584
https://doi.org/10.1093/exposome/osad003
https://doi.org/10.1093/exposome/osad003
https://doi.org/10.1016/j.mcpro.2021.100168
https://doi.org/10.1021/acs.jproteome.4c00411
https://doi.org/10.1021/acs.jproteome.4c00411
https://doi.org/10.1038/s41577-022-00802-4
https://doi.org/10.1038/s41577-022-00802-4
https://doi.org/10.1038/s12276-020-00499-2
https://doi.org/10.1038/s12276-020-00499-2
https://doi.org/10.1038/nature14590
https://doi.org/10.1038/s41587-022-01535-4
https://doi.org/10.1038/s12276-020-0420-2
https://doi.org/10.1016/j.isci.2022.105002
https://doi.org/10.1038/s41592-021-01201-8
https://doi.org/10.1038/ni.3768
https://doi.org/10.1038/ni.3768
https://doi.org/10.1073/pnas.0506580102
https://doi.org/10.1093/nar/gkac1000
https://doi.org/10.1093/nar/gkac1000
https://doi.org/10.1093/nar/gkad1059
https://doi.org/10.1038/s41596-020-0292-x
https://doi.org/10.1038/s41596-020-0292-x
https://doi.org/10.1038/s41467-021-21246-9
https://doi.org/10.15252/msb.20209923
https://doi.org/10.15252/msb.20209923
https://doi.org/10.1016/j.csbj.2020.10.011
https://doi.org/10.1016/j.csbj.2020.10.011
https://doi.org/10.1101/2025.05.09.653038
https://doi.org/10.1101/2025.05.09.653038
https://doi.org/10.1073/pnas.2308511120
https://doi.org/10.1073/pnas.2308511120
https://doi.org/10.3390/cells12141875
https://doi.org/10.3390/cells12141875
https://doi.org/10.3389/fimmu.2022.815828
https://doi.org/10.3389/fimmu.2022.815828
https://doi.org/10.1038/nri3158
https://doi.org/10.1002/cyto.a.20959
https://doi.org/10.1002/cyto.a.20959
https://doi.org/10.1002/cyto.a.24841
https://doi.org/10.1038/ni.3371
https://doi.org/10.1038/ni.3371
https://doi.org/10.1073/pnas.1705065114

20

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

Escriva-Font et al.

Hu Z, Bhattacharya S, Butte AJ. Application of machine learn-
ing for cytometry data. Front Immunol 2021;12:787574. https://
doi.org/10.3389/immu.2021.787574.

BechtE, Tolstrup D, Dutertre C-A et al High-throughput single-
cell quantification of hundreds of proteins using conventional
flow cytometry and machine learning. Sci Adv 2021;7:
eabg0505. https://doi.org/10.1126/sciadv.abg0505.

Patin E, Hasan M, Bergstedt J, Milieu Intérieur Consortium et al
Natural variation in the parameters of innate immune cells is
preferentially driven by genetic factors. Nat Immunol 2018;19:
302-14. https://doi.org/10.1038/s41590-018-0049-7.

Singh P, Szaraz-Szeles M, Mezei Z et al Gender-dependent fre-
quency of unconventional T cells in a healthy adult Caucasian
population: a combinational study of invariant NKT cells, y§ T
cells, and mucosa-associated invariant T cells. J Leukoc Biol
2022;112:1155-65. https://doi.org/10.1002/JLB.5A1121-583RR.
Huang Z, Chen B, Liu X et al Effects of sex and aging on the im-
mune cell landscape as assessed by single-cell transcriptomic
analysis. Proc Natl Acad Sci USA 2021;118:€2023216118. https://
doi.org/10.1073/pnas.2023216118.

Chen 'Y, Zhang Y, Zhao G et al Difference in leukocyte compo-
sition between women before and after menopausal age, and
distinct sexual dimorphism. Plos ONE 2016;11:e0162953.
https://doi.org/10.1371/journal.pone.0162953.

Moorlag SJCFM, Folkman L, Ter Horst R et al Multi-omics
analysis of innate and adaptive responses to BCG vaccination
reveals epigenetic cell states that predict trained immunity.
Immunity 2024;57:171-87.e14. https://doi.org/10.1016/j.
immuni.2023.12.005.

Bongen E, Lucian H, Khatri A et al Sex differences in the blood
transcriptome identify robust changes in immune cell propor-
tions with aging and influenza infection. Cell Rep 2019;29:
1961-73.e4. https://doi.org/10.1016/j.celrep.2019.10.019.

Astle WJ, Elding H, Jiang T et al The allelic landscape of human
blood cell trait variation and links to common complex dis-
ease. Cell 2016;167:1415-29.e19. https://doi.org/10.1016/j.cell.
2016.10.042.

Warren AM, Grossmann M. Haematological actions of andro-
gens. Best Pract Res Clin Endocrinol Metab 2022;36:101653.
https://doi.org/10.1016/j.beem.2022.101653.

Clave E, Araujo IL, Alanio C, Milieu Intérieur Consortium et al
Human thymopoiesis is influenced by a common genetic vari-
ant within the TCRA-TCRD locus. Sci Transl Med 2018;10:
€aa02966. https://doi.org/10.1126/scitranslmed.aa02966.
Pido-Lopez J, Imami N, Aspinall R. Both age and gender affect
thymic output: more recent thymic migrants in females than
males as they age. Clin Exp Immunol 2001;125:409-13. https://
doi.org/10.1046/j.1365-2249.2001.01640.x.

Mitul MT, Kastenschmidt JM, Sureshchandra S et al Tissue-
specific sex differences in pediatric and adult immune cell
composition and function. Front Immunol 2024;15:1373537.
https://doi.org/10.3389/immu.2024.1373537.

Robinson GA, Peng J, Peckham H et al Investigating sex differ-
ences in T regulatory cells from cisgender and transgender
healthy individuals and patients with autoimmune inflamma-
tory disease: a cross-sectional study. The Lancet Rheumatology
2022;4:e710-e724. https://doi.org/10.1016/52665-9913(22)
00198-9.

Rudy BJ, Wilson CM, Durako S et al Peripheral Blood
Lymphocyte Subsets in Adolescents: a Longitudinal Analysis
from the REACH project. Clin Vaccine Immunol 2002;9:959-65.
https://doi.org/10.1128/CDLI.9.5.959-965.2002.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

Prada-Medina CA, Peron JPS, Nakaya HI. Immature neutrophil
signature associated with the sexual dimorphism of systemic
juvenile idiopathic arthritis. J Leukoc Biol 2020;108:1319-27.
https://doi.org/10.1002/JLB.6MA0720-015RR.

Lakshmikanth T, Consiglio C, Sardh F et al Immune system ad-
aptation during gender-affirming testosterone treatment.
Nature 2024;633:155-64. https://doi.org/10.1038/541586-024-
07789-z.

Habib P, Dreymueller D, Rosing B et al Estrogen serum concen-
tration affects blood immune cell composition and polariza-
tion in human females under controlled ovarian stimulation.
] Steroid Biochem Mol Biol 2018;178:340-7. https://doi.org/10.
1016/j.jsbmb.2018.02.005.

Sutherland JS, Goldberg GL, Hammett MV et al Activation of
thymic regeneration in mice and humans following androgen
blockade. ] Immunol 2005;175:2741-53. https://doi.org/10.4049/
jimmunol.175.4.2741.

Parkin J, Cohen B. An overview of the immune system. Lancet
2001;357:1777-89. https://doi.org/10.1016/50140-6736(00)
04904-7.

Kolodziejczyk AA, Kim JK, Svensson V et al The technology and
biology of single-cell RNA sequencing. Mol Cell 2015;58:610-20.
https://doi.org/10.1016/j.molcel.2015.04.005.

Lowe R, Shirley N, Bleackley M et al Transcriptomics technolo-
gies. PLoS Comput Biol 2017;13:1005457. https://doi.org/10.
1371/journal.pcbi.1005457.

Jansen R, Batista S, Brooks Al et al Sex differences in the hu-
man peripheral blood transcriptome. BMC Genomics 2014;15:
33. https://doi.org/10.1186/1471-2164-15-33.

Watanabe H, Takahashi E, Kobayashi M et al The estrogen-
responsive adrenomedullin and receptor-modifying protein 3
gene identified by DNA microarray analysis are directly regu-
lated by estrogen receptor. J Mol Endocrinol 2006;36:81-9.
https://doi.org/10.1677/jme.1.01825.

Vlaeminck-Guillem V, Vanacker J-M, Verger A et al Mutual re-
pression of transcriptional activation between the ETS-related
factor ERG and estrogen receptor. Oncogene 2003;22:8072-84.
https://doi.org/10.1038/sj.0nc.1207094.

Picelli S, Faridani OR, Bjérklund AK et al Full-length RNA-seq
from single cells using Smart-seq2. Nat Protoc 2014;9:171-81.
https://doi.org/10.1038/nprot.2014.006.

Hashimshony T, Senderovich N, Avital G et al CEL-Seq2: sensi-
tive highly-multiplexed single-cell RNA-Seq. Genome Biol 2016;
17:77. https://doi.org/10.1186/s13059-016-0938-8.

Klein AM, Mazutis L, Akartuna I et al Droplet barcoding for
single-cell transcriptomics applied to embryonic stem cells.
Cell 2015;161:1187-201. https://doi.org/10.1016/j.cell.2015.
04.044.

Cao J, Packer JS, Ramani V et al Comprehensive single-cell
transcriptional profiling of a multicellular organism. Science
2017;357:661-7. https://doi.org/10.1126/science.aam8940.
Trofimov A, Brouillard P, Larouche J-D et al Two types of hu-
man TCR differentially regulate reactivity to self and non-self
antigens. iScience 2022;25:104968. https://doi.org/10.1016/j.isci.
2022.104968.

Schneider-Hohendorf T, Gorlich D, Savola P et al Sex bias in
MHC I-associated shaping of the adaptive immune system.
Proc Natl Acad Sci U S A 2018;115:2168-73. https://doi.org/10.
1073/pnas.1716146115.

Selitsky SR, Mose LE, Smith CC et al Prognostic value of B cells
in cutaneous melanoma. Genome Med 2019;11:36. https://doi.
0rg/10.1186/513073-019-0647-5.


https://doi.org/10.3389/fimmu.2021.787574
https://doi.org/10.3389/fimmu.2021.787574
https://doi.org/10.1126/sciadv.abg0505
https://doi.org/10.1038/s41590-018-0049-7
https://doi.org/10.1002/JLB.5A1121-583RR
https://doi.org/10.1073/pnas.2023216118
https://doi.org/10.1073/pnas.2023216118
https://doi.org/10.1371/journal.pone.0162953
https://doi.org/10.1016/j.immuni.2023.12.005
https://doi.org/10.1016/j.immuni.2023.12.005
https://doi.org/10.1016/j.celrep.2019.10.019
https://doi.org/10.1016/j.cell.2016.10.042
https://doi.org/10.1016/j.cell.2016.10.042
https://doi.org/10.1016/j.beem.2022.101653
https://doi.org/10.1126/scitranslmed.aao2966
https://doi.org/10.1046/j.1365-2249.2001.01640.x
https://doi.org/10.1046/j.1365-2249.2001.01640.x
https://doi.org/10.3389/fimmu.2024.1373537
https://doi.org/10.1016/S2665-9913(22)00198-9
https://doi.org/10.1016/S2665-9913(22)00198-9
https://doi.org/10.1128/CDLI.9.5.959-965.2002
https://doi.org/10.1002/JLB.6MA0720-015RR
https://doi.org/10.1038/s41586-024-07789-z
https://doi.org/10.1038/s41586-024-07789-z
https://doi.org/10.1016/j.jsbmb.2018.02.005
https://doi.org/10.1016/j.jsbmb.2018.02.005
https://doi.org/10.4049/jimmunol.175.4.2741
https://doi.org/10.4049/jimmunol.175.4.2741
https://doi.org/10.1016/S0140-6736(00)04904-7
https://doi.org/10.1016/S0140-6736(00)04904-7
https://doi.org/10.1016/j.molcel.2015.04.005
https://doi.org/10.1371/journal.pcbi.1005457
https://doi.org/10.1371/journal.pcbi.1005457
https://doi.org/10.1186/1471-2164-15-33
https://doi.org/10.1677/jme.1.01825
https://doi.org/10.1038/sj.onc.1207094
https://doi.org/10.1038/nprot.2014.006
https://doi.org/10.1186/s13059-016-0938-8
https://doi.org/10.1016/j.cell.2015.04.044
https://doi.org/10.1016/j.cell.2015.04.044
https://doi.org/10.1126/science.aam8940
https://doi.org/10.1016/j.isci.2022.104968
https://doi.org/10.1016/j.isci.2022.104968
https://doi.org/10.1073/pnas.1716146115
https://doi.org/10.1073/pnas.1716146115
https://doi.org/10.1186/s13073-019-0647-5
https://doi.org/10.1186/s13073-019-0647-5

187.

188.

189.

190.

191.

192.

193.

194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

204.

Fink AL, Klein SL. The evolution of greater humoral immunity
in females than males: implications for vaccine efficacy. Curr
Opin Physiol 2018;6:16-20. https://doi.org/10.1016/j.cophys.
2018.03.010.

Frangieh CJ, Melms JC, Thakore PI et al Multimodal pooled
Perturb-CITE-seq screens in patient models define mecha-
nisms of cancer immune evasion. Nat Genet 2021;53:332-41.
https://doi.org/10.1038/s41588-021-00779-1.

Stephenson E, Reynolds G, Botting RA, Cambridge Institute of
Therapeutic Immunology and Infectious Disease-National
Institute of Health Research (CITIID-NIHR) COVID-19
BioResource Collaboration et al Single-cell multi-omics analy-
sis of the immune response in COVID-19. Nat Med 2021;27:
904-16. https://doi.org/10.1038/s41591-021-01329-2.

Allen D, Weaver M, Prokopchuk S et al Protein-based cell popu-
lation discovery and annotation for CITE-seq data identifies
cellular phenotypes associated with critical COVID-19 sever-
ity. Preprint 2024; https://doi.org/10.1101/2024.03.14.584720.
Boyle AP, Davis S, Shulha HP et al High-resolution mapping and
characterization of open chromatin across the genome. Cell
2008;132:311-22. https://doi.org/10.1016/j.cell.2007.12.014.
Buenrostro J, Wu B, Chang H et al ATAC-Seq: a method for assay-
ing chromatin accessibility genome-wide. Curr Protoc Mol Biol 2015;
109:21-21. https://doi.org/10.1002/0471142727. mb2129s109.
Robertson G, Hirst M, Bainbridge M et al Genome-wide profiles
of STAT1 DNA association using chromatin immunoprecipita-
tion and massively parallel sequencing. Nat Methods 2007;4:
651-7. https://doi.org/10.1038/nmeth1068.

Skene PJ, Henikoff S. An efficient targeted nuclease strategy for
high-resolution mapping of DNA binding sites. eLife 2017;6:
€21856. https://doi.org/10.7554/eLife.21856.

Kaya-Okur HS, Wu §J, Codomo CA et al CUT&Tag for efficient
epigenomic profiling of small samples and single cells. Nat
Commun 2019;10:1930. https://doi.org/10.1038/s41467-019-
09982-5.

van Berkum NL, Lieberman-Aiden E, Williams L et al Hi-C: a
method to study the three-dimensional architecture of
genomes. ] Vis Exp 2010; https://doi.org/10.3791/1869.
Mumbach MR, Rubin AJ, Flynn RA et al HiChIP: efficient and
sensitive analysis of protein-directed genome architecture. Nat
Methods 2016;13:919-22. https://doi.org/10.1038/nmeth.3999.
Mehrmohamadi M, Sepehri MH, Nazer N, Norouzi MR. A com-
parative overview of epigenomic profiling methods. Front Cell Dev
Biol 2021;9:714687. https://doi.org/10.3389/fcell.2021.714687.
Madrquez EJ, Chung C, Marches R et al Sexual-dimorphism in
human immune system aging. Nat Commun 2020;11:751.
https://doi.org/10.1038/s41467-020-14396-9.

Zhang K, Hocker JD, Miller M et al A single-cell atlas of chro-
matin accessibility in the human genome. Cell 2021;184:
5985-6001.e19. https://doi.org/10.1016/j.cell.2021.10.024.

Pan L, Parini P, Tremmel R, The SCA Consortium et al Single
cell atlas: a single-cell multi-omics human cell encyclopedia.
Genome Biol 2024;25:104. https://doi.org/10.1186/s13059-024-
03246-2.

Purohit V, Wagner A, Yosef N et al Systems-based approaches
to study immunometabolism. Cell Mol Immunol 2022;19:409-20.
https://doi.org/10.1038/s41423-021-00783-9.

Yoo I, Ahn I, Lee J et al Extracellular flux assay (Seahorse as-
say): Diverse applications in metabolic research across biologi-
cal disciplines. Mol Cells 2024;47:100095. https://doi.org/10.
1016/j.mocell.2024.100095.

Argtello RJ, Combes AJ, Char R et al SCENITH: a flow
cytometry-based method to functionally profile energy

205.

206.

207.

208.

209.

210.

211.

212.

213.

214.

215.

216.

217.

218.

219.

220.

221.

Decoding sex differences in human immunity | 21

metabolism with single-cell resolution. Cell Metab 2020;32:
1063-75.€7. https://doi.org/10.1016/j.cmet.2020.11.007.

Ahl PJ, Hopkins RA, Xiang WW et al Met-flow, a strategy for
single-cell metabolic analysis highlights dynamic changes in
immune subpopulations. Commun Biol 2020;3:305. https://doi.
0rg/10.1038/s42003-020-1027-9.

Huang Y, Mohanty V, Dede M et al Characterizing cancer me-
tabolism from bulk and single-cell RNA-Seq data using
METAFlux. Nat Commun 2023;14:4883. https://doi.org/10.1038/
541467-023-40457-w.

Wagner A, Wang C, Fessler J et al Metabolic modeling of single
Th17 cells reveals regulators of autoimmunity. Cell 2021;184:
4168-85.e21. https://doi.org/10.1016/j.cell.2021.05.045.
Costanzo M, Caterino M, Sotgiu G et al Sex differences in the
human metabolome. Biol Sex Differ 2022;13:30. https://doi.org/
10.1186/513293-022-00440-4.

Escarcega RD, Honarpisheh P, Colpo GD et al Sex differences in
global metabolomic profiles of COVID-19 patients. Cell Death
Dis 2022;13:461. https://doi.org/10.1038/s41419-022-04861-2.
Gonzalez Zarzar T, Lee B, Coughlin R et al Sex differences in
the metabolome of Alzheimer’s disease progression. Front
Radiol 2022;2:782864. https://doi.org/10.3389/fradi.2022.782
864.

Junker A, Wang J, Gouspillou G et al Human studies of mito-
chondrial biology demonstrate an overall lack of binary sex
differences: A multivariate meta-analysis. Faseb ] 2022;36:
€22146. https://doi.org/10.1096/£].202101628R.

Mishra S., Bassi, G., and Xu, Y.X.Z. (2020). Sex differences in
immunometabolism: an unexplored area. In Immunometabolism
Methods in Molecular Biology, S. Mishra, ed. (Springer US), pp.
265-71. https://doi.org/10.1007/978-1-0716-0802-9_18.

Paparini DE, Grasso E, Aguilera F et al Sex-specific phenotypi-
cal, functional and metabolic profiles of human term placenta
macrophages. Biol Sex Differ 2024;15:80. https://doi.org/10.
1186/513293-024-00652-w.

Chowdhury NU, Cephus J-Y, Henriquez Pilier E et al Androgen
signaling restricts glutaminolysis to drive sex-specific Th17 me-
tabolism in allergic airway inflammation. Journal of Clinical
Investigation 2024;134:e177242. https://doi.org/10.1172/JCI177242.
Comitato R, Saba A, Turrini A et al Sex hormones and macro-
nutrient metabolism. Crit Rev Food Sci Nutr 2015;55:227-41.
https://doi.org/10.1080/10408398.2011.651177.

Gupta S, Nakabo S, Blanco LP et al Sex differences in neutro-
phil biology modulate response to type I interferons and
immunometabolism. Proc Natl Acad Sci U S A 2020;117:
16481-91. https://doi.org/10.1073/pnas.2003603117.

Williams CG, Lee HJ, Asatsuma T et al An introduction to spa-
tial transcriptomics for biomedical research. Genome Med 2022;
14:68. https://doi.org/10.1186/s13073-022-01075-1.

Stdhl PL, Salmén F, Vickovic S et al Visualization and analysis
of gene expression in tissue sections by spatial transcriptomics.
Science 2016;353:78-82. https://doi.org/10.1126/science.aaf2403.
Gyllborg D, Langseth CM, Qian X et al Hybridization-based in
situ sequencing (HybISS) for spatially resolved transcriptomics
in human and mouse brain tissue. Nucleic Acids Res 2020;48:
e112. https://doi.org/10.1093/nar/gkaa792.

LiuY, Yang M, Deng Y et al High-spatial-resolution multi-omics
sequencing via deterministic barcoding in tissue. Cell 2020;183:
1665-81.e18. https://doi.org/10.1016/j.cell.2020.10.026.

Black S, Phillips D, Hickey JW et al CODEX multiplexed tissue
imaging with DNA-conjugated antibodies. Nat Protoc 2021;16:
3802-35. https://doi.org/10.1038/s41596-021-00556-8.


https://doi.org/10.1016/j.cophys.2018.03.010
https://doi.org/10.1016/j.cophys.2018.03.010
https://doi.org/10.1038/s41588-021-00779-1
https://doi.org/10.1038/s41591-021-01329-2
https://doi.org/10.1101/2024.03.14.584720
https://doi.org/10.1016/j.cell.2007.12.014
https://doi.org/10.1002/0471142727.mb2129s109
https://doi.org/10.1038/nmeth1068
https://doi.org/10.7554/eLife.21856
https://doi.org/10.1038/s41467-019-09982-5
https://doi.org/10.1038/s41467-019-09982-5
https://doi.org/10.3791/1869
https://doi.org/10.1038/nmeth.3999
https://doi.org/10.3389/fcell.2021.714687
https://doi.org/10.1038/s41467-020-14396-9
https://doi.org/10.1016/j.cell.2021.10.024
https://doi.org/10.1186/s13059-024-03246-2
https://doi.org/10.1186/s13059-024-03246-2
https://doi.org/10.1038/s41423-021-00783-9
https://doi.org/10.1016/j.mocell.2024.100095
https://doi.org/10.1016/j.mocell.2024.100095
https://doi.org/10.1016/j.cmet.2020.11.007
https://doi.org/10.1038/s42003-020-1027-9
https://doi.org/10.1038/s42003-020-1027-9
https://doi.org/10.1038/s41467-023-40457-w
https://doi.org/10.1038/s41467-023-40457-w
https://doi.org/10.1016/j.cell.2021.05.045
https://doi.org/10.1186/s13293-022-00440-4
https://doi.org/10.1186/s13293-022-00440-4
https://doi.org/10.1038/s41419-022-04861-2
https://doi.org/10.3389/fradi.2022.782864
https://doi.org/10.3389/fradi.2022.782864
https://doi.org/10.1096/fj.202101628R
https://doi.org/10.1007/978-1-0716-0802-9_18
https://doi.org/10.1186/s13293-024-00652-w
https://doi.org/10.1186/s13293-024-00652-w
https://doi.org/10.1172/JCI177242
https://doi.org/10.1080/10408398.2011.651177
https://doi.org/10.1073/pnas.2003603117
https://doi.org/10.1186/s13073-022-01075-1
https://doi.org/10.1126/science.aaf2403
https://doi.org/10.1093/nar/gkaa792
https://doi.org/10.1016/j.cell.2020.10.026
https://doi.org/10.1038/s41596-021-00556-8

22

222.

223.

224.

225.

226.

227.

228.

229.

230.

231

232.

233.

234.

235.

236.

237.

Escriva-Font et al.

Rivest F, Eroglu D, Pelz B et al Fully automated sequential immu-
nofluorescence (seqlIF) for hyperplex spatial proteomics. Sci Rep
2023;13:16994. https://doi.org/10.1038/541598-023-43435-w.
Uhlen M, Karlsson MJ, Zhong W et al A genome-wide transcrip-
tomic analysis of protein-coding genes in human blood cells.
Science 2019;366: eaax9198. https://doi.org/10.1126/science.
aax9198.

Stankiewicz LN, Salim K, Flaschner EA et al Sex-biased human
thymic architecture guides T cell development through spa-
tially defined niches. Dev Cell 2025;60:152-69. https://doi.org/
10.1016/j.devcel.2024.09.011.

Raths F, Karimzadeh M, Ing N et al The molecular consequen-
ces of androgen activity in the human breast. Cell Genom 2023;
3:100272. https://doi.org/10.1016/j. xgen.2023.100272.

SuJ, SongY, Zhu Z et al Cell-cell communication: new insights
and clinical implications. Sig Transduct Target Ther 2024;9:52.
https://doi.org/10.1038/s41392-024-01888-z.

Browaeys R, Gilis J, Sang-Aram C et al MultiNicheNet: a flexible
framework for differential cell-cell communication analysis
from multi-sample multi-condition single-cell transcriptomics
data. Preprint 2023; https://doi.org/10.1101/2023.06.13.544751.
Armingol E, Baghdassarian HM, Lewis NE. The diversification
of methods for studying cell-cell interactions and communica-
tion. Nat Rev Genet 2024;25:381-400. https://doi.org/10.1038/
541576-023-00685-8.

Jerby-Arnon L, Regev A. DIALOGUE maps multicellular pro-
grams in tissue from single-cell or spatial transcriptomics
data. Nat Biotechnol 2022;40:1467-77. https://doi.org/10.1038/
$41587-022-01288-0.

Vallerskog T, Heimbiirger M, Gunnarsson I et al Differential
effects on BAFF and APRIL levels in rituximab-treated patients
with systemic lupus erythematosus and rheumatoid arthritis.
Arthritis Res Ther 2006;8:R167. https://doi.org/10.1186/ar2076.
Bennike TB. Advances in proteomics: characterization of the
innate immune system after birth and during inflammation.
Front Immunol 2023;14:1254948. https://doi.org/10.3389/fimmu.
2023.1254948.

Assarsson E, Lundberg M, Holmquist G et al Homogenous 96-
Plex PEA immunoassay exhibiting high sensitivity, specificity,
and excellent scalability. PLoS ONE 2014;9:€95192. https://doi.
org/10.1371/journal.pone.0095192.

Koeken VA, de Bree LCJ, Mourits VP et al BCG vaccination in
humans inhibits systemic inflammation in a sex-dependent
manner. J Clin Invest 2020;130:5591-602. https://doi.org/10.
1172/JCI133935.

Tsatsanis C, Elenkov A, Leijonhufvud I et al Sex hormone-
dependent and -independent regulation of serum BAFF and
TNF in cohorts of transgender and cisgender men and women.
Endocr Connect 2023;12(3):e220456. https://doi.org/10.1530/EC-
22-0456.

Marabita F, James T, Karhu A et al Multiomics and digital mon-
itoring during lifestyle changes reveal independent dimen-
sions of human biology and health. Cell Syst 2022;13:241-55.
https://doi.org/10.1016/j.cels.2021.11.001.

Tsang JS. Utilizing population variation, vaccination, and sys-
tems biology to study human immunology. Trends Immunol
2015;36:479-93. https://doi.org/10.1016/}.it.2015.06.005.
Piasecka B, Duffy D, Urrutia A, Milieu Intérieur Consortium
et al Distinctive roles of age, sex, and genetics in shaping tran-
scriptional variation of human immune responses to microbial
challenges. Proc Natl Acad Sci U S A 2018;115:E488-E497.
https://doi.org/10.1073/pnas.1714765115.

238.

239.

240.

241.

242.

243.

244,

245.

246.

247.

248.

249.

250.

251.

252.

Ter Horst R, Jaeger M, Smeekens SP et al Host and environmen-
tal factors influencing individual human cytokine responses.
Cell 2016;167:1111-24.e13. https://doi.org/10.1016/j.cell.2016.
10.018.

Webb K, Peckham H, Radziszewska A et al Sex and pubertal
differences in the type 1 interferon pathway associate with
both X chromosome number and serum sex hormone concen-
tration. Front Immunol 2018;9:3167. https://doi.org/10.3389/
fimmu.2018.03167.

Farber DL. Tissues, not blood, are where immune cells func-
tion. Nature 2021;593:506-9. https://doi.org/10.1038/d41586-
021-01396-y.

Vavala T, Catino A, Pizzutilo P et al Gender differences and im-
munotherapy outcome in advanced lung cancer. JMS 2021;22:
11942. https://doi.org/10.3390/ijms222111942.

Balcar L, Scheiner B, Fulgenzi CAM et al A meta-analysis and
real-world cohort study on the sex-related differences in effi-
cacy and safety of immunotherapy for hepatocellular carci-
noma. JHEP Rep 2024;6:100982. https://doi.org/10.1016/j.jhepr.
2023.100982.

Vitale E, Rizzo A, Maistrello L et al Sex differences in adverse
events among cancer patients receiving immune checkpoint
inhibitors: the MOUSEION-07 systematic review and meta-
analysis. Sci Rep 2024;14:28309. https://doi.org/10.1038/
541598-024-71746-z.

Kastenschmidt JM, Sureshchandra S, Jain A et al Influenza vac-
cine format mediates distinct cellular and antibody responses
in human immune organoids. Immunity 2023;56:1910-26.
https://doi.org/10.1016/j.immuni.2023.06.019.

Shu H, Zhou J, Lian Q et al Modeling gene regulatory networks
using neural network architectures. Nat Comput Sci 2021;1:
491-501. https://doi.org/10.1038/543588-021-00099-8.
Butler-Laporte G, Gonzalez-Kozlova E, Su C-Y, The Mount
Sinai COVID-19 Biobank Team et al The dynamic changes and
sex differences of 147 immune-related proteins during acute
COVID-19 in 580 individuals. Clin Proteom 2022;19:34. https://
doi.org/10.1186/512014-022-09371-z.

Takahashi T, Ellingson MK, Wong P, Yale IMPACT Research
Team et al Sex differences in immune responses that underlie
COVID-19 disease outcomes. Nature 2020;588:315-20. https://
doi.org/10.1038/s41586-020-2700-3.

Pérez-Garcia F, Martin-Vicente M, Rojas-Garcia RL et al High
SARS-CoV-2 viral load and low CCLS expression levels in the
upper respiratory tract are associated with COVID-19 severity.
J Infect Dis 2022;225:977-82. https://doi.org/10.1093/infdis/
jiab604.

Stikker BS, Stik G, Van Ouwerkerk AF et al Severe COVID-19-
associated variants linked to chemokine receptor gene control
in monocytes and macrophages. Genome Biol 2022;23:96.
https://doi.org/10.1186/513059-022-02669-z.

Hamlin RE, Pienkos SM, Chan L et al Sex differences and im-
mune correlates of long Covid development, symptom persis-
tence, and resolution. Sci Transl Med 2024;16:eadr1032. https://
doi.org/10.1126/scitranslmed.adr1032.

Silva J, Takahashi T, Wood ] et al Sex differences in symptom-
atology and immune profiles of Long COVID. medRxiv 2024;
https://doi.org/10.1101/2024.02.29.24303568.

Reifert J, Kamath K, Bozekowski ] et al Serum epitope reper-
toire analysis enables early detection of lyme disease with im-
proved sensitivity in an expandable multiplex format. ] Clin
Microbiol 2021;59:e01836-20. https://doi.org/10.1128/JCM.0183
6-20.


https://doi.org/10.1038/s41598-023-43435-w
https://doi.org/10.1126/science.aax9198
https://doi.org/10.1126/science.aax9198
https://doi.org/10.1016/j.devcel.2024.09.011
https://doi.org/10.1016/j.devcel.2024.09.011
https://doi.org/10.1016/j.xgen.2023.100272
https://doi.org/10.1038/s41392-024-01888-z
https://doi.org/10.1101/2023.06.13.544751
https://doi.org/10.1038/s41576-023-00685-8
https://doi.org/10.1038/s41576-023-00685-8
https://doi.org/10.1038/s41587-022-01288-0
https://doi.org/10.1038/s41587-022-01288-0
https://doi.org/10.1186/ar2076
https://doi.org/10.3389/fimmu.2023.1254948
https://doi.org/10.3389/fimmu.2023.1254948
https://doi.org/10.1371/journal.pone.0095192
https://doi.org/10.1371/journal.pone.0095192
https://doi.org/10.1172/JCI133935
https://doi.org/10.1172/JCI133935
https://doi.org/10.1530/EC-22-0456
https://doi.org/10.1530/EC-22-0456
https://doi.org/10.1016/j.cels.2021.11.001
https://doi.org/10.1016/j.it.2015.06.005
https://doi.org/10.1073/pnas.1714765115
https://doi.org/10.1016/j.cell.2016.10.018
https://doi.org/10.1016/j.cell.2016.10.018
https://doi.org/10.3389/fimmu.2018.03167
https://doi.org/10.3389/fimmu.2018.03167
https://doi.org/10.1038/d41586-021-01396-y
https://doi.org/10.1038/d41586-021-01396-y
https://doi.org/10.3390/ijms222111942
https://doi.org/10.1016/j.jhepr.2023.100982
https://doi.org/10.1016/j.jhepr.2023.100982
https://doi.org/10.1038/s41598-024-71746-z
https://doi.org/10.1038/s41598-024-71746-z
https://doi.org/10.1016/j.immuni.2023.06.019
https://doi.org/10.1038/s43588-021-00099-8
https://doi.org/10.1186/s12014-022-09371-z
https://doi.org/10.1186/s12014-022-09371-z
https://doi.org/10.1038/s41586-020-2700-3
https://doi.org/10.1038/s41586-020-2700-3
https://doi.org/10.1093/infdis/jiab604
https://doi.org/10.1093/infdis/jiab604
https://doi.org/10.1186/s13059-022-02669-z
https://doi.org/10.1126/scitranslmed.adr1032
https://doi.org/10.1126/scitranslmed.adr1032
https://doi.org/10.1101/2024.02.29.24303568
https://doi.org/10.1128/JCM.01836-20
https://doi.org/10.1128/JCM.01836-20

253.

254.

255.

256.

257.

258.

259.

260.

261.

262.

263.

264.

265.

266.

267.

268.

Haynes WA, Kamath K, Waitz R et al Protein-based
Immunome Wide Association Studies (PIWAS) for the discov-
ery of significant disease-associated antigens. Front Immunol
2021;12:625311. https://doi.org/10.3389/fimmu.2021.625311.
Xu GJ, Kula T, Xu Q et al Comprehensive serological profiling of
human populations using a synthetic human virome. Science
2015;348:2220698. https://doi.org/10.1126/science.aaa0698.
Yang J, Huang X, Zhang J et al Sex-specific differences of hu-
moral immunity and transcriptome diversification in older
adults vaccinated with inactivated quadrivalent influenza vac-
cines. Aging (Albany NY) 2021;13:9801-19. https://doi.org/10.
18632/aging.202733.

Voigt EA, Ovsyannikova IG, Kennedy RB et al Sex differences in
older adults’ immune responses to seasonal influenza vacci-
nation. Front Immunol 2019;10:180. https://doi.org/10.3389/
fimmu.2019.00180.

Sparks R, Lau WW, Liu C, OP11 Clinical Staff et al Influenza
vaccination reveals sex dimorphic imprints of prior mild
COVID-19. Nature 2023;614:752-61. https://doi.org/10.1038/
$41586-022-05670-5.

Sampson OL, Jay C, Adland E et al Gonadal androgens are asso-
ciated with decreased type I interferon production by plasma-
cytoid dendritic cells and increased IgG titres to BNT162b2
following co-vaccination with live attenuated influenza vac-
cine in adolescents. Front Immunol 2024;15:1329805. https://
doi.org/10.3389/fimmu.2024.1329805.

Furman D, Hejblum BP, Simon N et al Systems analysis of sex
differences reveals an immunosuppressive role for testoster-
one in the response to influenza vaccination. Proc Natl Acad
Sci U S A 2014;111:869-74. https://doi.org/10.1073/pnas.1321
060111.

Lamers MM, Haagmans BL. SARS-CoV-2 pathogenesis. Nat Rev
Microbiol 2022;20:270-84. https://doi.org/10.1038/s41579-022-
00713-0.

Yang X. Multitissue multiomics systems biology to dissect
complex diseases. Trends Mol Med 2020;26:718-28. https://doi.
0rg/10.1016/j.molmed.2020.04.006.

Li F, Xing X, Jin Q et al Sex differences orchestrated by andro-
gens at single-cell resolution. Nature, 1-8 2024;629:193-200.
https://doi.org/10.1038/s41586-024-07291-6.

Dominguez Conde C, Xu C, Jarvis LB et al Cross-tissue immune
cell analysis reveals tissue-specific features in humans. Science
2022;376:eabl5197. https://doi.org/10.1126/science.abl5197.
Suo C, Dann E, Goh I et al Mapping the developing human im-
mune system across organs. Science 2022;376:eabo0510.
https://doi.org/10.1126/science.abo0510.

Hou Y, Zhou Y, Gack MU et al Multimodal single-cell omics
analysis identifies epithelium-immune cell interactions and
immune vulnerability associated with sex differences in
COVID-19. Signal Transduct Target Ther 2021;6:292. https://doi.
0rg/10.1038/541392-021-00709-x.

Gao H, Zhang B, Liu L et al A universal framework for single-
cell multi-omics data integration with graph convolutional
networks. Brief Bioinform 2023;24: bbad081. https://doi.org/10.
1093/bib/bbad081.

Stuart T, Butler A, Hoffman P et al Comprehensive integration
of single-cell data. Cell 2019;177:1888-902.e21. https://doi.org/
10.1016/j.cell.2019.05.031.

Picard M, Scott-Boyer M-P, Bodein A et al Integration strategies
of multi-omics data for machine learning analysis. Comput
Struct Biotechnol ] 2021;19:3735-46. https://doi.org/10.1016/j.
¢sbj.2021.06.030.

269.

270.

271.

272.

273.

274.

275.

276.

277.

278.

279.

280.

281.

282.

283.

284.

285.

Decoding sex differences in human immunity | 23

Yang Z, Michailidis G. A non-negative matrix factorization
method for detecting modules in heterogeneous omics multi-
modal data. Bioinformatics 2016;32:1-8. https://doi.org/10.1093/
bioinformatics/btv544.

Zhang S, Liu C-C, Li W et al Discovery of multi-dimensional
modules by integrative analysis of cancer genomic data. Nucleic
Acids Res 2012;40:9379-91. https://doi.org/10.1093/nar/gks725.
Argelaguet R, Velten B, Arnol D et al Multi-omics factor analy-
sis—a framework for unsupervised integration of multi-omics
data sets. Mol Syst Biol 2018;14:e8124. https://doi.org/10.15252/
msb.20178124.

Argelaguet R, Arnol D, Bredikhin D et al MOFA+: a statistical
framework for comprehensive integration of multi-modal sin-
gle-cell data. Genome Biol 2020;21:111. https://doi.org/10.1186/
$13059-020-02015-1.

Rohart F, Gautier B, Singh A et al mixOmics: An R package for
‘omics feature selection and multiple data integration. PLOS
Comput Biol 2017;13:€1005752. https://doi.org/10.1371/journal.
pcbi.1005752.

Bravo Gonzdlez-Blas C, De Winter S, Hulselmans G et al
SCENIC+: single-cell multiomic inference of enhancers and
gene regulatory networks. Nat Methods 2023;20:1355-67.
https://doi.org/10.1038/s41592-023-01938-4.

Vasaikar SV, Savage AK, Gong Q et al A comprehensive plat-
form for analyzing longitudinal multi-omics data. Nat Commun
2023;14:1684. https://doi.org/10.1038/s41467-023-37432-w.
Hédou J, Mari¢ 1, Bellan G et al Discovery of sparse, reliable
omic biomarkers with Stabl. Nat Biotechnol 2024;42:1581-93.
https://doi.org/10.1038/s41587-023-02033-x.

Sauerwald N, Zhang Z, Ramos I et al Pre-infection antiviral in-
nate immunity contributes to sex differences in SARS-CoV-2
infection. Cell Syst 2022;13:924-31.e4. cels https://doi.org/10.
1016/j.cels.2022.10.005.

Pasin C, Consiglio CR, Huisman JS et al Sex and gender in infec-
tion and immunity: addressing the bottlenecks from basic sci-
ence to public health and clinical applications. R Soc Open Sci
2023;10:221628. https://doi.org/10.1098/r50s5.221628.

Beery AK, Zucker I. Sex bias in neuroscience and biomedical
research. Neurosci Biobehav Rev 2011;35:565-72. https://doi.org/
10.1016/j.neubiorev.2010.07.002.

Heidari S, Babor TF, De Castro P et al Sex and gender equity in
research: rationale for the SAGER guidelines and recom-
mended use. Res Integr Peer Rev 2016;1:2. https://doi.org/10.
1186/541073-016-0007-6.

Van Epps H, Astudillo O, Del Pozo Martin Y et al The Sex and
Gender Equity in Research (SAGER) guidelines: implementa-
tion and checklist development. ESE 2022;48:€86910. https://
doi.org/10.3897/ese.2022.e86910.

Webster TH, Couse M, Grande BM et al Identifying, under-
standing, and correcting technical artifacts on the sex chromo-
somes in next-generation sequencing data. GigaScience 2019;8:
giz074. https://doi.org/10.1093/gigascience/giz074.

Flynn E, Chang A, Altman RB. Large-scale labeling and assess-
ment of sex bias in publicly available expression data. BMC
Bioinformatics 2021;22:168. https://doi.org/10.1186/s12859-021-
04070-2.

Garcia-Sifuentes Y, Maney DL. Reporting and misreporting of
sex differences in the biological sciences. eLife 2021;10:e70817.
https://doi.org/10.7554/eLife.70817.

Buch T, Moos K, Ferreira FM et al Benefits of a factorial design
focusing on inclusion of female and male animals in one ex-
periment. ] Mol Med (Berl) 2019;97:871-7. https://doi.org/10.
1007/s00109-019-01774-0.


https://doi.org/10.3389/fimmu.2021.625311
https://doi.org/10.1126/science.aaa0698
https://doi.org/10.18632/aging.202733
https://doi.org/10.18632/aging.202733
https://doi.org/10.3389/fimmu.2019.00180
https://doi.org/10.3389/fimmu.2019.00180
https://doi.org/10.1038/s41586-022-05670-5
https://doi.org/10.1038/s41586-022-05670-5
https://doi.org/10.3389/fimmu.2024.1329805
https://doi.org/10.3389/fimmu.2024.1329805
https://doi.org/10.1073/pnas.1321060111
https://doi.org/10.1073/pnas.1321060111
https://doi.org/10.1038/s41579-022-00713-0
https://doi.org/10.1038/s41579-022-00713-0
https://doi.org/10.1016/j.molmed.2020.04.006
https://doi.org/10.1016/j.molmed.2020.04.006
https://doi.org/10.1038/s41586-024-07291-6
https://doi.org/10.1126/science.abl5197
https://doi.org/10.1126/science.abo0510
https://doi.org/10.1038/s41392-021-00709-x
https://doi.org/10.1038/s41392-021-00709-x
https://doi.org/10.1093/bib/bbad081
https://doi.org/10.1093/bib/bbad081
https://doi.org/10.1016/j.cell.2019.05.031
https://doi.org/10.1016/j.cell.2019.05.031
https://doi.org/10.1016/j.csbj.2021.06.030
https://doi.org/10.1016/j.csbj.2021.06.030
https://doi.org/10.1093/bioinformatics/btv544
https://doi.org/10.1093/bioinformatics/btv544
https://doi.org/10.1093/nar/gks725
https://doi.org/10.15252/msb.20178124
https://doi.org/10.15252/msb.20178124
https://doi.org/10.1186/s13059-020-02015-1
https://doi.org/10.1186/s13059-020-02015-1
https://doi.org/10.1371/journal.pcbi.1005752
https://doi.org/10.1371/journal.pcbi.1005752
https://doi.org/10.1038/s41592-023-01938-4
https://doi.org/10.1038/s41467-023-37432-w
https://doi.org/10.1038/s41587-023-02033-x
https://doi.org/10.1016/j.cels.2022.10.005
https://doi.org/10.1016/j.cels.2022.10.005
https://doi.org/10.1098/rsos.221628
https://doi.org/10.1016/j.neubiorev.2010.07.002
https://doi.org/10.1016/j.neubiorev.2010.07.002
https://doi.org/10.1186/s41073-016-0007-6
https://doi.org/10.1186/s41073-016-0007-6
https://doi.org/10.3897/ese.2022.e86910
https://doi.org/10.3897/ese.2022.e86910
https://doi.org/10.1093/gigascience/giz074
https://doi.org/10.1186/s12859-021-04070-2
https://doi.org/10.1186/s12859-021-04070-2
https://doi.org/10.7554/eLife.70817
https://doi.org/10.1007/s00109-019-01774-0
https://doi.org/10.1007/s00109-019-01774-0

24

286.

287.

288.

289.

290.
291.

292.

293.

Escriva-Font et al.

Oliva M, Munoz-Aguirre M, Kim-Hellmuth S, GTEx Consortium
et al The impact of sex on gene expression across human tis-
sues. Science 2020;369:eaba3066. https://doi.org/10.1126/sci
ence.aba3066.

Youness A, Miquel C-H, Guéry J-C. Escape from X chromosome
inactivation and the female predominance in autoimmune dis-
eases. JMS 2021;22:1114. https://doi.org/10.3390/ijms22031114.
Piryaei Z, Salehi Z, Ebrahimie E et al Meta-analysis of inte-
grated ChIP-seq and transcriptome data revealed genomic
regions affected by estrogen receptor alpha in breast cancer.
BMC Med Genomics 2023;16:219. https://doi.org/10.1186/s12920-
023-01655-z.

Chi R-PA, Wang T, Adams N et al Human endometrial
transcriptome and progesterone receptor cistrome reveal im-
portant pathways and epithelial regulators. J Clin Endocrinol
Metab 2020;105:e1419-e1439. https://doi.org/10.1210/clinem/
dgz117.

GAO-01-286R Drugs Withdrawn From Market (2001).

Peckham H, Webb K, Rosser EC et al Gender-diverse inclusion
in immunological research: benefits to science and health.
Front Med (Lausanne) 2022;9:909789. https://doi.org/10.3389/
fmed.2022.909789.

Bertram MG, Sundin J, Roche DG et al Open science. Curr Biol
2023;33:R792-R797. https://doi.org/10.1016/j.cub.2023.05.036.
Wilkinson MD, Dumontier M, Aalbersberg IJJ et al The FAIR
guiding principles for scientific data management and stew-
ardship. Sci Data 2016;3:160018. https://doi.org/10.1038/sdata.
2016.18.

© The Author(s) 2025. Published by Oxford University Press.
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0/
), which permits unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited.

Oxford Open Immunology, 2025, 6, 1-24
https://doi.org/10.1093/0xfimm/iqaf006
Review

294.

295.

296.

297.

298.

299.

300.

Bycroft C, Freeman C, Petkova D et al The UK Biobank resource
with deep phenotyping and genomic data. Nature 2018;562:
203-9. https://doi.org/10.1038/s41586-018-0579-z.

Sun BB, Chiou J, Traylor M, Regeneron Genetics Center et al
Plasma proteomic associations with genetics and health in the
UK Biobank. Nature 2023;622:329-38. https://doi.org/10.1038/
$41586-023-06592-6.

Bergstrom G, Berglund G, Blomberg A et al The Swedish
CArdioPulmonary Biolmage Study: objectives and design.
J Intern Med 2015;278:645-59. https://doi.org/10.1111/joim.12384.
Lind L, Elmstdhl S, Bergman E et al EpiHealth: a large
population-based cohort study for investigation of gene-life-
style interactions in the pathogenesis of common diseases. Eur
J Epidemiol 2013;28:189-97. https://doi.org/10.1007/s10654-013-
9787-X%.

SternJ, Casto K. Salivary testosterone across the menstrual cy-
cle. Horm Behav 2024;164:105608. https://doi.org/10.1016/j.
yhbeh.2024.105608.

Lim MK, Ku CW, Tan TC et al Characterisation of serum pro-
gesterone and progesterone-induced blocking factor (PIBF) lev-
els across trimesters in healthy pregnant women. Sci Rep 2020;
10:3840. https://doi.org/10.1038/s41598-020-59452-y.

Stricker R, Eberhart R, Chevailler M-C et al Establishment of
detailed reference values for luteinizing hormone, follicle
stimulating hormone, estradiol, and progesterone during dif-
ferent phases of the menstrual cycle on the Abbott
ARCHITECT® analyzer. Clin Chem Lab Med 2006;44:883-7.
https://doi.org/10.1515/CCLM.2006.160.


https://doi.org/10.1126/science.aba3066
https://doi.org/10.1126/science.aba3066
https://doi.org/10.3390/ijms22031114
https://doi.org/10.1186/s12920-023-01655-z
https://doi.org/10.1186/s12920-023-01655-z
https://doi.org/10.1210/clinem/dgz117
https://doi.org/10.1210/clinem/dgz117
https://doi.org/10.3389/fmed.2022.909789
https://doi.org/10.3389/fmed.2022.909789
https://doi.org/10.1016/j.cub.2023.05.036
https://doi.org/10.1038/sdata.2016.18
https://doi.org/10.1038/sdata.2016.18
https://doi.org/10.1038/s41586-018-0579-z
https://doi.org/10.1038/s41586-023-06592-6
https://doi.org/10.1038/s41586-023-06592-6
https://doi.org/10.1111/joim.12384
https://doi.org/10.1007/s10654-013-9787-x
https://doi.org/10.1007/s10654-013-9787-x
https://doi.org/10.1016/j.yhbeh.2024.105608
https://doi.org/10.1016/j.yhbeh.2024.105608
https://doi.org/10.1038/s41598-020-59452-y
https://doi.org/10.1515/CCLM.2006.160

	Active Content List
	Introduction
	Biological sex regulates human immunity
	Investigating immune sex differences through systems immunology
	Future directions
	Conclusion
	Acknowledgements
	Author contributions
	Funding
	Data availability
	Ethics approval
	Consent
	References 


