fco;m Cold Spring Harbor Perspectives in Biology

PERSPECTIVES

www.cshperspectives.org

Sex Differences in Mast Cell-Associated
Disorders: A Life Span Perspective

Emily Mackey'? and Adam J. Moeser’

'Department of Large Animal Clinical Sciences, College of Veterinary Medicine, Michigan State University,

East Lansing, Michigan 48864, USA

2Comparative Biomedical Sciences Program, North Carolina State University, College of Veterinary Medicine,

Raleigh, North Carolina 27603, USA

Correspondence: moeserad@msu.edu

Mast cells are critical innate immune effectors located throughout the body that are crucial for
host defense mechanisms via orchestrating immune responses to a variety of host and envi-
ronmental stimuli necessary for survival. The role of mast cells in brain development and
behavior, meningeal function, and stress-related disorders has also been increasingly recog-
nized. While critical for survival and development, excessive mast cell activation has been
linked with an increasing number of inflammatory, stress-associated, and neuroimmune
disorders including allergy/anaphylaxis, autoimmune diseases, migraine headache, and
chronic pain disorders. Further, a strong sex bias exists for mast cell-associated diseases
with females often at increased risk. Here we review sex differences in human mast
cell-associated diseases and animal models, and the underlying biological mechanisms
driving these sex differences, which include adult gonadal sex hormones as well the
emerging organizational role of perinatal gonadal hormones on mast cell activity and
development.

ast cells are hematopoietic-derived innate
Mimmune cells ubiquitously located in the
body and are potent orchestrators and effector
cells in the immune response. Moreover, many
mast cell-associated disorders including irritable
bowel syndrome, migraine, chronic pain, allergy/
anaphylaxis, and autoimmune disease, exhibit a
strong sex bias in which females are more suscep-
tible. Adult sex hormones may explain some of
the causes of sex-biased disease responses; how-
ever, this idea is challenged by the fact that sex
biases in many mast cell-associated disorders are
evident in prepubertal children. In this review, we

will discuss sex biases in mast cell disease suscep-
tibility with a focus on factors of sex that may be at
play. We highlight the diverse roles of mast cells
in health and disease in context with the interac-
tion of sex. Further, we call attention to early life
as a critical period in shaping mast cell function
and discuss early life environmental and host in-
teractions that may influence mast cell disease
susceptibility across the life span. The findings
in this review provide insights for therapeutic tar-
gets for mast cell disorders with a potential for
identifying sex-specific therapies in pediatric and
adult disease.
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MAST CELL BIOLOGICAL ROLES IN HEALTH
AND DISEASE

Mast cells are important effector cells of the im-
mune system and play critical roles in inflamma-
tory disease. Mast cells arise from hematopoietic
CD34%/CD117" stem cells that circulate as com-
mitted progenitors in blood, and populate all tis-
sues, especially at host-environment interfaces
such as the skin, the lung, and the gut (Abraham
and Malaviya 1997). Mast cells are long-lived,
able to survive months or years, and can prolif-
erate in tissues in response to certain stimuli
(Abraham and Malaviya 1997; Galli et al. 2005).
The most distinguishable characteristic of mast
cells are the 50- to 200-electron dense granules
that occupy the majority of the cytoplasm of ma-
ture mast cells (Krystel-Whittemore et al. 2015).
Stored within these granules are large amounts of
preformed proinflammatory mediators (e.g., his-
tamine, serotonin, proteases, etc.), which when
released initiate rapid and robust physiologic ef-
fects on the vasculature, epithelium, and nervous
systems (Krystel-Whittemore et al. 2015).

The strategic location of mast cells next to
vessels and nerves and at host-environment in-
terfaces, as well as the plethora of immune me-
diators they contain and synthesize, positions
them to be involved in a variety of pathologic
conditions.

Mast cells are best known for their associa-
tion with pathologic conditions such as allergy
and anaphylaxis where aberrant mast cell acti-
vation leads to damage of host tissues. However,
mast cells are indispensable to the host and no
humans lacking mast cells have ever been
described (Wong et al. 2014). Further, mast
cell-like cells have been described in an early
ancestor of vertebrates, Ciona intestinalis, point-
ing to an ancient origin of mast cells (>500 mil-
lion years ago), well before the development of
adaptive immunity and therefore IgE-mediated
allergy (Wong et al. 2014). The fact that mast
cells have persisted throughout vertebrate evo-
lution reinforces their importance in immune
responses against infectious diseases, including
those by parasites, bacteria, and viruses.

Mast cells are positioned at host-environ-
ment interfaces with a repertoire of receptors

ready to react to pathogen-associated molecular
patterns and other signals of infection (Gilfillan
et al. 2009). Further, mast cells have a kinetic
advantage over other sentinel immune cells
through their ability to release a multitude of pre-
formed immune mediators instantaneously at a
site of infection. Mast cells promote clearance of
bacteria and prevent dissemination of infections
in the peritoneum, bladder, lung, gut, and skin
(Malaviya et al. 1996; Wei et al. 2005; Siebenhaar
etal. 2007; Sutherland et al. 2008; Shelburne et al.
2009). Mast cells release mediators in response to
parasite infection, including histamine to in-
crease vascular permeability, and smooth muscle
contraction to expel parasites, and proteases that
are directly toxic to parasites (Vermillion et al.
1988; McKean and Pritchard 1989; McDermott
etal. 2003). During viral infections, mast cells are
involved in recruitment of immune cells, but fur-
ther questions remain with regard to other
functions of mast cells during viral infections
(Orinska et al. 2005).

EPIDEMIOLOGY OF SEX DIFFERENCES IN
MAST CELL-ASSOCIATED DISEASE

An increasing number of clinical and epidemio-
logic studies demonstrate sex biases in mast
cell-associated disorders, often with females ex-
hibiting increased prevalence and severity of dis-
ease. Diseases classically associated with mast
cells including allergy, anaphylaxis, and asthma
(Webb and Lieberman 2006; Osman et al. 2007a;
Poulos et al. 2007; Kool et al. 2016; Acker et al.
2017). Further, evidence has mounted supporting
important roles of mast cells in other immune-
related disorders. Clinical and preclinical animal
research have linked mast cells with autoimmune
diseases such as multiple sclerosis (MS) (Orton
et al. 2006) and rheumatoid arthritis (Alamanos
and Drosos 2005), which also exhibit a female sex
bias, occurring in women at 4 times the rate of
men (Chiaroni-Clarke et al. 2016). Heightened
mast cell activation near sensory neurons has
been linked with symptom severity of chronic
pain disorders such as irritable bowel syndrome
(Sperber et al. 2017), migraine (Stovner et al.
2007), interstitial cystitis (Berry et al. 2011), and
fibromyalgia (Walitt et al. 2015), which all occur
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much more frequently in women (Mogil 2012).
Further, mast cells degranulation has been impli-
cated in sex-specific pain disorders in women
such as vulvodynia and endometriosis (Bornstein
et al. 2004; Anaf et al. 2006).

Research into the mechanisms underlying
sex differences in mast cell-mediated disease
has largely focused on adult gonadal sex hor-
mones as the main drivers of sex differences.
This focus is likely due in part to the sex rever-
sal in prevalence of allergic rhinitis, food aller-
gy, and asthma from a male predominance
prior to puberty to a female predominance in
adulthood (Kelly and Gangur 2009; Frohlich
et al. 2017; Pinart et al. 2017; Hohmann et al.
2019). However, childhood prevalence of a
number of mast cell-associated diseases still ex-
hibit a female predominance such as eczema
(Ballardini et al. 2013), autoimmune disease
(Chiaroni-Clarke et al. 2016), irritable bowel
syndrome (Korterink et al. 2015), migraine
(Victor et al. 2010), fibromyalgia (Kashikar-
Zuck and Ting 2014), interstitial cystitis (Vaz
et al. 2012), and general chronic pain (King
etal. 2011). With regard to asthma, sex-specific
childhood prevalence rates of asthma have
shifted between 1989 and 2004 moving from
male-biased prevalence to no sex difference,
while eczema and allergic rhinitis prevalence
changed from a male bias to a female bias
(Osman et al. 2007b). Similarly, the prevalence
of childhood food allergies, which have previ-
ously been reported to be more common in
males, have now shifted toward a female pre-
dominance (Branum and Lukacs 2008; Mc-
Gowan and Keet 2013). This shift toward a fe-
male bias in asthma and atopy (heightened
immune responses to common skin, airway,
and food allergens) could be attributed to sev-
eral factors including enhanced sensitivity in
the evaluation of clinical symptoms and diag-
nosis of atopy, or a decrease in the bias of health
professionals to more readily diagnose boys
with atopy (Osman et al. 2007b). Together,
sex differences in susceptibility to mast cell-as-
sociated disease exist throughout life, and there-
fore early life and adult sex-based factors in
pathogenesis of these disorders are likely in-
volved and covered later in this review.

Sex Differences in Mast Cells

ROLE OF MAST CELLS IN SEX DIFFERENCES
IN IgE-MEDIATED ALLERGY/ANAPHYLAXIS
AND EXPERIMENTAL AUTOIMMUNE
ENCEPHALOMYELITIS

As described above, a female sex bias is evident
in mast cell-associated disorders, but the specif-
ic contribution of mast cells to this sex bias is
poorly understood. Here, we focus on studies
that have demonstrated sex differences in mast
cells activation in animal models of passive sys-
temic anaphylaxis and experimental autoim-
mune encephalomyelitis (EAE), and how sex
differences in mast cells may drive sex-biased
mast cell disease risk and severity.

Sex Differences in IgE-Mediated Passive
Systemic Anaphylaxis and the Role
of Mast Cells

As discussed above, a distinguishing feature of
mast cells is the capacity to store and release pre-
formed granule mediators (e.g., histamine, sero-
tonin, proteases), which allows them to respond
rapidly to threats in the microenvironment. How-
ever, aberrant or excessive activation of mast cells,
such as in allergy and anaphylaxis, can have po-
tentially life-threatening consequences. Allergy is
the most recognized negative consequence of
mast cell activation and afflicts 30%-40% of peo-
ple worldwide (Pawankar et al. 2012). Mast cells
are the main effector cell in IgE-mediated allergic
reactions. Infusing IgE antibodies into wild-type
mice, mast cell-deficient mice, and mast cell
knockin mice demonstrates that many of the al-
lergen-induced biologic responses are entirely de-
pendent upon mast cell degranulation, including
cardiopulmonary collapse in anaphylaxis, tissue
swelling, fibrin deposition, airway hyperreactivi-
ty, and immune cell recruitment (Galli et al.
2005). Allergies develop when innocuous envi-
ronmental antigens elicit type 2 immune re-
sponses through activation of CD4" T helper
type 2 cells that engage B cells to produce aller-
gen-specific IgE antibodies (Hofmann and Abra-
ham 2009). IgE binds to FceRI receptors on tissue
mast cells and basophils, which mainly circulate
in low numbers in the blood (Voehringer 2013).
Mast cells are activated upon reexposure to the
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allergen, which cross-links IgE antibodies bound
to FceRI receptors, causing degranulation and
release of multiple preformed mediators (e.g., his-
tamine, serotonin, proteases, etc.), referred to as
an immediate hypersensitivity reaction (Hof-
mann and Abraham 2009). These mediators are
responsible for increasing vascular permeability,
smooth muscle contraction, and mucus secretion
as well as signaling nerves and recruiting other
immune cells, which contribute to allergic symp-
toms like redness, swelling, itching, runny nose,
and diarrhea (Hofmann and Abraham 2009). In
allergic asthma, mast cell mediators cause bron-
choconstriction, mucus secretion, and respiratory
mucosal edema leading to reduced air flow and
wheeze (Hofmann and Abraham 2009). Other
allergic disorders including allergic rhinitis, ecze-
ma, urticaria, and food allergy also manifest
through IgE-mediated mast cell activation (Galli
and Tsai 2012). Further, systemic IgE-mediated
mast cell activation can result in anaphylaxis, a
catastrophic immune response that can rapidly
lead to death if untreated (Galli and Tsai 2012).
In line with the female sex bias in humans,
IgE-mediated induction of clinical scores of ana-
phylaxes and pathophysiologic outcomes (e.g.,
blood histamine levels, tissue mast cell activa-
tion, airway hyperreactivity, and hypothermia)
in mouse models are more severe in female an-
imals (Mackey et al. 2016, 2020; Hox et al. 2015).
Despite several studies reporting heightened se-
verity of mast cell-mediated anaphylaxis in
females, the factors responsible for these sex dif-
ferences have been conflicting. Ovariectomy re-
duced allergic airway inflammation in female
rats (Ligeiro de Oliveira et al. 2004) and the hy-
pothermia and airway inflammation in C57Bl6
mice (Hox et al. 2015), while estrogen replace-
ment in ovariectomized mice reversed the effects
of ovariectomy. Further, Hox et al. (2015) re-
ported that females express higher levels of en-
dothelial nitric oxide synthase (eNOS) and
phosphorylated eNOS, compared with males
and ovariectomized females, and that adminis-
tration of the NOS inhibitor, L-NAME, reduced
hypothermia responses in female mice but not
males. Overall, these finding imply that gonadal
estrogens enhance the severity of IgE-mediated
hypothermia and airway inflammation via en-

hanced eNOS, thus contributing to heightened
anaphylactic responses in females. In contrast,
we found that ovariectomy of adult C57Bl6 fe-
males and castration of males had no significant
effect on IgE-mediated histamine release or hy-
pothermia (Mackey et al. 2020). Instead, Mackey
et al. (2020) concluded that these sex differences
were a result of organizational effects of perina-
tal androgens, rather than adult androgens,
shaping sex differences in mast cell histamine
release and hypothermia, as discussed in more
detail below.

Role of Mast Cells in Autoimmune Disease
and Their Contribution to Sex Differences
in Disease Severity

Autoimmune diseases are a result of the im-
mune system failing to recognize self from
non-self molecules, resulting in activation of
self-reactive lymphocytes by innate immune
cells to respond to self-antigens (Brown and
Hatfield 2012). As mentioned previously, mast
cells are associated with several autoimmune
diseases in humans, including Sjogren’s syn-
drome (Konttinen et al. 2000), chronic idiopath-
ic urticaria (Saini et al. 2009), experimental
vasculitis (Ishii et al. 2009), rheumatoid and id-
iopathic arthritis (Nigrovic et al. 2007; Sullivan
2007), bullous pemphigoid (Wintroub et al.
1978), and systemic lupus erythematosus (Kacz-
marczyk-Sekula et al. 2015). But the mast cell’s
role in MS, a chronic inflammatory disorder of
the central nervous system (CNS) characterized
by mononuclear cell infiltration of the brain and
demyelination of neurons, has received the most
attention. Mast cells are observed within the de-
myelinated plaques in the brains of humans with
MS and elevated levels of tryptase are found in
the cerebrospinal fluid of MS patients (Kriiger
et al. 1990; Rozniecki et al. 1995). In the rodent
model of MS, EAE, mast cell-deficient mice
(Wsh mice) exhibited less severe EAE-type le-
sions, including less severe demyelination
(Brown et al. 2002; Desbiens et al. 2016). Peri-
vascular mast cells are a source of vasoactive and
proinflammatory mediators that increase the
permeability of the blood-brain barrier and
can recruit immune cells to the brain (Sayed
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et al. 2010), which is important for MS patho-
genesis. Further, administration of a mast cell
stabilizer drug reduced severity of EAE (Brown
and Hatfield 2012), supporting a critical role of
mast cells in the MS-associated pathology and in
general autoimmunity as reviewed previously
(Brown and Hatfield 2012).

The biological mechanisms underlying the
female sex bias in autoimmune diseases has re-
ceived considerable attention. Sex differences in
autoimmune disease are thought to be mediated
through various mechanisms, including sex hor-
mone and genetic factors and a complex interplay
between innate and adaptive immune cells. Mast
cells have been proposed as potentially critical
players mediating sex differences in autoimmune
diseases. It was also demonstrated that IL-33 is a
critical protective factor in the EAE model,
through a mechanism involving IL-33-mediated
activation of ILC2 cells and generation of a Th2
response to confer protection against inflamma-
tion-induced CNS lesions in males. In vitro ex-
periments with bone marrow—-derived mast cells
(BMMCs) showed that testosterone, through
binding to androgen receptors (ARs) expressed
on mast cells, induces IL-33 production and re-
lease from male, but not female mast cells, which
the authors speculated could be a mast cell-de-
pendent mechanism driving sex differences in the
EAE model. The authors also showed that cul-
tured female mast cells release greater amounts of
inflammatory IL-1f and TNF-c, which was spec-
ulated as a potential driver of a Th-17-dominated
anti-myelin response contributing to heightened
disease severity in females (Russi et al. 2018).
Together, these studies support a critical role of
mast cells in the pathogenesis of EAE lesions and
that mechanism involving sex-dependent effects
of testosterone on male mast cells could protect
males from autoimmune-associated CNS lesions.

ADDRESSING SEX BIASES IN MAST
CELL-ASSOCIATED DISEASES IN CHILDREN:
ROLE OF PERINATAL ANDROGENS

While much attention has been directed toward
adult gonadal sex hormones as a mechanism me-
diating sex differences in mast cell-associated
disease, epidemiological evidence demonstrates

Sex Differences in Mast Cells

these same sex biases in prepubertal children, as
noted above. Therefore, sex-based factors inde-
pendent of adult gonadal sex hormones are likely
playing a significant role. A defining mechanism
of sexual differentiation in the fetus and newborn
is the perinatal androgen surge in males. During
this organizational period, testes secrete gonadal
androgens (testosterone and dihydrotestoster-
one) in both prenatal and early postnatal life,
which is known to induce permanent masculin-
izing effects on many body systems. Testosterone
can also be converted to estradiol via the aroma-
tase enzyme to drive defeminizing effects via es-
trogen receptors. Androgens and estrogens with
their respective receptors bind to hormone-re-
sponsive elements on target DNA sequences,
which attracts cofactors that form transcriptional
complexes to regulate gene transcription (Hiort
2013). Many coregulators have inherent histone
acetyltransferase and methyltransferase activity,
which can alter the epigenetic state of the genome
and change gene expression (Arnold et al. 2012).
These epigenetic marks to histones or DNA can
have long-lasting impacts on gene expression,
permanently influencing the function and phe-
notype of cells (Arnold et al. 2012). In contrast to
males, sexual differentiation in females during the
organizational period occurs in the absence of the
androgen surge and is thought to be largely inde-
pendent of gonadal hormones as the ovaries are
relatively quiescent until puberty. The actions of
the perinatal testicular androgen surge on many
tissues during this critical period organize many
body systems to respond to pubertal gonadal hor-
mones or the “activational” phase in adulthood.
In other words, the perinatal androgen surge
leads to a fixed program of gene expression in
target cells throughout life, which controls the
function and phenotype of that cell, including
future responsiveness to hormones.

Perinatal Androgens in Males as Major Drivers
of Sex Differences in IgE-Mediated
Anaphylaxis through Alterations in Mast Cell
Development

As mentioned above, studies by Mackey et al.
(2016, 2020) demonstrated that female mice ex-
hibit greater concentrations of serum histamine
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levels, which coincided with more severe hypo-
thermia, compared with male mice. Similar sex
differences were also observed in mice exposed
to psychological restraint stress (Mackey et al.
2016; D’Costa et al. 2019). Moreover, sex differ-
ences in IgE-mediated passive systemic anaphy-
laxis were also demonstrated in 14-day-old
mice, which suggested that factors other than
adult gonadal sex hormones could play a signif-
icant role in the sex differences. Administration
of testosterone propionate (TP) to pregnant
dams resulted in “masculinized” mast cell-me-
diated responses, with reduced blood histamine
concentrations and reduced severity of hypo-
thermia response in female offspring at neonatal
and adult stages. On the other hand, inhibition
of the perinatal androgens surge in males by
administration of the anti-androgen di-(2-eth-
ylhexyl) phthalate (DEHP) to pregnant dams,
resulted in heightened severity or “feminized”
IgE-mediated anaphylaxis responses in male
offspring. Together, these studies established
the perinatal androgen surge as a critical event
driving long-term attenuated mast cell re-
sponses in males. This work further introduced
the concept that host, genetic, and environmen-
tal-associated alterations in androgens during
the critical perinatal period can have lasting de-
velopmental consequences on mast cell-associ-
ated disease severity.

Developmental Effects of Perinatal Androgens
on Mast Cell Granule Mediator Storage and Its
Role in Sex Differences in Mast Cell-Mediated
Anaphylaxis

Studies by Mackey et al. (2016, 2020) showed that
heightened anaphylaxis in female mice was asso-
ciated with higher levels of blood histamine.
Examination of tissue mast cells revealed no
significant differences in mast cell number or de-
granulation between the sexes. Isolation of peri-
toneal mast cells from female and male mice and
rats demonstrated that female mast cells contain
higher levels of preformed granule-associated
mediators (e.g., histamine, serotonin, tryptase,
etc.). Electron microscopy also revealed more
electron-dense granules in female mast cells com-
pared with male mast cells, further indicating that

females have an increased capacity to store gran-
ule mediators. Furthermore, infusion of female
mast cells into mast cell-deficient male mice re-
cipients, and vice versa, showed that sex differ-
ences in IgE-mediated passive systemic anaphy-
laxis were determined by the sex of the donor
mast cells and not the recipient. Additionally,
Mackey et al. (2020) showed that mast cells de-
rived in vitro from bone marrow hematopoietic
stem cell precursors (BMMCs) obtained from fe-
male, male, and perinatally androgenized females
exhibit sex differences in mast cell granule medi-
ator content, with male and androgenized
female-derived BMMCs exhibiting significantly
reduced levels of histamine, serotonin, and pro-
teases compared with female BMMCs. Together,
these findings demonstrate that biological sex and
high perinatal androgen levels alter the develop-
mental programming of mast cells toward re-
duced granule mediators’ storage and release,
contributing to reduced clinical severity of mast
cell-mediated anaphylaxis.

Perinatal Androgens as Modulators of Early
Brain Mast Cell Activity, Brain Development,
and Sex-Related Behavior

While best known for their pathophysiological
role in inflammatory diseases, mast cells have
been implicated in normal development of organ
systems, specifically the nervous system. Mast
cells are abundant in the brain and meninges
and have been shown to modulate neuronal
physiology and behavior. With regard to early
developmental programming, an interplay be-
tween sex hormone levels during the perinatal
organizational period, mast cells and sexual di-
morphism of the preoptic area (POA), and sex-
specific behaviors has been demonstrated. In a
study by Lenz et al. (2018), male rat fetuses ex-
hibited significantly greater numbers of mast cells
in the POA compared with females. Administra-
tion of masculinizing doses of estradiol (metabo-
lite of testosterone via aromatase enzyme) during
the perinatal period increased POA mast cell
numbers and degranulation in females to the level
of males, and was associated with “male-typical”
synaptic patterning in the brain and masculiniza-
tion of adult sex behavior (Lenz et al. 2018).
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Similarly, activation of fetal brain mast cells by
allergen challenge in pregnant dams resulted in
sex-specific changes in dendritic spine patterning
of POA neurons, and lifelong alterations in adult
behavior, such that female offspring exhibited
male-typical sexual behavior, while male oft-
spring exhibited decreased male-typical behav-
iors (Lenz et al. 2019). Together, these studies
highlighted not only the important developmen-
tal role of mast cells in brain development and
adult sexual behavior but demonstrated that peri-
natal estrogen organizes sex differences in POA
neurons and lasting developmental changes in
adult sexual behavior via modulation of mast
cell number and activation.

IMPACT OF ESTROUS CYCLE AND SEX
HORMONE LEVELS ON TISSUE MAST CELL
NUMBERS

Tissue mast cell numbers can change dramati-
cally throughout the estrous cycle and corre-
spond with changing concentrations of sex hor-
mones. In rodents, the density of mast cells
fluctuates with the estrous cycle in the dura mater,
mammary gland, ovary, and uterus, but not in the
jejunum or colon (Aydn et al. 1998; Bradesi et al.
2001; Boes and Levy 2012; Jing et al. 2012). Sim-
ilarly, mast cell numbers in the ovary and uterus
change during the estrous cycle in dogs, cats,
cows, and goats, with highest numbers of mast
cells in reproductive organs during the follicular
phase when estrogen levels are high (Ozen et al.
2007; Karaca et al. 2008; Hamouzova et al. 2017,
2020). Exogenous estrogen treatment of rodents
increased the numbers of mast cells in the dura
mater, uterus, and mammary gland, but not in
the jejunum or colon (Bradesi et al. 2001; Jensen
et al. 2010; Boes and Levy 2012; Jing et al. 2012).
In contrast to mast cell numbers, mast cell de-
granulation was not influenced by the estrous
cycle or exogenous estrogen in the dura mater;
however, mast cell degranulation was reduced in
the ovary and uterus during estrus, when estrogen
levels were high (Aydin et al. 1998; Boes and Levy
2012). Ovariectomy reduced mast cell degranu-
lation in response to substance P in the jejunum,
but increased mast cell degranulation in response
to substance P in the colon (Bradesi et al. 2001).

Sex Differences in Mast Cells

In addition, G protein estrogen receptor agonist
treatment in rats induced mast cell degranulation
in colonic tissues (Xu et al. 2020). Taken togeth-
er, estrogen increases mast cell numbers in a tis-
sue-specific manner during fetal development,
adulthood, and during the estrous cycle, but
does not appear to have clear role in mast cell
degranulation. The mechanisms by which estro-
gen modulates mast cell number remains poorly
understood and represents a critical gap in
knowledge that has implications for develop-
ment and mast cell-associated disease, particu-
larly those in which disease severity or clinical
flares are more common during specific stages of
the estrous cycle. For example, estrogen and pro-
gesterone have been suggested to enhance mast
cell-associated disease in females. Further,
symptoms of asthma and irritable bowel syn-
drome fluctuate with the menstrual cycle, sug-
gesting involvement of estrogen and progester-
one (Vrieze et al. 2003; Meleine and Matricon
2014). Visceral pain sensitivity to colorectal dis-
tension increased in rats during estrus and pro-
estrus, when estrogen levels are high (Moloney
et al. 2016). While collectively these studies pre-
sent an interesting association between sex
hormone levels, mast cell number, and disease
severity, a definitive mechanistic link between
these factors remains unknown.

SEX HORMONE INTERACTIONS WITH
MAST CELLS

The above studies demonstrate a link between sex
hormones levels and mast cell number and activ-
ity; however, precisely how sex hormones influ-
ence mast cell activity remains to be elucidated.
Several studies in human and rodent mast cells
have shown that mast cells express receptors for
estrogen, progesterone, and testosterone (AR)
(Pang et al. 1995; Zaitsu et al. 2007; Jensen et al.
2010), which implies that sex hormones could be
acting directly on mast cells to alter their function.
In support of this, several in vitro mast cell exper-
iments have examined the effects of sex
hormones on mast cell activation. Exogenous es-
trogen administration induces relatively minor
degranulation responses (~5%) across several
mast cell lines and sources including RBL-2H3
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rodent mast cell line, HMC-1 human mast cell
line, primary BMMCs, and rat peritoneal mast
cells (Narita et al. 2007; Zaitsu et al. 2007; Zhu
etal. 2018). Mast cell degranulation responses to
estrogens was shown to be through a membrane-
associated form of estrogen receptor o, and not
the nuclear receptor (Zaitsu etal. 2007). However,
a more recent study showed no effect of exoge-
nous estrogen on mast cell degranulation in
HMC-1 cells (Chen et al. 2010), but estrogen re-
duced the secretion of TNF-q, IL-6, and IL-1§
after ionophore stimulus (Kim et al. 2001).
High doses of progesterone also induce a minor
mast cell degranulation response in HMC-1 cells
(Jensen et al. 2010). In contrast, progesterone in-
hibited degranulation of rat peritoneal mast cells
stimulated with substance P (Vasiadi et al. 2006).
Interestingly, low doses of estradiol and proges-
terone increased histamine release (~5%) in fe-
male rat peritoneal mast cells but had no effect on
male rat peritoneal mast cells (Munoz-Cruz et al.
2015). Together, these studies suggest that estro-
gen and progesterone have modest effects on in
vitro mast cell degranulation responses.

The influence of testosterone on mast cell
activity has been evaluated to a lesser extent.
However, a recent meta-analysis analyzing im-
mune function outcomes in experimental models
after manipulation of sex hormones (122 studies)
found testosterone had a moderate immunosup-
pressive effect on immune function, while estro-
gen had no effect on immune function overall
(Foo et al. 2017). In line with this conclusion,
animal models of parasitism found orchidectomy
increases clearance of helminths, while ovariec-
tomy had no effect (Tiuria et al. 1994). However,
testosterone administration in female rodents de-
creased the ability to expel intestinal parasites
(Tiuria et al. 1995). Conversely, testosterone has
been shown to be protective in models of asthma
and autoimmune disease. Castrated male mice
exhibited enhanced IL-33-mediated lung inflam-
mation, which was attributed to the effects of
testosterone in reducing the innate lymphoid
cell 2 (ILC2) populations (Laffont et al. 2017),
but the specific role of mast cells in this study
was not evaluated. Human and rodent mast cells
express ARs (Chen et al. 2010; Russi et al. 2018;
Mackey et al. 2020). Of note, BMMCs derived

from female mice have higher AR (Ar) gene ex-
pression compared to male-derived BMMCs
(Mackey et al. 2016); however, Russi et al. 2018
did not detect sex differences in IL-33 protein
expression in BMMC:s via flow cytometry. Several
studies have shown that response to testosterone
and other mast cell stimuli may be sex dependent.
Low doses of testosterone and dihydrotestoster-
one induced degranulation in female, but not
male, rat peritoneal mast cells (Chen et al. 2010;
Munoz-Cruz et al. 2015). As mentioned previ-
ously, testosterone induced IL-33 gene and pro-
tein expression in male but not female BMMCs
(Russi et al. 2018). Overall, these studies show
that both male and female mast cells express
functional ARs, but testosterone effects on
mast cell gene and protein expression can be sex
specific.

INFLUENCE OF THE SEX CHROMOSOME
COMPLEMENT ON THE MAST CELL

Sex hormones have been shown to be a major
player in determining sex differences in body
plan and function, but sex chromosome com-
plement also plays an important role in sex-spe-
cific development of the body. Mammalian sex
determination begins in the zygote where an
inherent imbalance of genes encoded by hetero-
morphic sex chromosomes (XX vs. XY) influ-
ences gonadal development. Most notably, in
the male zygote, the Y-linked gene Sry induces
a series of cellular and molecular events that lead
to the formation of testes. In the absence of Sry,
ovaries develop in the XX female through an
active, albeit less understood series of events.
Sex determination of the gonads based on sex
chromosomes leads to lifelong sex differences in
the secretion of sex steroid hormones.

Beyond the role of sex chromosome comple-
ment on gonadal differentiation and steroid hor-
mone production, there is potential for direct sex
chromosome effects driving sex differences in
mast cells. Females inherit two X chromosomes,
whereas males carry one X chromosome and one
Y chromosome. To avoid duplicate gene expres-
sion in females, one X chromosome is randomly
silenced during X chromosome inactivation in
females. Previous studies showed up to 7% of
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genes escape silencing from the inactive X chro-
mosome in mouse tissues (Berletch et al. 2015)
and 15% in human cells (Carrel and Willard
2005). Considering the X chromosome contains
approximately 1100 genes, of which many are
involved in immunity, the effect of gene escape
from X chromosome inactivation in mast cells
may have consequences for the development
and activity of the cells (Libert et al. 2010). Fur-
ther, gene expression from the Y chromosome in
male cells may create variances that impact cell
phenotype and function (Cortez et al. 2014). The
complement of sex chromosomes in a cell can
also influence genome-wide DNA methylation
in a hormone-independent fashion (Wijchers
and Festenstein 2011). Mast cells derived from
adult male and female mice exhibit markedly dif-
ferent transcriptomes (Mackey et al. 2016), but to
our knowledge, the direct effects of the sex chro-
mosome complement in mast cells has not been
elucidated. Exploration of sex differences in fetal-
derived mast cells prior to the perinatal androgen
surge would provide insight into the effects of the
sex chromosome complement. Moreover, use of
the “four core genotypes” mouse model, which
allows for dissociation of sex hormones and sex
chromosomes, would be valuable to determine
possible sex chromosome complement effects
on mast cell phenotype and function (Arnold
and Chen 2009).

EVOLUTIONARY PERSPECTIVE OF MAST
CELL SEX DIFFERENCES: DO FEMALES OR
MALES HOLD THE ADVANTAGE?

As mentioned above, mast cells are critical effec-
tor cells of the innate immune system with a pri-
mary role in protection from infection through
their ability to rapidly orchestrate innate and
adaptive immune responses. In general, males
are more susceptible to pathogenic infections
and exhibit higher mortality rates than females
(vom Steeg and Klein 2016). For example, males
have increased prevalence of viral infections from
HIV, influenza, and hepatitis B and bacterial in-
fections including tuberculosis, legionellosis, and
campylobacter (vom Steeg and Klein 2016). Sex
differences exist in the SARS-CoV-2 pandemic
with men developing more severe manifestations

Sex Differences in Mast Cells

of disease (M:F relative ratio of hospitalization
1.5:1), which results in higher death rates (M:F
relative ratio of case fatalities 1.7:1) compared
with women (Gebhard et al. 2020). In parallel,
antibody responses to bacterial and viral vaccines,
including influenza and hepatitis B, are higher in
females than males (Klein and Flanagan 2016). A
comprehensive review of parasitic infections in
relation to sex demonstrated that 46 out of 53
(86.8%) parasite species (protozoa, nematodes,
trematodes, and cestodes) had higher infection
rates in males for a variety of species (Klein
2004). Sex differences in infection rates and vac-
cine responses have been largely demonstrated in
adults, but this trend is also evident in children, as
newborn male children are more vulnerable to
infections and are more likely to die than female
children (Sawyer 2012). Further, boys under the
age of 5 have higher rates of protozoan, trema-
tode, and nematode infections than girls (Flana-
gan et al. 2015). Female children before the onset
of puberty also have greater antibody responses to
many vaccines (hepatitis B, diphtheria, pertussis,
pneumococcal, rabies, measles,and RTS,S against
malaria) (Klein and Flanagan 2016). While the
specific contributions of mast cells to sex differ-
ences in infectious disease remains to be elucidat-
ed, the well-established role of mast cells in host
defense, pathogen clearance, and host survival
suggests that heightened mast responses in fe-
males may confer an important survival advan-
tage. However, in conditions where pathogen
disease pressures are lower, such as in developed
countries, the heightened mast cell responses in
females may underlie the increased risk for
chronic mast cell-associated diseases.

CONCLUDING REMARKS

Biological sex can be a protective factor against
disease, sometimes to a greater extent than of-
fered by drugs or therapies. Discovering the sex-
biasing factors that can protect from disease may
lead to the development of novel targets of ther-
apy. Here, we discussed the sometimes complex
and multifactorial nature of sex differences in
mast cells and how this might underlie the sex
bias in mast cell-associated diseases throughout
life (Fig. 1). While adult sex hormones clearly
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Figure 1. Sex hormones during perinatal organizational and adult activational periods influence mast cell
development and activity, shaping neurobehavioral development and mast cell-associated disease across the
life span. During the sensitive perinatal period, exposure to sex hormones, either naturally (e.g., male perinatal
androgen surge) or potentially a result of endocrine, genetic, and environmental factors, can impact early mast
cell activity and subsequent neurobehavioral development, and shape the development and long-term functional
response potential of the mast cells that contribute to sex differences in mast cell function and disease risk.
Changing sex hormone levels in adulthood (e.g., estrous cycle) alters tissue cell number and activity in various
tissues that play a role in normal physiological functions and disease risk. (POA) Preoptic area, (EAE) experi-

mental autoimmune encephalomyelitis.

influence mast cell number and activity, and
likely explain some of the sex disparities in
mast cell responses, sex biases in mast cell-re-
lated disorders are often evident in children pri-
or to puberty, and therefore the study of early life
mechanisms driving lifelong changes in devel-
opment and disease risk is critically important.
In addition, understanding how adult sex hor-
mones modulate mast cell function and how
perinatal androgens alter the developmental

programming of mast cells and their role in de-
velopment, host defense, and inflammatory dis-
ease risk could offer new insights into host and
environmental factors affecting disease risk
across the life span and development of novel
therapeutic targets to decrease mast cell disease
susceptibility. Conversely, given the critical and
beneficial role of mast cell activation in patho-
gen host defense and immunity, deciphering
this mechanism may also provide useful targets
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for enhancing immune responses when that
would be beneficial.
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