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Globally, over two million people have perished due to the recent pandemic caused by
SARS-CoV-2. The available epidemiological global data for SARS-CoV-2 portrays a
higher rate of severity and mortality in males. Analyzing gender differences in the host
mechanisms involved in SARS-CoV-2 infection and progression may offer insight into the
more detrimental disease prognosis and clinical outcome in males. Therefore, we outline
sexual dimorphisms which exist in particular host factors and elaborate on how they may
contribute to the pronounced severity in male COVID-19 patients. This includes disparities
detected in comorbidities, the ACE2 receptor, renin-angiotensin system (RAS), signaling
molecules involved in SARS-CoV-2 replication, proteases which prime viral S protein, the
immune response, and behavioral considerations. Moreover, we discuss sexual
disparities associated with other viruses and a possible gender-dependent response to
SARS-CoV-2 vaccines. By specifically highlighting these immune-endocrine processes as
well as behavioral factors that differentially exist between the genders, we aim to offer a
better understanding in the variations of SARS-CoV-2 pathogenicity.

Keywords: COVID-19, SARS-CoV-2, vaccine, ACE-2, gender difference

INTRODUCTION

As of March 2021, the World Health Organization (WHO) reported over 100 million confirmed
cases of coronavirus disease-2019 (COVID-19) and approximately 2.7 million deaths (1). The
available data demonstrates a higher rate of male severity and mortality associated with COVID-19
(2). Even when female infection rates supersede that of males, men commonly present with higher
intensive care unit (ICU) admissions and death rates (3). In fact, while females predominated mild
and serious cases, there were three times as many male severe pneumonia cases compared to females
(4). In addition, the male case fatality rate upon COVID-19 infection, has been consistently greater
in countries throughout the world, including England (approximately 27% male: 15% female), Italy

Frontiers in Immunology | www.frontiersin.org 1

May 2021 | Volume 12 | Article 659339


https://www.frontiersin.org/articles/10.3389/fimmu.2021.659339/full
https://www.frontiersin.org/articles/10.3389/fimmu.2021.659339/full
https://www.frontiersin.org/articles/10.3389/fimmu.2021.659339/full
https://www.frontiersin.org/articles/10.3389/fimmu.2021.659339/full
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles
http://creativecommons.org/licenses/by/4.0/
mailto:ali.eid@qu.edu.qa
https://doi.org/10.3389/fimmu.2021.659339
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://doi.org/10.3389/fimmu.2021.659339
https://www.frontiersin.org/journals/immunology
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2021.659339&domain=pdf&date_stamp=2021-05-07

Wehbe et al.

Sex Differences in COVID-19 Severity and Mortality

(17%: 8%), Spain (10%: 6%) and China (5%:3%) (5). Males
generally constituted over 50% of COVID-19 related deaths, as
indicated in China (64%), South Korea (53%) and the United
Kingdom (UK) (61.7%) (3, 6, 7).

Significant gender-based differences appear to be a common
theme in viral infections. Indeed, studies have demonstrated
higher incidence and increased fatality rates in males compared
to females upon infection with human coronaviruses, SARS-
CoV-1 and Middle Eastern Respiratory Syndrome coronavirus
(MERS-CoV) (8, 9). However, only a few studies have
investigated causes for the discrepancy, which primarily cite an
increased pro-inflammatory state in males (10, 11). On the other
hand, young females emerged as the most vulnerable group to
both the influenza and avian H5N1 virus (12). Moreover, during
the 1957 H2N2 pandemic in the United States, the mortality rate
of females was higher than males in the same age group of 1-44
years (13). Conversely, hepatitis B virus (HBV) and hepatitis C
virus (HCV) are more prevalent in males and this been attributed
to the sex hormones (14-16). Some studies linked the relatively
higher HBV titer in male serum to testosterone and androgen
receptors used to activate HBV genome transcription (16, 17).
Testosterone can also increase scavenger receptors required for
HCV viral entry (18, 19). By contrast, estrogen downregulates
HBV transcription via estrogen receptor alpha (ERo), while
selective estrogen receptor modulators (SERMs) inhibit the
production of mature HCV (19, 20).

These studies highlight that, depending on the virus, an
interplay of different factors like sex hormones and
inflammatory processes, may allow the symptoms to manifest
more severely in one of the genders. Therefore, it is important to
characterize unique host factors involved in the pathogenicity of
a specific virus, and how these components differ between males
and females. Because the reasons for the apparent gender bias in
COVID-19 patients are not completely elucidated, we explore
the contribution of several relevant host factors that may drive
the increased severity of symptoms detected in males. Many of
these components include underlying comorbidities, immuno-
endocrine processes, signaling molecules, and host proteases,
among many others. Understanding how these may render more
protection for females would provide more effective measures for
managing COVID-19.

GENDER DIFFERENCES IN
COMORBIDITIES AND THE LINK
TO CREATININE

Comorbidities are highly prevalent among COVID-19 fatalities,
especially hypertension, diabetes, cardiovascular disease (CVD),
and chronic lung diseases (21, 22). Given that the severity and
death rates are more pronounced in males, it would be plausible
to assume that underlying conditions drive this bias. However, at
first glance the relationship between comorbidities, gender and
COVID-19 severity is not straightforward. In older individuals,
more women (45%) than men (32%) have multiple morbidities
(23). Type 2 diabetes (T2D), on the other hand, is equally

prevalent in older males and females (24). In addition, deaths
due to chronic obstructive pulmonary disease are more
prominent in females (25, 26). Moreover, it was demonstrated
in a particular study that a higher prevalence of CVDs is
associated with postmenopausal women and that females are
more prone to ischemic heart disease (27). To further
corroborate the obscure link between comorbidities, gender,
and COVID-19 severity, it was shown that there was no
gender difference in the prevalence of comorbidities in those
who perished, including the most common diseases of
hypertension, diabetes, CVDs, and chronic lung diseases (4).
Although prevalence of comorbidities was common between
the two genders, one of the most striking differences that did
exist was the exceptionally elevated levels of creatinine in blood
samples of males compared to females (4). High creatinine levels
were detected in individuals with severe cases of COVID-19 who
were transitioning to multi-organ failure (28). Elevated
creatinine serum levels are often corollary to comorbid diseases
including diabetes, cancer, chronic renal failure, and some
viruses, which can eventually lead to acute kidney injury (AKI)
in severely ill and hospitalized patients, including COVID-19
patients (29, 30). The development of AKI in patients with
comorbidities is positively correlated with increased mortality.
Up to 7% of hospitalized patients and 20%-50% of ICU patients
develop AKI, of which 5% require renal replacement therapy
(29). Stimulation of the inflammatory response, either to an
underlying disease or infection, results in abundant expression of
cytokines, like tumor necrosis factor alpha (TNFo) and
interleukin 6 (IL6), which lead to endothelial activation of
adhesion molecules and further chemokine production (28).
Ultimately, leukocytes from the blood infiltrate the interstitial
tissue of the kidney, disrupting its processes. The cytokine storm
that arises in COVID-19 patients can further exacerbate this state
(28). Importantly, it has been shown, that for the same disease,
women develop lower levels of serum creatinine than males, like
in the case of chronic kidney disease (31). Because comorbid
diseases are shown to be equally prevalent in those who have
perished from COVID-19, their physiological response- as
demonstrated by a highly significant creatinine increase in
males compared to females- may be one of the differential
contributors to increased disease severity in men (4).

GENDER DIFFERENCES IN CARDIAC
REPAIR MECHANISMS

Notably, patients with underlying cardiovascular related
pathologies such as hypertension and coronary heart disease
(CHD) develop more detrimental COVID-19 symptoms (32—
34). Additionally, CVD is one of the highest risk factors
associated with COVID-19 severity and mortality (33-35).
Therefore, it may be expected that severely infected males
would have a higher CVD prevalence and severity. However,
like other morbidities, CVD epidemiological data does not fully
support this assumption. For example, while age-adjusted men
have a higher incidence of CVD, it is the leading cause of

Frontiers in Immunology | www.frontiersin.org

May 2021 | Volume 12 | Article 659339


https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Wehbe et al.

Sex Differences in COVID-19 Severity and Mortality

mortality and hospitalizations in females (36). In fact, after the
age of 50, women show higher CVD events (37). On the other
hand, hypertension is more likely to lead to heart failure in males,
rather than females (38). Given the more pronounced CVD
symptoms in females and that it is one of the most common
underlying co-morbidities in severe COVID-19 patients, it
somewhat counter-intuitive that males would predominate the
deaths resulting from SARS-CoV-2 (33). An alternative
perspective would involve examining gender differences in
cardiac repair mechanisms, following SARS-CoV-2 induced
cardiac injury.

Direct cardiac injury due to the interaction between SARS-
CoV-2 and cardiomyocytes, in addition to the concomitant
systemic inflammation, is the primary mechanism by which
the virus induces myocardial injury (39). Therefore, it is
important to highlight sexual dimorphism which also may
exist in cardiac restoration post-injury. Indeed, it was shown
that the repair response after injury differs between males and
females (38). In animal models, females displayed improved
survival in the event of acute heart failure (38). This is
associated with limited cardiac remodeling and more efficient
functional recovery. Uniquely, females produced amplified levels
of reparative leukocytes and epoxy-eicosatrienoic acids, which
exert anti-hypertensive and anti-inflammatory effects on blood
vessels (38). Collectively, such a female response is associated
with a more adequate regulation of inflammation and survival
post-cardiac injury. As such, although older females tend to have
a higher incidence of CVD compared to age-matched males, it is
possible that the reduced female mortality related to COVID-19,
may partially be attributed to an enhanced reparative response
following cardiovascular injury.

GENDER DIFFERENCES IN HOST
MOLECULAR COMPONENTS USED BY
SARS-COV-2

Cell Receptors

Angiotensin I-Converting Enzyme 2

(ACE2) Expression

One potential contributor to the apparent gender disparity in
COVID-19 may be ACE2 expression. This enzyme has been
established as the route of entry for SARS-CoV-1 and SARS-
CoV-2, upon binding of its spike (S) protein, and it is abundantly
expressed in the lungs and heart (40). SARS-CoVs reduce
bioavailable ACE2 levels by competitive inhibition and by
subsequent cleavage of the active site ectodomain (41-43). The
loss of ACE2 is associated with increased lung edema, reduced
lung function and diminished protection against acute lung
injury and, sometimes, severe acute lung failure (42, 43). In
addition, it has been suggested that higher levels of ACE2,
ultimately lead to an increase in soluble ACE2 ectodomains in
circulation (44). Subsequently, these enzymes would serve as
circulating scavengers for SARS-CoV-2, thus limiting their
interaction with cell-bound ACE2.

The ace2 gene locus lies on the X chromosome (45). Some
scientists suggested that the presence of two alleles from the two
X chromosomes in females, compared to males with only one X
chromosome, may exert a protective effect (45). However, given
that one of the X chromosomes is permanently inactivated in
females, it is not likely that heterozygous alleles for ACE2 would
emerge in a female. In addition, polymorphism analysis of ACE2
indicated that there are no significant sex-related differences
(46). Therefore, while it may be an obvious contender for gender
disparities in COVID-19, the effect is likely not associated with
sex-related single nucleotide polymorphisms (SNPs).

ACE2 expression in rat lungs is significantly diminished in
both genders upon aging (47). However, the reduction is more
pronounced in older male rats, which display a 78% reduction in
ACE2 expression, in contrast to older females which
demonstrated a 67% decrease (47). This has been partially
linked to the reduction of sex hormones in aging females and
males (48). ACE2 is also reduced in individuals with chronic
diseases (48).

According to this data, the individual with the lowest ACE2
expression would be an older male with comorbidities. The
added burden of a COVID-19 infection would further
jeopardize their already depressed ACE2 levels. This may
partially explain their relatively higher severity (as reflected by
ICU admissions) and mortality due to COVID-19 (33).
However, it is important to also evaluate the change, if any, in
ACE2 expression upon SARS-CoV-2 infection, and if the
response differs between genders.

Neuropilin-1 (NRP1)

The S protein in SARS-CoV-2 contains a furin cleavage site
which is absent in the S protein of other coronaviruses (49). This
added site may contribute to enhanced viral binding and host cell
invasion upon its cleavage (50). While ACE2 binds to the
receptor binding domain (RBD) on the S protein, another cell
receptor, neuropilin-1 (NRP1), has recently been shown to bind
to the furin-cleavage site on the S1 segment of the S protein (51).
Incidentally, endothelial and respiratory epithelial cells express
the highest level of NRP1 in the body, which may explain the
excessive damage exerted upon lung and myocardial tissue
particularly in COVID-19 patients (50). Indeed, blocking
NRP1 with monoclonal antibodies greatly reduced SARS-CoV-2
infection of cells in in vitro conditions (51).

NRP1 is often studied in the context of tumorigenesis as it is a
receptor for vascular endothelial growth factor (VEGF) and
contributes to the cancer hallmarks of angiogenesis, invasion
and metastasis (52). In fact, it is often upregulated in several
cancers, including stomach adenocarcinoma, squamous cell
carcinoma and melanoma (52-55). Although NRP1 expression
increases according to the size of these tumors and degree of
metastasis, there is no significant difference in expression
between males and females (55). Studies comparing baseline
NRP1 tissue expression of men and women without cancer or
those with various diseases, however, are still lacking. Elucidating
this component would establish whether or not NRP1 partially
drives the gender disparity associated with COVID-19 severity.
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CD147

Cluster of differentiation 147 (CD147), also known as
basic immunoglobulin (basigin) or extracellular matrix
metalloproteinase inducer (EMMPRIN) is a membrane
receptor shown to interact with SARS-CoV-2 (56). In fact,
inhibition of this receptor by meplazumab was shown to
reduce SARS-CoV-2 amplification (56). It is present in several
tissues in the body, and it is especially overexpressed in inflamed
tissues. As its name suggests, it induces extracellular matrix
proteases, which may contribute to the development of fibrosis.
Incidentally, it is relatively abundant in fibrotic lung tissue
compared to normal lung tissue (57).

A CD147 expression study has demonstrated that it is not
differentially expressed between males and females in primary
bronchial epithelial cells or in blood cells (58). However, gender
differences were detected in gastric cancer cells, in which males
had significantly higher expression of CD147 and this was
correlated to a worse prognosis (59). It has yet to be examined
whether or not there is differential CD147 expression between
men and women at homeostatic conditions or in the presence of
other underlying diseases.

Renin-Angiotensin System

The renin-angiotensin system (RAS) has been characterized as
the main homeostatic regulator of extracellular fluid via renal,
cardiovascular, and cerebral interactions (60). Alterations in
fluid balance trigger a series of enzymatic cleavages beginning
with renin and culminating in the production of angiotensin II
(AnglI) by angiotensin-converting enzyme 1 (ACE1) (61). Upon
binding with high affinity to angiotensin receptor 1 (AT1), AnglI
initiates a variety of responses that include vasoconstriction and
renal sodium retention (61). On the other hand, the metabolism
of AngllI to angiotensin 1-7 (Angl-7) by ACE2 can counteract
these activities (62, 63). After identifying RAS components on a
variety of other tissues, other roles became evident (62). For
example, the ACE1/AnglI arm also results in pro-inflammatory,
pro-fibrotic and pro-oxidative effects (64-66), while the ACE2/
Angl-7 arm counteracts these processes (64, 67). As such, the
ACE2/Ang]l-7 axis is mainly characterized as the protective arm
of RAS.

Studies have indicated that females have significantly higher
blood levels of Angl-7 compared to males, but similar levels of
AnglI (68, 69). Correspondingly, these women also had a lower
incidence of hypertension compared to males with the same
body mass index (BMI) and waist circumference (68, 69). The
higher levels of Angl-7 may enable females to counteract
inflammation, such as that induced by COVID-19, more
effectively. In fact, supplementation with Angl-7 is currently
being suggested as treatment against SARS-CoV-2 (70).

Signaling Molecules

ERK

Mitogen activated protein kinase (MAPK) pathways involve the
sequential phosphorylation of three MAP kinases and culminate
in the activation of a downstream effector involved in cellular
growth, proliferation, differential, or death (71). An extracellular
signal-regulated kinase (ERK) is a major MAPK and is

significantly upregulated in most comorbidities present in
COVID-19 patients like ischemic heart, CVD, hypertension,
diabetes, and cancer (71-77).

It has been shown that several viruses, including some
coronaviruses like SARS-CoV-1, Middle East respiratory
syndrome (MERS) and likely SARS-CoV-2 also induce ERK
for viral replication, and its inhibition results in depressed viral
progeny (78, 79). Moreover, cells infected with SARS-CoV-1
display upregulation of ERK and its downstream pro-
inflammatory cytokine and monocyte chemoattractant protein-
1 (MCP-1) (80). Other cytokines are likely to be potentiated via
the same mediator, thus contributing to the detrimental cytokine
storm induced by SARS-CoV-2 (80). As such, enhanced ERK
activation in chronic inflammatory diseases may amplify SARS-
CoV-2 replication and pathogenicity.

Animal studies have demonstrated that ERK is differentially
activated in males and females during inflammation (81).
Specifically, male- and female-derived rat aortic smooth muscle
cells (RASMCs) were induced with conditions of abdominal
aortic aneurysm (AAA) (81). As a result, activated
(phosphorylated) ERK (p-ERK) expression was significantly
higher in male derived cells compared to female cells.
Moreover, the downstream target, matrix metalloprotease 2
(MMP-2), which is involved in tissue remodeling, was also
correspondingly increased in males (81).

A relatively higher expression of ERK in males compared to
females has also been corroborated in human neutrophils,
particularly in the context of leukotriene (LT) synthesis by 5-
lipoxygenase (5-LO) (82). Production of LTs is preceded by 5-LO
translocation from the cytoplasm to the nuclear envelope.
Trafficking is more pronounced in activated female neutrophils
and highly lacking in males. Translocation of 5-LO is not
required in male neutrophils because it already resides in the
peri-nuclear region, consequently limiting LT production (82).
This phenomenon is due higher levels of dihydrotestosterone
(50-DHT), which activate ERK, thus maintaining a constant
localization of 5-LO near the nuclear envelope. These findings
indicate that male sex hormones can rapidly induce and sustain
enhanced expression of ERK, possibly via 50-DHT receptors like
those that may exist on neutrophils (82).

These studies demonstrated in both inflammatory states
(AAA) and normal physiological states (neutrophils) that ERK
activation is relatively higher in males. The apparent male bias in
COVID-19 severity could partially be attributed to higher basal
levels of ERK expression, which are further exacerbated in
chronic diseases, thus enhancing viral replication and
associated tissue damage.

STAT1

One of the most rapid anti-viral responses in the host involves
the secretion of type I interferons o and B (IFNow/B) (83). Type I
IFN receptor is present throughout most host cells and activates
the downstream JAK1/STAT1 (Janus kinase 1/signal transducer
and activator of transcription 1) signaling pathway (83). STAT1
predominantly induces the expression of genes that hinder viral
replication (83). Incidentally, coronaviruses like SARS-CoV-1
are sensitive to the activity of type I IFNs, and their growth can

Frontiers in Immunology | www.frontiersin.org

May 2021 | Volume 12 | Article 659339


https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Wehbe et al.

Sex Differences in COVID-19 Severity and Mortality

be hindered by the addition of IFNo./. However, SARS-CoV's do
not endogenously induce IFNo/f in infected host cells, which
contributes to their severe and prolonged pathogenicity due to
their ability to evade the initial immune response (83).

In animal models, healthy females have presented with higher
baseline expression of IFNo-induced genes in immune cells,
such as B lymphocytes (84). This phenomenon was linked to 17-
B-estradiol in females, which further augments JAK1/STATI
signaling (84). Moreover, estrogen signaling via ERo. has been
shown to promote type I IFN synthesis (85).

Moreover, in certain chronic diseases, STAT1 in females is
more upregulated compared to age-matched males (84). These
findings suggest that higher STAT1 levels in females, especially in
immune cells, may equip them with a more ‘prepared’ initial anti-
viral response. It may also offer insight into why females, who have
a higher prevalence of the underlying chronic diseases, present
with less COVID-19 severity and mortality compared to males.

Host Proteases Associated With
SARS-Cov-2 Entry
ADAM17
Efficient cellular entry of SARS-CoVs involves adhesion of the
outer spike protein (S) to the membrane bound ACE2 (86, 87).
Thereafter, the membrane-bound enzyme, a disintegrin and
metalloproteinase 17 (ADAM17), cleaves the active site
ectodomain of ACE2, shedding it into the plasma (88).
Inhibition of ADAMI7 is associated with lower coronavirus
entry into a cell, indicating its relevant, yet covert, role in viral
uptake (89). ADAMI17 also cleaves and activates a number of
immunomodulatory membrane-associated proteins like tumor
necrosis factor o (TNFa) (90, 91). In fact, concomitant to ACE2
cleavage, is increased activation of TNFa, which is thought to
initiate the tissue damage associated with viral invasion (89).
Gender differences in ADAM17 activity and expression are
generally lacking. However, sex disparities in ADAMI17 have
been detected in relation to AAA (92). A particular SNP in the
ADAM17 gene was linked to a higher expression and activity of
ADAM17, and an increased risk of AAA in males compared to
females (92). It may be worth examining if pulmonary ADAM17
activity varies between males and females to better understand
the gender gap in SARS-CoV-2 severity.

TMPRSS2

Indispensable for SARS-CoV-2 entry into host cells is the
transmembrane serine protease 2 (TMPRSS2) (87). Upon
cleaving the S protein at S1 and S2°, TMPRSS2 facilitates the
initial partitioning of this protein into the host cell membrane
(93). TMPRSS2 has previously been established as a gender
biased protein as it is regulated by an androgen-sensitive
promoter and is most abundantly expressed in prostate cells
(94). Four androgen receptor (AR) binding sites (ARBs) are
located in the promoter region of TMPRSS2, two of which
respond to androgen stimulation and require the transcription
factors GATA Zinc Finger Domain-Containing Protein 2A and
2B (GATA2A and GATAZ2B, respectively) for efficient
transcription (94).

In animal studies, it was previously shown that GATA
transcription factors, including GATA2, are differentially
expressed in male and female tissues, particularly at different
stages of development (95). It is not yet known if SARS-CoV-2
enhances GATA expression and if there is gender disparity in its
expression. Moreover, because TMPRSS2 is androgen-
responsive, it would therefore be tempting to expect TMPRSS2
expression to be elevated in males. However, a study examining
lung TMPRSS2 expression in the lungs indicated that there is no
significant difference between males and females regardless of the
age group (46). Nevertheless, this does not necessarily rule out
differential expression in other tissues.

Although expression levels did not differ, several distinct
SNPs are prevalent in the TMPRSS2 gene. In fact, one of the
most prominent variant haplotypes, termed the “European”
haplotype was completely absent in Asians (46). Importantly,
this haplotype is suggested to have an enhanced androgen-
response for TMPRSS2 expression (46). It is not yet known if
this haplotype is also more prevalent in males. Because
TMPRSS2 plays an integral role in viral invasion, a thorough
examination of its expression in various tissues among males and
females — in both homeostatic and pathological conditions-
would further clarify the male bias in COVID-19.

Furin

Another important membrane protease associated with SARS-
CoV-2 viral entry is furin (50). The furin cleavage site (FCS) is
located upstream of the S1 cleavage site in the S protein. The FCS
is not present in SARS-CoV-1 and it is thought to lend a greater
capacity for SARS-CoV-2 to infect cells- however this is still
disputed (49). It has been demonstrated, though, that deletion of
the FCS within the S protein is associated with reduced
replication in respiratory cells and pathogenesis in vivo (50).
Gender disparity in furin expression has been previously
demonstrated in asthmatic patients. Specifically, bronchial cell
samples obtained from asthmatic patients revealed that furin is
positively associated with the male gender and this was
speculated as a possible factor contributing to COVID-19
severity (96). Further analysis of genetic variations at the FCS
and any associated gender differences may offer insight to the
more pronounced COVID-19 severity and mortality in males.

GENDER DIFFERENCES IN THE
IMMUNE RESPONSE

Immune Response Background

An effective immune response is essential for viral elimination,
yet, upon over-activation, as in some chronic conditions, it can
induce cellular injury and lead to aberrant antigenic response
with immunological pathology (97). Activation of host cell
pattern recognition receptors (PRRs) in response to viral
pathogen-associated molecular patterns (PAMPs) in innate
immune cells, including dendritic cells and macrophages,
initiates the response of the innate immune system.
Specifically, PRRs which include toll-like receptors (TLRs) and
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retinoic acid-inducible gene I-like receptors (RLRs), lead to
downstream activation of the JAK/STAT pathway, resulting in
the production and secretion of pro-inflammatory cytokines
particularly type I and III interferons (IFNs) (98, 99). Other
pro-inflammatory molecules secreted include interleukin-12 (IL-
12), TNFo, and chemokine ligand 2 (CCL2), and upon
uncontrolled expression, are collectively responsible for the
associated pulmonary injury (98, 100). As a consequence, the
degree to which the virus activates PRR influences the magnitude of
immune cell recruitment and inflammatory cytokine production.

Gender Disparities in the Innate and
Adaptive Anti-Viral Inmune Response

Sexual dimorphism in the susceptibility and response to viral
pathogens has been previously documented in both clinical and
pre-clinical studies. In general, females seem to be less
susceptible to viral infections. Indeed, females mount higher
innate immune responses than males, resulting in a faster viral
recognition and production of IFN and inflammatory cytokines,
inducing more rapid viral clearance (101, 102). In fact, the
activity and number of innate active immune cells, including
macrophages, monocytes, and dendritic cells (DCs), are higher in
females than males (103-105). In addition, the innate activity of
PRRs in detecting viral nucleic acids is more effective in females
(104). For example, during viral infection, TLR7 - a PRR that
detects single stranded viral RNA- stimulates higher production
of IFNP in females (97). These findings suggest that upon
infection with SARS-CoV-2, females may be better equipped to
initially respond, and attenuate viral invasion and pathogenicity
compared to males.

Gender differences have also been detected in the adaptive
immune response, where females exhibit a higher humoral and
cell-mediated immune responses than males (106). In females,
antigen-presenting cells (APC) are more efficient at presenting
peptides than males (107). Thus, communication between the
innate and adaptive cells may occur more rapidly in females once
SARS-CoV-2 is detected. In fact, following the activation of the
adaptive immune cells by APC, the levels of antibodies (106,
108), as well as immunoglobulins, are greater in females than
males in both human and experimental murine models (109,
110). Specifically, upon viral infection, females exhibit higher
levels of cluster of differentiation 4 (CD4") T cells, thus activating
a greater number of effector T cells (111, 112). Additionally, a
more robust inflammatory/cytotoxic T-cell response along with
an upregulation of the pro-inflammatory genes is reported in
females, indicating that viral clearance is also more adequate
(113) (Figure 1).

Based on this, one can deduce that females, and due to their
stronger, more effective anti-viral immunity beginning from
initial viral invasion and culminating with viral clearance, are
less prone to develop severe viral infections than males do. These
findings may also be extended to the response of females after
infection with SARS-CoV-2. However, it should be noted that,
following viral clearance and return to homeostasis, a prolonged
immune system activation in women may contribute to
increased development of immunopathology associated with

viral infections (101, 108). On the other hand, the lower
immune response to the viral infection at homeostasis is
responsible for the persistent viral infections seen in males
(101, 108). The seemingly more robust immune response
present in females may be partially attributed to the role of
sex hormones.

As for SARS-CoV-2, what is known till now is that once the
virus is recognized by alveolar macrophages, it will trigger the
generation of pro-inflammatory cytokines and chemokines
(114-116). Studies have shown that patients with severe
symptoms, a dysfunctional immune response occurs caused by
hyperactivation of macrophages and monocytes, which triggers a
cytokine storm mediating a widespread inflammation and thus
multi-organ damage (114, 116). Cytotoxic T cells are thereafter
recruited and Th1/Th7 cells stimulation could lead to aggravated
inflammatory response (117). B cells recognize viral proteins and
are activated to produce SARS-CoV-2 specific antibodies (118).
The detected humoral response directed against SARS-CoV-2
has been found to be of great similarity with other coronavirus
infections, initiating the production of specific immunoglobulin
G and M (IgG and IgM) (119, 120). These specific antibodies
produced aid in viral deactivation as well as providing systemic
immunity in different organs (117). Though studies are now
compiling, it seems that SARS-CoV-2 possess similar cellular
invasion mechanisms as SARS-CoV-1 and as such a similar
trend in gender differences could be observed.

Estrogen Commonly Enhances the Innate
and Adaptive Immune Response

Apart from factors merely related to discrepancies in the
immune and inflammatory responses, other factors, including
sex hormones, act as key modulators of immune responses (121).
Receptors for sex hormones have been identified on immune
cells, suggesting a direct effect of those hormones on the immune
response (122). The binding of hormones to their respective
receptors directly alters cell signaling pathways, including
nuclear factor kappa-light-chain-enhancer of activated B cells
(NE-kB), the transcription factor cJun, and IFN regulatory factor
(IRF), resulting in variable production of cytokines and
chemokines, in addition to regulating the development and
maturation of immune cells (122).

Estrogen receptor (ER) subtypes ERotand ER, are expressed in
various immune cells such as lymphocytes, macrophages, and
dendritic cells (85). ERo appears to be the key regulator in
cellular differentiation of hematopoietic progenitor cells (123).
ERs induce activation of surface receptors (as insulin growth
factor), ERK/MAPK, protein kinase C (PKC) and cyclic
adenosine monophosphate (cAMP) signaling (124, 125).
Additionally, ERs expressed on leukocytes modulate their
function: low levels of estrogen tend to increase the synthesis of
pro-inflammatory cytokines and high levels decrease their
production (Figure 2) (108, 126). Moreover, estrogen promotes
adaptive T cell response against viral infection through increasing
neutrophil accumulation (127). It also induces monocyte
differentiation into inflammatory DC, inducing greater
production of cytokines and IFNs and activates T helper 1 cells
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FIGURE 1 | Potential contributors to the higher severity and mortality caused by COVID-19 in older males.

(Th1) (108). Additionally, estrogen inhibits TLR4-mediated NFxB
activation in macrophages via suppression of micro-RNAs and
increases anti-inflammatory type-1 IFN via TLR (10, 11). Estrogen
also regulates STAT activity by increasing the expression of
cytokine inhibitor proteins in T cells and macrophages (128). ER
activation suppresses the expression of CC-motif ligand-2 (CCL2)
in leukocytes, therefore decreasing their migration (128). Estrogen
has a crucial role in modulating zinc finger proteins that regulate
various metabolic functions, cell cycle, and lipid metabolism
pathways involved in the progression of influenza A
infection (129).

While estrogen often activates target immune cells, testosterone
and its active metabolite suppress immune cell activity as well as
the production of inflammatory cytokines (130, 131). Specifically,
stimulation of androgen receptors reduces the production of pro-
inflammatory cytokines (132). Indeed, androgen deficiency in
males is associated with high levels of inflammatory cytokines
and increased CD4+/CD8+ T-cells ratio (132, 133).

Despite these findings, it is essential to highlight that age-
related changes to innate immunity should not be overseen,

which have previously been described (134). Primarily, levels of
hormones in both males and females are not always stable.
Estrogen levels in females vary during the menstrual cycle,
pregnancy and fall after menopause; however, in males,
testosterone levels remain stable until 60 years of age. More
importantly, high estrogen levels decrease innate immunity,
increase Th2-induced responses, and enhance humoral
immune activity (135). Therefore, women, based on their age
and estrogen and receptor levels, might present multiple
reactions to viral infections. Nevertheless, these overall findings
suggest that the commonly pronounced levels of estrogen in
females are driving a more robust response against the infection
with SARS-CoV-2.

Selective Estrogen Receptor Modulators
as a Treatment Against COVID-19?

As presented earlier, over expression of ERs was found to
suppress viral replication (136). Repurposing selective estrogen
receptor modulators (SERMs) as anti-viral drugs had led to their
use against Ebola virus, human immunodeficiency virus (HIV),
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and HCV infections (137). SERMs were found to interfere at the
post-viral entry step and suppress Thl cells while inducing Th2
cytokine expression (138). A particular SERM, tamoxifen, has
been repurposed for anti-viral activity in cases of vesicular
stomatitis as well as HCV infections. It inhibits vesicular
stomatitis viral replication by enhancing type I IFN response
and macrophage stimulation (139). Moreover, Tamoxifen targets
several steps in HCV infection via ERo signaling (20). HCV
replication, post replication, viral attachment on the cell surface
as well as viral entry were inhibited by Tamoxifen (20).
Another SERM drug, Raloxifene, was found to reduce influenza
A virus titer in human female nasal epithelial cells (129). Viral
infections by MERS-CoV and SARS-CoV in established cell lines
were inhibited by Toremifene, a nonsteroidal SERM (140).

The drug’s mechanism of action involves interaction with CoV
membrane glycoproteins, thereafter destabilizing it and inhibiting
its replication (140).

Importantly, ERs are expressed in the upper and lower
respiratory tract and targeting these receptors in respiratory
viral infections is of great importance (141). The presence of
ER implies an important role of estrogen in pulmonary cellular
physiology and offers a possible route for protecting against lung
diseases using SERMs. Importantly, many women currently
taking SERMs as estrogen replacement therapy or as a
treatment for other diseases may benefit from their mitigating
effects on spontaneous viral infections (127). Altogether, SERMs
(like Toremifene and Raloxifene) could offer a possible add on
treatment for COVID-19.
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TABLE 1 | Factors contributing to increased COVID-19 severity and mortality in males.

Factor Higher Higher The Effect Reference
in in
Females Males
Creatinine Patients who are males with chronic diseases display highest levels of creatinine. (29, 30)
x It may lead to acute kidney injury (AKI) in COVID-19 hospitalized patients, increasing risk of death.
AKI stimulates release of pro-inflammatory cytokines (TNFa., IL-6), further exacerbating kidney disease.
Cytokine storm in COVID-19 patients may exacerbate this process. (28)
Cardiac Females have more efficient functional recovery post-cardiac injury. (38)
Repair Females produce more reparative leukocytes and anti-hypertensive epoxy-eicosatrienoic acids.
Mechanisms SARS-CoV-2 associated cardiac injury may be less pronounced in females due to more efficient cardiac repair.
ACE2 ACE2 is retained in females more than males, even upon aging and the present of chronic disease. (47, 48)
Expression x Higher levels of ACE2 are more protective against acute lung injury & severe lung failure. (42, 43)
Upon ACE2 cleavage, the ectodomains may serve as circulating scavengers for SARS-CoV-2, potentially reducing the (44)
viral load.
NRP1 NRP1 binds to the furin-cleavage site on the S1 segment of the S protein. This may increase its cell invasion and (51)
? pathogenicity.
CD147 It is @ membrane receptor shown to interact with SARS-CoV-2. It induces extracellular matrix proteases, which may (56, 57)
? contribute to the development of fibrosis. It is abundant fibrotic lung tissue compared to normal lung tissue.
Ang-1-7 Ang1-7 exerts anti-oxidative and anti-inflammatory activities. (69)
x Supplementation with Ang1-7 has been suggested as a possible treatment for COVID-19. (70)
ERK In both homeostatic and inflammatory conditions, ERK is relatively higher in males. (71, 81,
x Testosterone rapidly induces ERK expression. 82)
SARS-CoV-2 replication involves ERK, which may support increased viral progeny in males. (79)
STAT1 STAT1 inhibits viral replication. SARS-CoVs can evade activation of STAT1. It is relatively higher in females with chronic (83)
x diseases and in homeostatic conditions.
ADAM17 Facilitates viral entry into the host cell by cleavage of S protein. It also cleaves and activates pro-inflammatory cytokines (87-89)
x associated with viral-related tissue damage.
TMPRSS2 Cleavage of S protein by TMPRSS2 allows viral entry into host cell. It is regulated by an androgen-sensitive promoter (94)
’) and it is greatly expressed in prostate cells. In lungs, TMPRSS2 is not differentially expressed between the genders. Is
¢ there gender dimorphism in its expression in other body tissues?
Furin Higher in asthmatic males. Furin cleavage site is located in the S protein and it is required for adequate viral replication (49)
x and pathogenicity.
Anti-viral Pattern recognition receptors for detecting viral nucleic acids, antigen presentation of peptides, immunoglobulins, (104)
immune x secretion of IL-12, CD4+ T cells and cytotoxic T cells are all more numerous and efficient in females. Innate immune
response cells (macrophages, monocytes, and dendritic cells) are more numerous in females.
Estrogen & Greater estrogen levels attenuate secretion of pro-inflammatory cytokines, which is mediated via estrogen receptors (85, 108,
the immune x found on macrophages and other lymphocytes. Estrogen enhances neutrophil accumulation and monocyte 126)
response differentiation into dendritic cells.
Behavioral In general, males travel, smoke and consume alcohol more frequently than females, which contribute to more social (145, 146,
factors x contact and pronounced detrimental effects on systemic and pulmonary immunity, respectively. 148)

“X” indlicates that this factor is higher in the gender. “?” indicates that it is not known in which gender it is higher.

BEHAVIORAL AND SOCIAL
GENDER DIFFERENCES

Gender discrepancies in the exposure to viral infections are due
to evident disparities in social roles, activities, and behaviors
(142). Proper assessment of differences in disease exposure is
warranted when studying gender discrepancies in the incidence
of infections. Males tend to have more social contacts, travel
more frequently, and spend more time in settings that could be
conducive to viral transmission (143). In addition, gender roles
influence how and where males and females spend their time and
the quality of healthcare they receive. Moreover, gender
differences in access to healthcare facilities in specific countries
may lead to further variability in disease progression. For
example, boys in India usually have better follow up from
healthcare professionals and medical care than girls (144).

Additionally, behavioral factors are involved in gender
discrepancies affecting the burden of viral infections (145-147).
Alcohol consumption and cigarette smoking exert complex and
detrimental effects on systemic and pulmonary immunity. Both
factors suppress a wide range of immune responses, therefore,
predispose individuals to the acquisition of further infections
(145, 146, 148). Alcohol drinking and cigarette smoking habit are
higher in males than females, which would therefore render men
more prone to alterations in the immune responses (145, 146,
149-151). For example, the risk of tuberculosis infection is seen
to be higher in men than in women (147). Furthermore, high
alcohol consumption is linked to liver cirrhosis as well as
increased mortality and morbidity rates. Recent studies have
documented the association of liver diseases as well as smoking
with a higher risk for severe COVID-19 and mortality; therefore,
smoking and alcohol cessation should be encouraged (152, 153).
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GENDER DIFFERENCES IN
VACCINE RESPONSE

COVID-19 vaccine development is expected to be the most effective
way to control the pandemic and combat this novel virus. It is quite
interesting that besides the role of sexual differences in infection
immunity, sexual differences are documented to be important in
the immune response to vaccines (154, 155). Females do mount
greater immune response to vaccinations than men thus facilitating
vaccine efficacy, yet they more commonly experience severe side
effects (154, 156, 157). Unfortunately, there is serious lack of
attention to sexual dimorphism in vaccine clinical trials.

There are currently several vaccines against SARS-CoV-2 that
have been rolled out (158). Early reports of clinical trials for SARS-
CoV-2 vaccination have not addressed sexual differences (159-
161). Studies reported promising immunogenicity and safety
outcomes. In addition, local and general adverse effects are being
addressed yet not segregated by gender (160, 161). However, a
clinical trial of the adenovirus-vector vaccine candidate measured
adverse effects outcomes and reported that females experienced
side effects such as fever more commonly than males (162).

CONCLUDING REMARKS

To date, COVID-19 still represents a worldwide health concern.
Culminating evidence demonstrates more favorable COVID-19
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