
C
lin

ical

24 Lucy Ryan and Kingston H. G. Mills Eur. J. Immunol. 2022. 52: 24–33DOI: 10.1002/eji.202149589

HIGHLIGHTS

REVIEW

Sex differences regulate immune responses in
experimental autoimmune encephalomyelitis and
multiple sclerosis
Lucy Ryan and Kingston H. G. Mills

School of Biochemistry and Immunology, Trinity Biomedical Science Institute, Trinity College
Dublin, Dublin 2 , Ireland

MS is an autoimmune disease of the CNS that afflicts over 2.5 million people world-
wide. There are striking sex differences in the susceptibility to and progression of this
disease in humans. Females are twice as likely to develop MS than males, whereas dis-
ease progression and disability is more rapid in males compared with females; however,
the latter is still controversial. There is growing evidence, mainly from animal models,
that innate and adaptive immune responses are different in males and females, and that
this can influence the outcome of a range of diseases including infection, cancer, and
autoimmunity. Since MS is an immune-mediated disease, sex differences in pathogenic
immune responses may account for some of the differences in susceptibility to and pro-
gression seen inmen versus women. Indeed, data from themousemodel of MS, EAE, have
already provided some evidence that female mice have earlier disease onset associated
with stronger Th17 responses. This review will discuss the possible immunological basis
of sex differences in susceptibility and disease outcome in EAE and MS and how a better
understanding of sex differences in the responses to disease-modifying therapies may
lead to improved patient treatment.
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Introduction

MS is a disabling neurological and autoimmune disease of the
CNS, where the immune system attacks the myelin sheath that
surrounds nerve fibers. CD4 T cells that secrete IL-17 (Th17 cells),
B cells, and other immune cells cross the blood-brain–barrier
(BBB) and mediate pathology in the CNS. It has been known for
many years that women are more susceptible to MS than men,
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with the female-to-male disease incidence ratio ranging from 2:1
to 3:1, depending on geographical region [1–3]. There is some
evidence that men show quicker disease progression, especially
those with relapsing-remitting MS (RRMS), with a more rapid
accumulation of disability compared with women [4–6]. How-
ever, definitive evidence and a mechanism for more severe dis-
ease in men are still lacking and are discussed in more detail
below.

[Correction added on 3 December 2022, after first online publication: Peer
review history statement has been added.]
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It has become increasingly clear that the immune response in
males and females differs in many aspects. This is consistent with
the higher prevalence of autoimmune diseases in females and the
higher risk of mortality from malignant cancer in males. Females
generally mount stronger immune response to vaccines and usu-
ally generate higher levels of circulating antibodies compared
with males [7]. Furthermore, female, but not male C57BL/10
mice survive infection with Plasmodium chabaudi and this was
related to testosterone suppression of protective immunity to the
parasite [8]. The recent COVID-19 pandemic has also revealed dif-
ferences in immune responses between males and females. Men
develop more severe COVID-19 symptoms and are at a higher
risk of mortality compared with women. However, women show
higher levels of activated T cells during SARS-CoV-2 infection
compared with men [9].

This review will discuss sex differences in the immune sys-
tem that are relevant to MS. Understanding these differences is
not only important for elucidating the mechanism of disease but
could help to inform the discovery of novel therapeutic targets
and disease-modifying molecules.

Disease severity in EAE is gender dependent

Studies in the mouse model of MS, EAE have attempted to explain
differences in disease severity between males and females. Some
studies have shown no difference in the course of disease in
myelin oligodendrocyte protein (MOG)-induced EAE in C57BL/6
mice [10–12]. One study reported stronger proinflammatory
responses, greater lymphocyte infiltration and demyelination
in the spinal cord in males and higher regulatory responses
in female C57BL/6 mice, but no difference in disease severity
between sexes [10]. Nevertheless, it has been reported that
endogenous oestrogens can inhibit CNS inflammation and the
development of EAE in female C57BL/6 mice through estrogen
receptor-α (ER-α) expression on nonhematopoietic cells [13].
Furthermore, it has been demonstrated that female SJL mice have
enhanced EAE disease severity compared with males [12, 14].
While female SJL mice immunized with myelin proteolipid pro-
tein (PLP) or MOG had enhanced clinical scores compared with
males, male B10.PL and PL/J mice developed more severe disease
than females and no sex differences were found in the C57BL/6
or NOD strains [12]. Furthermore, the transfer of myelin basic
protein-specific T cells to naive SJL mice resulted in EAE with ear-
lier onset and more acute disease in female recipient mice [15].
One of the most in-depth and convincing studies showed greater
expression of spingosine-1-phosphate receptor-2 (S1PR2) and
vascular permeability in cerebella of female compared with male
SJL mice [14]. Treatment with a S1PR2 antagonist ameliorated
EAE in female, but not in male, SJL mice. Furthermore, S1pr2–/–

mice had less severe EAE, and this was associated with reduced
BBB permeability, fewer inflammatory foci and less demyelina-
tion in the spinal cord [14]. Furthermore, the same study also
showed that female patients with MS had higher S1PR2 in the
cerebellum compared with male patients. This study nicely links

the data from EAE and MS, but did not address differences in
CNS infiltration of Th17 cells between female and male mice,
which may be the key to sex differences in these diseases.

Sex and the immune response

Sex is defined by sex chromosomes, reproductive organs, and lev-
els of sex hormones. Additionally, social behavior and cultural
norms reflect gender differences, which may also influence dis-
ease susceptibility and progression [16]. Sex chromosomes and
levels of sex hormones are inextricably linked; therefore, it can
be difficult to decipher the precise role of one independent of the
other. The “four core genotype” (FCG) mouse model has been use-
ful for separating the phenotypic effects arising from sex chromo-
somes and gonadal hormones [17]. This model produces XX and
XY mice with testes and XX and XY mice with ovaries through
the deletion or insertion of the Sry testis-determining gene. A
phenotypic difference between XX and XY mice with the same
gonadal type is caused by sex chromosomes. Conversely, a phe-
notypic difference between mice with the same sex chromosome
complement but a different gonadal type is due to gonadal hor-
mones [17]. This separation is important, as sex differences in the
immune system can arise from both sex chromosome complement
and levels of sex hormones.

The human X chromosome codes for approximately 2000
genes, many of which are involved in the regulation of immune
function [18]. Genes for PRRs, cytokine receptors, and transcrip-
tion factors are present on the X chromosome. The X chromosome
also contains many microRNAs that have roles in modulating
immune responses [16]. In females, a process of X-inactivation
occurs where one X chromosome is silenced to ensure the
expression of a single set of X chromosome genes. However,
an estimated 15% of genes escape X-inactivation in humans.
This results in higher gene expression in females compared with
males [18]. Disparate immune gene expression can directly cause
differential immune responses in males and females.

Sex hormones have various immune-modulating functions.
Sex hormones can directly influence immune responses through
sex hormone receptors, which are present on many immune cells.
Additionally, several immune genes have androgen or estrogen
response elements in their promoter region [16]. Glucocorticoid
hormones have potent anti-inflammatory effects and are com-
monly prescribed for autoimmune and inflammatory disorders
[19]. Sex hormones influence glucocorticoid concentrations by
modulating the hypothalamic-pituitary-adrenal axis [20], thereby,
indirectly modulating immune responses.

The severity of many autoimmune diseases, including MS, is
suppressed during late pregnancy [21]. Studies in the EAE model
have suggested that pregnancy-associated attenuation of disease
is associated with enhancement of the frequency of Treg cells,
and this was mediated by the binding of progesterone to the glu-
cocorticoid receptor on T cells [22]. Although they did not exam-
ine effector T cells, it has been reported that progesterone can
inhibit differentiation of naïve human cord blood cells into Th17
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cells [23]. However, the study in mice showed that T-cell-specific
deletion of glucocorticoid receptor did not augment the number
of Treg cells or protection against EAE during pregnancy [22].
Conversely, other studies in the EAE model showed that adoptive
transfer of autoreactive immune cells from XX compared with XY
mice into naïve mice enhanced disease susceptibility and outcome
[24]. Therefore, some aspects of sex differences in EAE and pos-
sibly MS may be independent of sex hormones.

Sex differences in innate immune responses

Innate immune sensors

IFN-β is a widely used therapy for RRMS. IFN-β is a type 1
interferon that signals through the type 1 interferon receptor
(IFNAR) complex. The mechanism of action behind the thera-
peutic effect of IFN-β in MS is poorly understood [25]. However,
it has been reported that IL-27 produced by DCs mediates the
response to IFN-β by inhibiting Th17 cells [26]. It has also been
suggested that IFN-β treatment of MS patients has distinct effects
on CD4 T-cell responses by differentially influencing IL-6 and
IFN-γ production in males versus females [27]. However, this
study was based on mitogen-activated T cells and was not fol-
lowed up with more physiological measures of pathogenic T-cell
responses.

There is also some evidence of a role for IFN-α in the patho-
genesis of MS and this too may have a sex difference. Activation of
TLR7, encoded on the X chromosome, results in IFN-α production
via interferon regulatory factor 5 (IRF5). As well as its antiviral
effect, IFN-α is involved in the maturation of DCs and differentia-
tion of Th1 cells [28, 29]. TLR7-activated peripheral blood leuco-
cytes from females produce significantly higher concentrations of
IFN-α than leucocytes from males [29]. Plasmacytoid DCs (pDCs)
express high levels of IRF5 and are a major source of IFN-α. pDCs
from female mice deficient in ER-α show lower expression of IRF5
mRNA and reduced production of IFN-α in response to TLR7 stim-
ulation [28]. This suggests that IFN-α production is at least par-
tially regulated by estrogen signaling.

However, the possible role of TLR7 signaling in MS is still con-
troversial. Dzopalic et al. demonstrated that activation of TLR7 in
human monocyte-derived DCs results in differentiation of Th17
and Th1 cells, with accompanying increases in IL-17 and IFN-γ
production [30]. It has been shown that activation of TLR7 in
pDCs promotes differentiation of Th17 cells [31]. Th17, as well
as Th1 cells, are pathogenic in EAE and MS [32]. However, Ye
et al. show that TLR7 activation in T cells inhibits differentia-
tion of Th17 cells, reducing IL-17 production, thereby protecting
against the development of EAE [33].

TLR9-induced IL-10 production by human PBMCs is higher
in males compared with females and this correlates with plasma
levels of the male sex hormone dehydroepiandrosterone sulfate.
[34]. Interestingly, IL-10 production by female PBMCs inversely
correlated with estradiol levels. This suggests IL-10 production by
innate immune cells may be regulated by male sex hormones. IL-

10 is an important anti-inflammatory cytokine known to be pro-
tective in EAE [32].

Expression of TLR4 on human neutrophils and murine
macrophages is higher in males compared with females [35, 36].
Consistent with this, cells from males produced higher concen-
trations of TNF, IL-6, IL-1β, and IP-10 following stimulation with
LPS [35, 36]. These proinflammatory cytokines are pathogenic in
MS [32]. However, treatment of macrophages with testosterone
prior to LPS stimulation decreases TLR4 expression and TNF pro-
duction [37]. These findings highlight the limitations of certain in
vitro studies.

Putative estrogen response elements have been identified in
the promoters of Tlr7, Tlr3, Myd88, Stat3, and Ifnar1. Further-
more, putative androgen response elements were found in the
promoters of Irf7 and Mapk3 [38]. These findings suggest that
innate immune responses are influenced by sex chromosomes, sex
hormone receptor signaling, and sex hormone regulation of gene
transcription. These sex differences should be considered in future
studies on the immunopathology of MS.

Innate immune cells

APCs from females are more efficient at presenting antigen to
primed lymphocytes than APCs from males [39]. Activation of
ER-α by estradiol promotes the maturation of conventional DCs
and pDCs, with increased expression of MHC class II and costim-
ulatory molecules, CD40 and CD86 [40]. Therefore, female DCs
may be more efficient at presenting autoantigen to encephalito-
genic T cells. However, further research is needed to elucidate sex
differences in DC function.

A study in the EAE model using SJL mice with mutant c-
kit has indicated a male-specific protective effect of innate lym-
phoid cell 2 (ILC2) [41]. c-kit is a stem cell factor involved in
the survival of many hematopoietic lineages. c-kit-deficient male
mice had a lower number of ILC2 precursors in the draining
LNs and CNS compared with WT male mice and this resulted
in increased peripheral Th17 responses and exacerbated EAE.
ILC2 is an important source of IL-5, IL-9, and IL-13 and drives
Th2 responses. The authors hypothesize that c-kit signaling is
required for ILC2 precursor survival and that loss of these cells
removed an attenuating influence on the development of EAE.
This study reported that female WT mice have lower number of
CNS-infiltrating ILC2 on day 10 of EAE compared with male WT
mice. However, other studies focused on respiratory tissue have
shown no differences in number of ILC2 in the lung of male ver-
sus female mice and suggested that ILC2 from female mice are
more readily activated than ILC2 from male mice [42]. It has also
been reported that female mice have significantly higher number
of ILC2 in the lung compared with male mice [43]. Conversely,
it has been demonstrated that male mice had more ILC2 progen-
itors and a greater number of mature ILC2 in peripheral tissues
than female mice and this was associated with reduced suscepti-
bility to allergic airway inflammation [44]. Furthermore, andro-
gen receptor signaling in hematopoietic cells was found to play
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a protective role in type 2 airway inflammation by limiting dif-
ferentiation of ILC2 precursors into mature ILC2 [44]. However,
studies in humans showed that women have an increased num-
ber of circulating ILC2 compared to men and that testosterone
decreased the number of ILC2 in the lungs and attenuated airways
inflammation [45]. Although there is no clear explanation for the
discrepancies between studies, it may reflect differences between
tissues or diseases under investigation. Nevertheless, it is possible
that ILC2 may reduce susceptibility to EAE by promoting a Th2
response, especially in male mice [41]. Whether the protective
effect of ILC2 against EAE is mediated by sex hormones or due
to chromosomal complement and the extrapolation of these find-
ings to MS requires further research. However, a study on human
cord blood found that newborn boys have higher number of ILC2
compared with newborn girls [46].

Sex differences in adaptive immune responses

CD3 T cells from women have a stronger response to in vitro
stimulation with phytohemagglutinin, when compared with T
cells from men [47]. In addition, T cells from females have
higher expression of proinflammatory and cytotoxic gene tran-
scripts including included Ifng, Gzma, Ili2rb2, Ltb, and Gnly [48].
Some of these transcripts contain an estrogen response element
in their promoters, suggesting that sex hormones may in part
explain differences in adaptive immune responses between males
and females.

Th1 cells

Th1 cells are known to play a role in the pathology of MS and EAE
[49, 50]. Adoptive transfer of activated myelin-specific Th1 cells
from mice with EAE induces disease in naïve mice [50] Th1 cells
are a major source of IFN-γ and GM-cerebrospinal fluid (CSF).
IFN-γ is associated with relapse in MS patients [49] and plays
a pathogenic role at the induction phase of EAE [51]. GM-CSF,
produced by both Th1 and Th17 cells, also has a pathogenic
role in EAE [52, 53]. Following immunization with BCG, Th1
cytokine production is higher in females compared with male mice
[54]. However, studies with coxsackievirus B3-induced myocardi-
tis have shown that male mice have stronger Th1 responses,
whereas Th2 responses are stronger in females [55].

It has been known for some time that disease in female MS
patients is attenuated during late pregnancy [21]. Many female
sex hormones are elevated during pregnancy. The female sex hor-
mone estriol is only present in pregnant women and reaches high
concentrations during the third trimester. Estriol binds to ER-β
which is highly expressed in the brain [56]. Treatment with estriol
attenuates EAE in male and female mice and this was associated
with reduced production of proinflammatory cytokines, includ-
ing IFN-γ, by autoantigen-specific spleen cells [57]. Treatment of
mice with an ER-β agonist attenuated EAE by inhibiting activa-
tion of microglia as well as T cells [58]. During pregnancy, Th2

are enhanced over Th1 responses. This suggests estriol may have
a protective effect in MS and in other immune-mediated diseases
by inhibiting Th1 cells [56].

Th17 cells

IL-17-producing CD4 T cells (Th17 cells), as well as IL-17-
producing γδ T cells, have well-established pathogenic roles in
EAE [59]. Furthermore, the results of early clinical trials have
shown that neutralization of IL-17 can reduce active lesions in
RRMS patients [60]. IL-23 and IL-1β play a crucial role in the acti-
vation of IL-17-secreting γδ T cells and Th17 [61–63]. Mice defi-
cient in the p19 chain of IL-23 are resistant to the development of
EAE [64]. Furthermore, IL-17–/– mice are resistant to induction of
EAE [65].

Although data are emerging on sex differences in Th17 cell
responses, there are conflicting reports in the literature. It has
been reported that IL-17A gene expression is significantly higher
in polyclonally activated peripheral T cells from men compared
with women [48]. However, Sankaran et al. reported the IL-17-
associated transcriptional factors, RORγ and STAT3, are signifi-
cantly higher in T cells from women compared with men [66].
Treatment of mice with estradiol suppressed IL-17 production and
attenuated EAE [67], suggesting that IL-17 production may be
regulated by sex hormones. It has been shown that the protec-
tive effect of estradiol in EAE is mediated through ER-α on T
cells, leading to inhibition of the development of Th1 and Th17
cells [68]. Deletion of ER-α in T cells reduces their activation and
enhances expression of Foxp3 [69]. An elegant study by Garnier
et al. showed that estrogen signaling in CD4+ T cells suppressed
differentiation of Th17 cells through a trans-acting mechanism
involving the immune checkpoints PD-1/PD-L1 [70]. Since anti-
IL-17A was found to be effective in early clinical trials in the treat-
ment of RRMS patients [60], the differences in IL-17A production
between males and females could be important for therapeutic
outcomes.

γδ T cells

γδ T cells infiltrate the CNS after induction of EAE and are a
major source of IL-17A, especially early in the course of EAE [63].
γδ T cell-derived IL-17A has a role in mobilizing IL-1β-producing
innate cells to the draining LN in EAE [65]. These innate
cells promote the further differentiation of IL-17A-producing
encephalitogenic Vγ4+ γδ T cells and Th17 cells. Furthermore,
a novel population of T cells expressing both an αβ and γδ TCR
are an important source of IL-17 in the LN and CNS early in EAE
[71]. γδ T cells have also been found in brain lesions and CSF of
MS patients [72, 73]. Caccamo et al. reported that women have
higher levels of circulating Vγ9/Vδ2 γδ T cells compared with
men [74]. Further investigations on sex differences in γδ T-cell
populations and function in EAE and MS are needed. It will be
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important to elucidate the source of IL-17A early in MS disease
and whether this differs between males and females.

Treg cells

Treg cells are important modulators of inflammation and impaired
Treg cell function, leading to unconstrained autoreactive T cells,
is a common feature of many autoimmune diseases including MS
[32]. Treg cells exert their immunosuppressive function by inhibit-
ing APCs and by secreting the immunosuppressive cytokines IL-10
and TGF-β [75]. Patients with RRMS have reduced levels of the
transcriptional regulatory factor Foxp3, which is crucial for the
development of natural Treg [76]. Interestingly, Foxp3 is encoded
on the X chromosome [16]. One study reported that women have
significantly lower numbers of peripheral Treg cells compared
with men [77]. Treg cell numbers are reduced, or their func-
tion is defective, in many autoimmune diseases, including MS
[78, 79], but there have been limited reports on sex difference
in Treg cells in human autoimmune diseases. However, a study
on patients with undifferentiated arthritis found lower numbers
of Treg cells in females compared with male patients [80]. In
the relapsing-remitting EAE model, male mice did not relapse,
but relapse was induced by orchidectomy and this was associated
with enhanced infiltration of Th1 cells into the CNS [81], suggest-
ing that testosterone modulates immune responses that mediate
pathology in EAE. Studies with human T cells have shown that
testosterone can induce expression of Foxp3 on T cells via direct
interaction with an androgen receptor binding site in the Foxp3
locus, leading to epigenetic changes that promote differentiation
or maintenance of Treg cells [82]. These findings suggest a role
for testosterone in preventing development of autoimmune dis-
eases. However, the extent of sex differences in Treg cell function
in MS remains unclear. Further investigation on the frequency and
function of Treg numbers and expression of immune checkpoints
in females and males are needed.

B cells

Although most of the focus has been on the pathological role of
T cells, evidence has emerged in recent years that B cells may
have a role in the pathogenesis of MS. Antimyelin autoantibodies
have been identified in MS patients [83]. However, there is no
clear evidence that these antibodies are confined to MS patients
and their relevance, if any, to disease progression is controver-
sial [84, 85]. Alternatively, B cells may promote pathology in MS
by presenting autoantigen to pathogenic T cells or by produc-
ing proinflammatory cytokines that contribute to neuroinflamma-
tion [86]. The most striking evidence in support of a pathogenic
role for B cells in MS is provided by the demonstration that Rit-
uximab, an anti-CD20 B cell-depleting antibody, reduces disease
activity in RRMS and primary progressive MS (PPMS) patients
[87]. Consistent with the findings that females mount stronger
antibody responses to immunization [16], females tend to have

higher numbers of B cells compared with males [47]. Antibody
levels may be in part regulated by female sex hormones. A study
by Lu et al. demonstrated that antibodies and antibody-secreting
cells are highest before ovulation in females [88]. B cells express
ER-α and ER-β and estradiol enhances survival and activation of
immature B cells, and this can lead to the generation of mature
autoreactive B cells [89]. This may in part explain the female pre-
dominance of systemic lupus erythematosus, but its relevance to
MS remains to be examined. Further studies on the differences
in numbers of B cells and antibody responses may provide insight
into sex differences in the immune responses that mediate MS and
may influence the response to B cell-directed therapies.

Synthesis of sex differences in adaptive immune responses
in EAE and MS

Sex differences in susceptibility to and progression of MS may
reflect differences in the balance between pathogenic Th1, Th17,
and B cells versus protective Th2 and Treg cells (Fig. 1). There
is indirect evidence for this from studies on sex differences in
immune responses, in general, but limited evidence from studies
in MS patients. Studies in mice with the EAE model are beginning
to provide some clues including evidence of more CNS infiltrating
lymphocytes and, therefore, potentially pathogenic T and B cells
in female mice. However, conclusive studies showing stronger
Th17 responses and weaker Treg response in women are still lack-
ing, especially in MS patients. Future studies on sex differences
in the response to therapeutics that target IL-17/Th17 cells or B
cells should provide more information to address these knowledge
gaps.

MS disease progression in males

Although women are more susceptible to MS, men with RRMS
appear to show worse clinical outcomes than women. Males with
RRMS accumulate disability and progress to secondary progres-
sive MS (SPMS) significantly faster than females [4]. Addition-
ally, men with MS show worse cognitive impairment and grey
matter atrophy compared with women [56]. Earlier cognitive
decline in men with RRMS was associated with enhanced disabil-
ity score [6]. A study of over 5000 RRMS patients in Canada found
that conversion to SPMS disease course occurred earlier and at
a young age in males [5]. It has also been reported that male
patients with RRMS or SPMS accumulate disabilities faster than
females, but no sex differences in the rate of disability accumu-
lation were found in in PPMS patients [4]. Furthermore, another
study did not find a higher risk of secondary progression in male
RRMS patients [90]. Therefore, the findings on faster disease pro-
gression in male MS patients remain controversial and there is no
clear mechanism to explain quicker progression in men but higher
incidence of MS in women.

The FCG mouse model has been used to examine sex differ-
ences in EAE associated with sex chromosome complement in the
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Figure 1. Schematic diagram illustrating the hypothetical role of innate and adaptive effector and regulatory immune responses that mediate EAE
and MS and possible sex differences in these responses. Current evidence suggests that IL-17 secreted by Th17 cells and γδ T cells plays a major
role in disease pathology in EAE and MS. The role of Th1 cells is less clear. However, GM-CSF secreted by Th1 as well as Th17 cells is considered
to have a pathogenic role in EAE. In general, these effector immune responses are stronger in females compared with males. This may reflect
stronger innate immune responses that promote induction or expansion of Th1, Th17, and γδ T cells. It may also reflect weaker anti-inflammatory
macrophages, ILC2, or regulatory T cell responses in female mice. Dendritic cell, DC; type 2 innate lymphoid cell, ILC2; macrophage, M�; regulatory
T cell, Treg; experimental autoimmune encephalomyelitis, EAE; multiple sclerosis,MS, relapsing remittingmultiple sclerosis; RRMS; C57BL/6 (mice),
C57; female, F; male, M. Created with BioRender.com.

CNS, independent of sex differences in the immune system. Using
BM chimeras, it was demonstrated that EAE is more severe in mice
with an XY sex chromosome complement in the CNS [91]. These
mice showed greater neuropathology compared with mice with an
XX sex chromosome complement in the CNS [91]. The next step
will be to identify the genes on sex chromosomes that contribute
to greater neurodegeneration in males. It will also be important to
untangle the relationship between neurodegeneration and inflam-
mation and how this may differ between the sexes.

Conclusion and future perspective

Immune responses differ in many aspects between males and
females. However, it is only in recent years that sex differences
in the immune system have been properly appreciated and
investigated. The vast majority of studies in animal models have
been conducted in one sex under the assumption that the findings
would hold true for the opposite sex [56]. Studies using the EAE
model show a clear female bias, with one report stating that
85% of studies using EAE were conducted on female rodents
only [92]. The paucity of sex-based biological differences in
biomedical research is no longer acceptable given the clear sex
differences in immune responses and in the prevalence and
progression of many diseases. The importance of studying disease
models in both sexes is becoming more evident, with research

funding bodies, including National Institutes of Health, now
requiring the inclusion of sex as a biological variable in grant
applications [18].

MS has striking sex differences in susceptibility and disease
progression. These clinical observations should be considered in
preclinical experiments to facilitate the discovery and develop-
ment of novel and more effective disease-modifying therapies.
This has been termed the “bedside-to-bench-to-bedside” approach
to drug development [56]. Additionally, sex may be an important
factor to consider for patient stratification, as the efficacy, opti-
mal dose and side-effects of drugs can differ between males and
females [56].

There is already some evidence from the EAE model that drugs
licensed for the treatment of MS may have distinct effects in males
and females. Dimethyl fumarate (DMF), a treatment currently
used for MS, suppresses Th1/Th17 inflammatory responses and
promotes a Th2 type response which has been shown to protect
against the development of severe EAE [93]. Treatment with DMF
was more effective in male compared with female rats with EAE
and this was associated with enhanced anti-inflammatory myeloid
cells and reduced IL-17 production by CD4 T cells [94]. Given
the sex differences in IL-17 production and neurodegeneration,
DMF and other disease-modifying therapies may have differential
effects in males and females. However, evidence for this from MS
patients is still lacking [95] and many studies on the responses
to disease-modifying therapies in MS patients did not stratify the
data based on gender.
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Understanding the basis of sex differences in the immune
response, whether due to sex chromosome complement or sex
hormone signaling, will be important for elucidating MS patho-
genesis and for the discovery of novel therapeutic targets. Further
research committed to answering these questions will improve the
current understanding of MS and will ultimately lead to better
patient treatment.
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