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Abstract The high mortality rate of Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) infection is a critical
concern of the coronavirus disease 2019 (COVID-19) pandemic. Strikingly, men account for the majority of
COVID-19 deaths, with current figures ranging from 59% to 75% of total mortality. However, despite clear implica-
tions in relation to COVID-19 mortality, most research has not considered sex as a critical factor in data analysis.
Here, we highlight fundamental biological differences that exist between males and females, and how these may
make significant contributions to the male-biased COVID-19 mortality. We present preclinical evidence identifying
the influence of biological sex on the expression and regulation of angiotensin-converting enzyme 2 (ACE2), which
is the main receptor used by SARS-CoV-2 to enter cells. However, we note that there is a lack of reports showing
that sexual dimorphism of ACE2 expression exists and is of functional relevance in humans. In contrast, there is
strong evidence, especially in the context of viral infections, that sexual dimorphism plays a central role in the
genetic and hormonal regulation of immune responses, both of the innate and the adaptive immune system. We re-
view evidence supporting that ineffective anti-SARS-CoV-2 responses, coupled with a predisposition for inappropri-
ate hyperinflammatory responses, could provide a biological explanation for the male bias in COVID-19 mortality.
A prominent finding in COVID-19 is the increased risk of death with pre-existing cardiovascular comorbidities,
such as hypertension, obesity, and age. We contextualize how important features of sexual dimorphism and inflam-
mation in COVID-19 may exhibit a reciprocal relationship with comorbidities, and explain their increased mortality
risk. Ultimately, we demonstrate that biological sex is a fundamental variable of critical relevance to our mechanistic
understanding of SARS-CoV-2 infection and the pursuit of effective COVID-19 preventative and therapeutic
strategies.
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Introduction

Millions of people have been infected with the novel Severe Acute
Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) virus worldwide,
hundreds of thousands have been killed by coronavirus disease 2019
(COVID-19), and the numbers are still increasing dramatically. Mortality
in patients is mostly determined by respiratory failure; however, more

recent evidence highlights the significant contribution of cardiovascular
complications in COVID-19 related deaths.1 One potential clue to a bet-
ter understanding of COVID-19 is the striking dominance of male sex in
the overall mortality of SARS-CoV-2 infections. Notably, sex is a key de-
terminant of disease susceptibility and outcome in general and, in partic-
ular, in cardiovascular diseases (CVD), which often demonstrate
increased prevalence and mortality in men.2 As recently commented on
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by the Centres for Disease Control and Prevention, psychological, so-
cial, and behavioural differences between men and women may play
important roles in exposure to SARS-CoV-2, existence of comorbid-
ities (e.g. smoking), treatment initiation, compliance, and ultimately,
COVID-19 mortality.3 For example, there is evidence that older men
(65–81 years old) make less behavioural changes related to infection
control, such as wearing a mask, than older women.4 In this review,
we will focus on the differences between males and females based
on their genetics (sexual dimorphism) and the potential implications
of this sexual dimorphism for COVID-19. We focus on sex differen-
ces in angiotensin-converting enzyme 2 (ACE2) expression, inflamma-
tion, the immune system, and cardiovascular comorbidities, such as
hypertension, obesity, and age, all known to play crucial roles in the
outcome of COVID-19.

COVID-19 mortality—male sex is a
risk factor

Men and women appear to have similar susceptibility to SARS-CoV-2
infection, with sex-disaggregated data demonstrating that 45.7% fe-
male vs. 54.3%5 male cases as of September 2020 which is consistent
with published data.6–8 It is important to note that these data do not
take into account any potentially important corrections, such as the
percentage of men vs. women in each location, lifestyle, or other so-
cial or behavioural differences, which could influence the interpreta-
tion of this data.3,4 However, a wealth of clinical and epidemiological
data has now demonstrated that almost twice as many men with
COVID-19 suffer severe symptoms or death in comparison to
women.6 Figures from China, South Korea, a National Institute of
Health report from Italy, and autopsy findings from Germany have
reported that males accounted for 59–75% of COVID-19 deaths.8–12

The most extensive study to date, OpenSAFELY, has assessed data
from over 17 million patients in the UK and identified that males
have a 59% increase in risk of death in comparison to females.11

Data from five European countries (France, Italy, Spain, Switzerland,
and Germany) highlight further sex differences, with men 50% more
likely to be admitted to ICU than women and a male predominance
for mortality with the ratio of male:female case fatality ranging from
1.7 to 1.8.6 This increase in male mortality is consistent across all age
groups, with pooled data from 227 219 confirmed COVID-19 cases
indicating the highest case fatality ratio in middle-aged men.6 Thus,
this important report clearly confirms an imbalance of COVID-19 se-
verity, hospitalization, and mortality between men and women.
Cumulatively, this makes male sex a strong risk factor for increased
mortality, alongside other factors, such as immunoincompetence, age,
and comorbidities including cardiovascular disease.8,13,14

Sexual dimorphism in COVID-19 should not come as a surprise be-
cause it is known that men and women respond to viral infections differ-
ently.15,16 Sex differences were recorded during the Spanish flu outbreak
(1918–19), with males experiencing increased mortality.17,18 Also in the
context of SARS-CoV (2002–04), males had higher mortality compared
with females, 21.9% vs. 13.2%, respectively.19 Similarly, with MERS-CoV
(2012, 2015, and 2018), deaths were biased towards males.20

Interestingly, the 2008 H1N1 pandemic reported that women were less
susceptible to infection as compared to men, but middle-aged women
experienced higher mortality.21 These significant differences between
the sexes during viral infections provide a compelling argument to iden-
tify the mechanisms of sexual dimorphism in SARS-CoV-2, as this may

provide important insights into the currently mostly enigmatic pathology
of COVID-19. There is clearly an urgent need to understand who is
most at risk of severe outcomes of COVID-19 and how to adjust thera-
peutic interventions accordingly.

The role of the X chromosome and
hormones in sexual dimorphism of
infection

In humans, the X and Y sex chromosomes contain diverse genes, with
the Y chromosome being much smaller and coding mainly for sex-
specific effects and testis development. Notably, many genes that play
key roles in immune responses are present on the X chromosome, in-
cluding those involved in both innate and adaptive immune responses to
viral infections, e.g. pattern recognition receptors (PRR), such as toll-like
receptors (TLR), costimulatory molecules, and transcription factors.22,23

Given that most males have a single X chromosome, if they inherit an X-
related gene mutation, they will manifest the respective phenotype. In
contrast, as females express two X chromosomes, they are generally
protected from such mutations, as the paternal X chromosome can
compensate the maternal, and vice versa. Moreover, due to the pres-
ence of two X chromosomes, a process known as X chromosome inac-
tivation occurs in females to prevent the overexpression of X-linked
genes. Some genes, including those controlling immune responses, can
escape this silencing, which can lead to their increased expression and di-
rect functional consequences. Notably, the gene encoding the receptor
mainly responsible for SARS-CoV-2 cellular entry, ACE2 (discussed fur-
ther below), is present on the X chromosome and, therefore, may be
susceptible to increased expression in females as a result of ineffective X
chromosome inactivation. Current evidence demonstrates that the dif-
ferential expression and regulation of X-linked genes between males and
females play significant roles in sexual dimorphic responses to
infection.16

In addition to these ‘gene-dosage’ effects, many sex differences in
the manifestation of infectious diseases have long been attributed to
the influence of sex hormones. For example, endogenous oestrogens
can ameliorate the severity of influenza infections in mice by reducing
chemokine and pro-inflammatory cytokine release, including inter-
feron (IFN) c, tumour necrosis factor-a (TNFa), and C-C chemokine
ligand-2 (CCL2).24–27 In the case of SARS-CoV, it has been shown
that male mice were more susceptible to infection and showed
higher mortality compared with female mice. Importantly, ovariec-
tomy increased female mortality in these mice, reversing protection
in females.28 This suggests that the balance between oestrogen and
testosterone is likely crucial to anti-viral responses in coronavirus
infections. Interestingly, men with prostate cancer on androgen depri-
vation therapy appear to be protected from SARS-CoV-2 infections,
highlighting the potential for androgens to modulate disease suscepti-
bility and progression.29–31 Furthermore, the Sry gene family located
on the Y chromosome can upregulate the activity of components of
the renin–angiotensin system that downregulate ACE2 via decreased
promotor activity.32 Also, as shown in experiments in mice, oestro-
gen and testosterone can both modulate ACE2, with increased activ-
ity in oestrogen deficiency and decreased activity in testosterone
deficiency.33–36 Ultimately, the biological influence of sex hormones
and sexually dimorphic gene expression in viral infections, alongside

2 L.A. Bienvenu et al.
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the male-biased mortality in COVID-19, support the concept that
sexual dimorphism is also a central feature of SARS-CoV-2 infection.

ACE2 and cellular entry of SARS-
CoV-2: is there a role for sex?

To facilitate cellular entry SARS-CoV-2 binds to specific cell surface
receptors, such as ACE2, via its spike protein.37–40 The spike protein has
two subunits. The S1 subunit binds to a cellular receptor, e.g. ACE2. The
S2 subunit undergoes priming (cleavage of the spike protein) by a cellular
protease, e.g. Transmembrane Serine Protease 2 (TMPRSS2), allowing
S2 to mediate fusion of viral and cellular membranes. In addition to
ACE2, several cell surface receptors (CD26, CD147, and ITGA5) and
proteases [furin protease (PCKSK3), dipeptidyl peptidase 4 (DPP4), ca-
thepsin B, L (CTSB, CTSL), trypsin, human airway trypsin-like protease
(HAT)] have been implicated in the cellular entry of coronaviruses.41–53

These receptors and/or proteases may also be relevant for COVID-19
pathology, but whether they play a significant role in SARS-CoV-2 infec-
tion, particularly differential roles between the sexes, is currently un-
known. Rightfully, ACE2 and TMPRSS2 have attracted major interest as
targets for prevention and treatment of SARS-CoV-2 infections.

Initial reports suggest that ACE2 expression levels may influence
COVID-19 outcomes, as transcriptional analysis of lung samples from
patients with comorbidities that predispose to severe COVID-19 infec-
tion (e.g. hypertension, diabetes, chronic lung disease) demonstrate
higher ACE2 expression.54 However, human data comparing ACE2 ex-
pression between men and women are rare. One report has suggested
that ACE2 expression is similar in both sexes across a range of tissues.55

Single-cell sequencing of ACE2 in the adult human heart demonstrated
that male hearts have less ACE2 expressing cells compared to females.56

Contrastingly, integration of single-cell atlas data has shown an associa-
tion between male sex and increased expression of TMPRSS2, the main
protease involved in SARS-CoV-2 cellular entry, as well as ACE2.41,57 In
addition, transcription of TMPRSS2 is regulated by an androgen receptor
binding element in its promotor and androgenic ligands.58,59 Thus, as
TMPRSS2 is regulated by androgens and more highly expressed in men,
this may contribute to the increased COVID-19 severity in males.
Although the relationship between ACE2 expression, plasma ACE2 con-
centrations and COVID-19 severity is currently unknown, it has been
shown that plasma ACE2 concentrations are higher in men than
women.60 Genome-wide association studies identified three loci associ-
ated with increased plasma ACE2 concentration in men but not in
women, providing further evidence for a sex-specific genetic regulation
of ACE2 concentration.61 Consequently, sex may be critical to the regu-
lation of ACE2 expression and, potentially, SARS-CoV-2 viral entry.
Given the importance sexual dimorphism in ACE2 expression could play
in COVID-19, and the importance of ACE2 and the SARS-CoV-2 spike
protein as therapeutic targets, further research on the role of ACE2 ex-
pression in COVID-19 and potential differences between male and
females is warranted.

Patients with non-ischaemic dilated cardiomyopathy have recently
been shown to exhibit increased expression of ACE2 and ITGA5, the
integrin subunit a5 that can bind to both ACE2 and SARS-CoV-2, the lat-
ter via an RGD docking site on the spike protein, and may act as an alter-
native cellular entry mechanism. This may contribute to the worse
outcome of COVID-19 in patients with pre-existing heart disease and
also suggests that reducing ACE2 upregulation may be a therapeutic ap-
proach in these patients.49,52 Another therapeutic aspect, widely

discussed by cardiologists, is related to angiotensin-converting enzyme
inhibitors (ACE-I), which are widely prescribed in patients with CVD
and have been shown to increase ACE2 expression in the lung.62 While
it may be tempting to withdraw ACE-I treatment from COVID-19
patients, clinical data suggest this may lead to exacerbation of cardiovas-
cular risk/injury and it is currently not recommended.63 However, the
current consensus is also to avoid newly starting ACE-I medication out
of concern that a potential increase in ACE2 expression may predispose
to or worsen COVID-19.64–66

Sexual dimorphism in the COVID-
19 immune response

Given the consistently increased mortality observed in males during
SARS-CoV, MERS-CoV, and now the SARS-CoV-2 pandemic, a funda-
mental inability to mount an appropriate immune response against coro-
navirus infections could explain the significant bias towards male
COVID-19 deaths. It is well described that males generally have a less ro-
bust immune response to some viral illnesses; there is a scientific basis to
the ‘man flu’, as men may experience more significant symptoms due to a
weaker immune response.67 While our understanding of the exact im-
munological mechanisms underlying these differences is in its infancy, evi-
dence to-date supports divergence in the composition, epigenetic
regulation, and function of immune cell populations between men and
women.68–71 A gene expression study of the immune system in mice by
Gal-Oz et al.71 indicated that this sexual dimorphism is restricted mainly
to macrophages. More specifically, of the differentially expressed genes
identified in the macrophages, 63% of these were found to be upregu-
lated in female cells. These genes included complement pathway-related
genes (e.g. Fcgr2, Fxgr3a, and Lrg1) and IFN-stimulated genes (e.g. Irf7 and
Klra2). The authors conclude that the stronger immune response of
females may be due to more activated innate response pathways prior
to infection with a pathogen. Importantly, age has also been shown to ex-
pose sexual dimorphism. In a comprehensive study, Márquez et al. de-
scribe an increasing divergence in gene expression and chromatin
accessibility with age. Comparing older men and women (>65 years old),
who are at highest risk of COVID-19, females were found to display in-
creased frequency of T and B cells. Furthermore, gene enrichment analy-
sis of ATAC (Assay for Transposase-Accessible Chromatin) and RNA
sequencing data annotated several inflammation modules to men, with
enhanced monocyte-related gene expression and chromatin accessibil-
ity. In contrast, females demonstrated enrichment in T and B cells mod-
ules, as well as IFN-inducible pathways. These findings indicate that older
men have higher innate and pro-inflammatory activity and lower adaptive
immunity. While there are some discrepancies between these two stud-
ies, indeed highlighting the significant work still to be done to understand
sexual dimorphism in the immune system, both Gal-Oz et al. and
Márquez et al. report clear differences in the underlying epigenetic land-
scape of immune cells in males and females.

There are notable further examples of inherent sexual dimorphism in
immune cells, including increased IFNa expression by female plasmacy-
toid dendritic cells following TLR7 stimulation, with oestrogen receptor
1 dependent IRF5 gene expression implicated in this pathway.72,73 In re-
spect to the adaptive immune system, a recent study has highlighted B-
cell intrinsic sexual dimorphism, whereby expression of GPR174 in male,
but not female, B cells resulted in sub-optimal cellular positioning within
B-cell follicles. Ultimately, this results in poorer antibody responses in
male mice.74 T cells also demonstrate inherent sexual dimorphism, with

Sex difference in COVID-19 mortality 3
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T cells from women expressing increased CXCR3 and CD40L, both of
which are important regulators of T-cell function.75,76 It should be noted
that a limitation of most human studies of sexual dimorphism, and indeed
many mouse studies, is the focus on peripheral blood mononuclear cells.
It is important to appreciate than immune cell phenotype and behaviour
differs significantly depending on the environment, including between
the circulation and within tissues. Bain et al.,68 for example, recently dem-
onstrated significant differences in peritoneal macrophage phenotype
and function between male and female mice, including in their transcrip-
tional states (e.g. increased expression of Celc4g, Cd209a, and Cd209b in
female mice). Importantly, they discovered that these differences were
not cell intrinsic, and instead were driven by differing peritoneal micro-
environments in males vs. females. A similar pattern of findings was iden-
tified by Vasanthakumar et al.,69 who described that an increased
inflammatory status in the adipose tissue of male mice corresponded
with an IL-33-dependent expansion of regulatory T cells. Again, these dif-
ferences were determined by the respective tissue niche, as opposed to
being cell intrinsic. Consequently, in interpreting data on sexual dimor-
phism both location and context need to be considered, as well as other
important factors, such as age. Despite these complexities, based on our
current understanding, it appears likely that sexual dimorphism in im-
mune responses plays a major role in the response to SARS-CoV-2
infection.

An analysis of the transcriptional response by Blanco-Melo et al.77

combining human data with animal (ferret) and in vitro models of the
SARS-CoV-2 infection has highlighted an atypical and potentially inap-
propriate anti-viral response. Notably, a poor type I and III IFN response
to SARS-CoV-2, but significant induction of other inflammatory genes,
such as interleukin 6 (IL-6), CCL2, and C-C chemokine ligand 8 (CCL8),
were observed. This study was supported by Hadjadj et al.,78 also identi-
fying a weak type I IFN response coupled with increased IL-6 and TNFa
in a cohort of 50 COVID-19 patients. Importantly, emerging evidence
suggests that type I IFNs are effective at reducing the virus’s replication.79

As such, the lack of an appropriate IFN response may be a significant def-
icit in the immune system’s ability to combat SARS-CoV-2 and prevent
severe infection.

TLR7, a PRR recognizing single-stranded RNA and leading to IFN pro-
duction has been identified as a potentially important receptor for the
recognition of and response to coronavirus infections. Highlighting this
likely critical role of TLR7 in SARS-CoV-2 infection is the association of
rare TLR7 mutations with severe COVID-19.80 Comprising of two unre-
lated families, each with a different mutation, this study assessed four
male patients with loss of function mutations in TLR7. In comparison
with TLR7 competent individuals, including a wildtype and also TLR7
heterezygous parent from one the families; peripheral blood mononu-
clear cells isolated from male patients with TLR7 mutations were unre-
sponsive to the TLR7 agonist imiquimod, with this stimulation failing to
induce key components of the TLR7 signalling pathway (IRF7, ISG15, and
IFNB1) which lead to IFN production. All four patients with loss of func-
tion in TLR7 we are young, ranging from 21 to 32 years old, and all expe-
rienced severe COVID-19 symptoms requiring mechanical ventilation;
one patient did not to recover. While this study cannot conclude a direct
link between these mutations and COVID-19 severity; the presence of
two different loss of function mutations in TLR7 in unrelated families as-
sociated with severe COVID-19 implicates TLR7 as a likely central node
in the response to SARS-CoV-2 infection.

Of great relevance to sexual dimorphism in COVID-19, TLR7 is found
to be more highly expressed in females, with increased copy numbers of
the TLR7 gene correlating with both increased TLR7 signalling and the

resulting type I IFN production.76,81,82 In addition to this gene-dosage ef-
fect, it has been shown that oestrogen also increases TLR7 expression.
A potential mechanism behind the described low IFN response in
COVID-19 may be related to the virus’s ability to evade detection via
PRRs, such as TLR7, or downstream products of their signalling. Many vi-
ruses, including SARS-CoV and MERS-CoV, possess an array of mecha-
nisms to evade or subvert the immune response, including those which
specifically disrupt IFN signalling pathways.83 In the context of SARS-
CoV-1, structural and non-structural viral proteins have been identified
that target PRR and IFN pathways, ultimately antagonizing IFN by pre-
venting IRF3, NF-rB, STAT-1, STING, MAVS, TRAF3, and TRAF 6 signal-
ling.84–89 Moreover, the non-structural protein 1 of both SARS-CoV-1
and SARS-CoV-2 has been demonstrated to suppress host gene expres-
sion and inhibit IFN production.90,91 Unsurprisingly, MERS-CoV demon-
strates similar IFN antagonism.92 While research on SARS-CoV-2 is in its
infancy, it has already been identified that open reading frames 3b, 6, and
9b (ORF3, ORF6, and ORF9b, respectively) appear to be critical to the
virus’s ability to downregulate host IFN responses, at least in vitro.93–95

Consequently, enhanced expression of TLR7 by females may improve
the likelihood of generating a strong IFN response, limiting PRR and IFN
evasion by SARS-CoV-2, and achieving viral clearance. Supporting this
concept is the fact that females appear to clear SARS-CoV-2 infection
faster than men, whom experience increased viral persistence.96,97 It has
also been determined that women have a conserved enrichment of IFN
response pathways in comparison with men even into old age.70

Moreover, significantly higher IFNa2 levels have been identified in
women infected with SARS-CoV-2 in a longitudinal analysis of 98
patients (47 men and 51 women) admitted to Yale-New Haven
Hospital.98 Though further investigations are required, the evidence sup-
ports that enhanced IFN responses may provide women with a signifi-
cant immunological advantage over men in the response to SARS-CoV-
2.

IFN treatment is one of several therapeutics being explored currently,
with the results from these studies highly anticipated.99 Given the evi-
dence highlighting sexual dimorphism in IFN responses, it is important to
consider the differential effects IFN treatment may have on males and
females. To draw a parallel with another RNA virus, a clinical trial explor-
ing the treatment of hepatitis C with IFN has suggested that females re-
spond more effectively to lower doses of IFN than males. This may mean
that males and females require different IFN dosages for optimal therapy
and again highlights the need to consider the potential for inherent sex-
ual variance.100 To fully explore the efficacy of IFN treatment, sexual di-
morphism in basal levels of IFN and any fundamental variation in the
response to IFN therapy should be taken into consideration. In addition,
given the general protective role oestrogen plays in anti-viral immune
responses, the use of drugs that upregulate oestrogen-receptor activa-
tion may also be capable of improving treatment outcomes during
COVID-19 infection in both males and females.101 Such an approach
may provide a broader response than IFN alone and provide a useful ad-
junct therapy.

Sexual dimorphism in COVID-19
hyperinflammation

As well as mediating anti-viral responses, the immune system has been
implicated in driving detrimental and dysregulated inflammation in
COVID-19, a feature also present in SARS-CoV and MERS-CoV infec-
tions.102,103 More specifically, the occurrence of respiratory failure, acute

4 L.A. Bienvenu et al.



..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..respiratory distress syndrome (ARDS), and adverse clinical outcomes
correlates with elevated IL-6, C-reactive protein (CRP), and a phenotype
likened to cytokine release syndrome.104,105

It is perhaps surprising that males are at greater risk of COVID-19 and
the associated hyperinflammation considering females have been de-
scribed to mount stronger immune responses to viral infections and are
also prone to many autoimmune and inflammatory pathologies
(Figure 1).106 It has been noted that the hyperinflammatory response ob-
served in severe COVID-19 is similar to secondary haemophagocytic
lymphohistiocytosis (sHLH), a condition often triggered by infection.107

Interestingly, evidence suggests that male sex is also associated with
poor outcomes in sHLH.108,109 To provide a contrast to the male-biased
pathology in SARS-CoV-2; in the context of influenza infections, in-
creased inflammatory responses have been correlated with poorer out-
comes in females.24 This again highlights the complexity of differences to
be appreciated between the male and female immune system and their
responses to infection, compounding the need for the mechanisms of
sexual dimorphism likely present in SARS-CoV-2 infection to be
understood.

Based on the observation of a poor IFN response in patients
with severe COVID-19, it is possible that ineffective anti-viral im-
munity precedes or contributes to the hyperinflammatory
responses seen in severe COVID-19. This again may be particularly
relevant in men as a diminished ability to generate effective anti-
viral responses (discussed above) in the early stage of disease
could increase the likelihood of enhanced infection, dysregulated
immunity, and poorer outcomes.

Supporting the likely importance of early anti-viral responses in the
prevention of severe COVID-19 is the observation that delayed IFN sig-
nalling manifested in lethal pneumonia in mice infected with SARS-CoV,
while early IFN ameliorated this phenotype.110 Similarly in humans; a ret-
rospective clinical study of 446 patients has demonstrated a significant
improvement in survival in COVID-19 patients treated with early IFN-
a2b (<_5 days post-admission).111 In contrast, late administration of IFN
treatment (>_6 days post-admission) was associated with longer hospital
admission, slower recovery of lung function, and higher mortality. While
further studies are required to correlate effective anti-viral immunity to
the hyperinflammation associated with COVID-19, these data highlight a
potentially critical importance of timely and effective immunity to SARS-
CoV-2 in order to prevent severe disease and likely the associated
hyperinflammatory responses.

One of the severe consequences of a hyperactive immune system are
prothrombotic effects, potentially resulting in stroke, deep vein throm-
bosis, and pulmonary embolism and microthrombosis and consequently
micro-obstruction, e.g. in the lung, heart, and kidney.112,113 Through this
link between inflammation and (micro)thrombosis, sex differences could
contribute to sex-associated differences in COVID-19 mortality.
However, clinical data reported so far often does not provide sex differ-
entiation that would allow drawing definite conclusions. There is clearly
an urgent need to report sex-specific COVID-19 outcome and clinical
complication data.

Ultimately, a failure to clear the SARS-CoV-2 infection due to ineffec-
tive anti-viral immunity could lead to the male-biased propagation of hy-
peractive inflammatory responses which appear to contribute directly to

Figure 1 Potential mechanisms of how sexual dimorphism results in higher mortality of COVID-19 in males. SARS-CoV-2 enters cells via binding to
the cellular ACE2 receptor and subsequent spike protein cleavage by TMPRSS2 mediating fusion of viral and cellular membranes. Current data suggest
that ACE2 expression levels are the same in both sexes. Infection rates are similar between men and women, however, the response to infection differs
between the sexes. Anti-viral responses and viral clearance, mediated by IFN and TLR7, are postulated to be increased in females and may be one of the
key mechanisms behind the reduced mortality observed in women compared with men in COVID-19. Dysregulated inflammation and increased cytokine
release are potential links to increased ARDS, respiratory failure, and cardiovascular comorbidities in males, culminating in increased mortality. ACE2, an-
giotensin-converting enzyme 2; ARDS, acute respiratory distress syndrome; CCL2, C-C chemokine ligand 2; F, female; IFN, interferon; IL-6, interleukin 6;
M, male; TLR7, toll-like receptor 7; TMPRSS2, Transmembrane Serine Protease 2.
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severe COVID-19. Cumulatively, evidence supports the concept that
females have a distinct immunological advantage over men in the context
of SARS-CoV-2 infection, producing a more robust anti-viral response
that may prevent the initiation of dysregulated immune response and
COVID-19 related immunopathology. This leads us on to the connec-
tion between cardiovascular comorbidity and COVID-19, where the de-
scribed sexual dimorphism in immune-inflammatory responses play a
key role.

Cardiovascular comorbidity in
COVID-19 and potential sex
differences

It has become clear that cardiovascular comorbidities are a significant
risk factor for COVID-19 hospitalization and mortality.1,114,115 The car-
diovascular community is attuned to sex differences in CVD.116 Given bi-
ological sex plays a significant role in the immune system and, likely, the
response to SARS-CoV-2; we suggest that sexual dimorphism in
immune-inflammatory responses may directly influence the relationship
between cardiovascular diseases and COVID-19 risk and therefore at-
tribute to the higher mortality in men.

It is notable that CRP and inflammatory cytokines, such as IL-1b and
IL-6, that have been implicated in COVID-19 are also central to CVD
risk.105,117 The importance of the inflammasome/IL-1b axis in CVD was
recently highlighted by the reduction of cardiovascular events in several
clinical trials, achieved either by IL-1b inhibition via the application of the
blocking antibody canakinumab or by the proposed inhibition of the
inflammasome via the anti-inflammatory drug colchicine.118–121 IL-1b is
downstream of the inflammasome and upstream of IL-6, and this entire
pathway has now been implicated in the severity of COVID-19.122,123

Accordingly, IL-1b and IL-6 have both been identified as potential thera-
peutic targets in severe COVID-19, with retrospective cohort studies
suggesting that anakinra, an IL-1 receptor antagonist that blocks the func-
tion of IL-1a and IL-1b, may be efficacious.124,125 Retrospective studies
of IL-6 blockade have also suggested this to be an effective treatment for
COVID-19, however a randomized clinical trial did not demonstrate a
therapeutic benefit.126,127 Further investigation will be needed to ex-
plore whether targeting either of these cytokines is indeed a worthwhile
approach, with patient inclusion criteria and treatment strategy likely to
have significant bearing on the success or failure of these trials.
Ultimately, the use of immunomodulatory drugs which dampen immu-
nity are likely to be beneficial for those with an excessive inflammatory
response, but only in the context where they do not compromise host
immunity; therefore, careful patient stratification is likely to be required
to optimize both patient care and our understanding of causal pathways
in severe COVID-19. In respect to cardiovascular comorbidity in
COVID-19, it should be considered that increased basal expression of
inflammatory proteins in CVD patients, including IL-1b and IL-6, could
ultimately contribute to the severity of COVID-19. Likewise, the inflam-
mation resulting from SARS-CoV-2 infection could provide a direct
mechanistic link to increased incidences of cardiovascular events.

Arterial hypertension is an excellent example linking CVD immunity,
sex and COVID-19. The immune system is a significant mechanistic de-
terminant of hypertension, which is clearly a male-biased disease.1,128–130

A retrospective observational study by Gao et al.131 has observed a two-
fold increase of COVID-19 mortality in hypertensive individuals,
highlighting a clear relationship between hypertension and COVID-19.

This finding is further supported by the OpenSAFELY study, which iden-
tified increased COVID-19 mortality in hypertensive patients under the
age of 70. Given the observation of hyperinflammation in COVID-19, it
is of interest that monocytes from patients with hypertension display in-
creased inflammatory activity and produce elevated levels of Interleukin
1 Beta (IL-1b) and IL-6 when stimulated in vitro compared to monocytes
from non-hypertensive individuals.128 Moreover, hypertensive patients
show an increased activation/inflammatory phenotype of circulating
blood cells such as monocytes and platelets, the latter is of particular in-
terest as COVID-19 mortality appears to be associated with (micro)-
thrombotic events.112,132,133 With respect to the adaptive immune
system, there is also evidence that CD8þ T cells, which are important
mediators of anti-viral immunity, are dysfunctional in hypertensive
patients.134 It is important to consider that women mount robust CD8þ
T-cell responses during SARS-CoV-2 irrespective of their age,98 while,
men produce weaker CD8þ T-cell responses, which declined with age
and are predictive of poorer COVID-19 outcomes. Consequently,
CD8þ T-cell dysfunction and heightened inflammatory responses in
patients with hypertension may compound the already discussed poten-
tials for deficient anti-viral immunity and increased inflammatory
responses in men, leading to reciprocally increased risk of severe
COVID-19 and exacerbated cardiovascular complications.

Further supporting the concept that CVD and COVID-19 driven in-
flammation/immune dysregulation might combine to increase risk associ-
ated with both diseases, are the findings of an elegant study by Mathew
et al.135 who observed associations between cardiovascular risk factors,
mainly hyperlipidaemia, and distinct immune features in COVID-19.
Using a well-characterized cohort of 125 COVID-19 patients to com-
prehensively profile adaptive immune responses in SARS-CoV-2 infec-
tion, and correlating their findings with the patients’ clinical features, the
authors identified that hyperlipidemia was associated with a more rapid
decline in important antibody producing cells (plasmablasts) in COVID-
19 patients. It was also observed that hyperlipidaemic COVID-19
patients were more likely to have stable or decreasing T-cell popula-
tions;�60% and�75% of COVID-19 patients with decreasing CD4þ or
CD8 Tþ cells, respectively, possessed hyperlipidaemia as a comorbidity.
Given lymphopenia has been associated with severe COVID-19 and, in
the latter study, decreased T-cell numbers were associated with in-
creased inflammation (hsCRP, D-dimer, and ferritin levels), a relationship
between hyperlipidemia and T-cell deficiency may contribute to more
severe COVID-19 outcomes in individuals with cardiovascular comor-
bidities. Notably, due to robust anti-viral immunity, including T-cell
responses to SARS-CoV-2, females may be more protected from such
detrimental effects.98

Older age, another classical CVD risk factor, is most profoundly impli-
cated in COVID-19-associated mortality. The OpenSAFELY study iden-
tified that hazard ratios increase with age, increasing from 2.40 in those
over 60 years old to 20.61 in individuals over 80 years old.11 It is now
well known that the immune system ages differently in males and
females. A comprehensively assessment of these differences using a
multi-omic approach has highlighted that, in comparison to females,
males over the age of 65 have enrichments in pro-inflammatory genomic
signatures and plasma concentrations of inflammatory cytokines such as
IL-6.70 Current evidence would support that this increase in inflamma-
tory burden in aged males may play a key role in COVID-19 risk (and
also CVD risk), highlighting further important interactions between sex-
ual dimorphism and significant risk factors for both COVID-19 and CVD
outcomes.

6 L.A. Bienvenu et al.
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Obesity, which clearly demonstrates sexual dimorphism, has been as-

sociated with COVID-19 (re)admission, severity, need for ventilation,
and death.136–138 OpenSAFELY described increases in hazard ratio
(1.05) for those with a BMI above 30, to 1.40 and 1.92 in individuals with
BMI’s over 35 and 40, respectively. The mechanisms underpinning the
role of obesity in COVID-19 risk remain to be described. However, the
relationship between obesity and heightened levels of basal inflammation
is highly likely to contribute to a greater risk of dysregulated inflamma-
tory responses and poor COVID-19 outcomes.136,139 It is well docu-
mented that obesity varies between males and females with respect to
both fat distribution and function. In fact, adipose inflammation in itself is
sexually dimorphic, as the immune cell niches within the adipose tissue
differ between males and females.140 As mentioned previously,
Vasanthakumar et al.,69 recently identified that male adipose tissue in
mice was not only more inflammatory than female adipose tissue, but
had a markedly different stromal compartment, altering the phenotype
of the immune cells present. Ultimately, these data highlight a critical
need to consider that any immune-inflammatory mechanisms by which
obesity influences the risk of viral infections may differ significantly be-
tween males and females.

Conclusions

Male patients with COVID-19 are more symptomatic and exhibit in-
creased disease severity, higher complication rates, and ultimately higher
mortality. Potential sexual dimorphism in the expression of ACE2, as the
docking site used by SARS-CoV-2 to enter cells, has attracted significant
attention. Nevertheless, preclinical evidence that ACE2 expression is
regulated in a sex-dependent manner has not yet been validated in
humans and, although initially postulated, no clinically relevant influence
of medication such as ACE-I has yet been documented. However, as a
most fascinating area, sexual dimorphism in the genetic and hormonal
regulation of the immune response may hold the answer to the bias seen
towards male mortality. Differences in inflammatory responses to viral
infections between the sexes alongside different inflammatory/immune
statuses associated with cardiovascular comorbidities, such as obesity,
hypertension, and age, offer potential explanations for the worse out-
comes in men with COVID-19. Further research into sex differences in
COVID-19 is necessary; we, and others,141 argue that both preclinical
and clinical studies should include sex as a variable and, where possible,
present datasets stratified by sex. The significant bias towards male
deaths in COVID-19 and the clear interaction with CVD highlights a
poorly understood biological phenomenon that is difficult to investigate,
but it also provides a unique opportunity to better understand and treat
SARS-CoV-2 infections.
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rus infection (COVID-19) in humans: a scoping review and meta-analysis. J Clin Med
2020;9:1–14.

15. Ghosh S, Klein RS. Sex drives dimorphic immune responses to viral infections. J
Immunol 2017;198:1782–1790.

16. Klein SL, Flanagan KL. Sex differences in immune responses. Nat Rev Immunol 2016;
16:626–638.

17. Viboud C, Eisenstein J, Reid AH, Janczewski TA, Morens DM, Taubenberger JK.
Age- and sex-specific mortality associated with the 1918–1919 influenza pandemic
in Kentucky. J Infect Dis 2013;207:721–729.

18. Noymer A, Garenne M. The 1918 influenza epidemic’s effects on sex differentials in
mortality in the United States. Popul Dev Rev 2000;26:565–581.

19. Karlberg J, Chong DSY, Lai WYY. Do men have a higher case fatality rate of severe
acute respiratory syndrome than women do? Am J Epidemiol 2004;159:229–231.

20. Matsuyama R, Nishiura H, Kutsuna S, Hayakawa K, Ohmagari N. Clinical determi-
nants of the severity of Middle East respiratory syndrome (MERS): a systematic re-
view and meta-analysis. BMC Public Health 2016;16:1203.

21. Eshima N, Tokumaru O, Hara S, Bacal K, Korematsu S, Tabata M, Karukaya S, Yasui
Y, Okabe N, Matsuishi T. Sex- and age-related differences in morbidity rates of
2009 pandemic influenza A H1N1 virus of swine origin in Japan. PLoS One 2011;6:
e19409.

22. Snell DM, Turner JMA. Sex chromosome effects on male-female differences in
mammals. Curr Biol 2018;28:R1313–R1324.

23. Schurz H, Salie M, Tromp G, Hoal EG, Kinnear CJ, Möller M. The X chromosome
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Cleavage and activation of the severe acute respiratory syndrome coronavirus spike
protein by human airway trypsin-like protease. J Virol 2011;85:13363–13372.

51. Belouzard S, Chu VC, Whittaker GR. Activation of the SARS coronavirus spike pro-
tein via sequential proteolytic cleavage at two distinct sites. Proc Natl Acad Sci U S A
2009;106:5871–5876.

52. Bristow MR, Zisman LS, Altman NL, Gilbert EM, Lowes BD, Minobe WA, Slavov D,
Schwisow JA, Rodriguez EM, Carroll IA, Keuer TA, Buttrick PM, Kao DP. Dynamic
regulation of SARS-Cov-2 binding and cell entry mechanisms in remodeled human
ventricular myocardium. JACC Basic Transl Sci 2020;5:871–883.

53. Gkogkou E, Barnasas G, Vougas K, Trougakos IP. Expression profiling meta-analysis
of ACE2 and TMPRSS2, the putative anti-inflammatory receptor and priming prote-
ase of SARS-CoV-2 in human cells, and identification of putative modulators. Redox
Biol 2020;36:101615.

54. Pinto BGG, Oliveira AER, Singh Y, Jimenez L, Gonçalves ANA, Ogava RLT,
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S, Terrier B. Impaired type I interferon activity and inflammatory responses in se-
vere COVID-19 patients. Science 2020;369:718–724.

79. Lokugamage KG, Schindewolf C, Menachery VD. SARS-CoV-2 is sensitive to type I
interferon pretreatment. bioRxiv. https://www.biorxiv.org/content/10.1101/2020.03.
07.982264v3; doi:10.1101/2020.03.07.982264.

80. Made CVD, Simons A, Schuurs-Hoeijmakers J, Heuvel GVD, Mantere T, Kersten S,
Deuren RV, Steehouwer M, Reijmersdal SV, Jaeger M, Hofste T, Astuti G, Galbany
JC, Schoot VVD, Hoeven HVD, Have WOT, Klijn E, Meer CVD, Fiddelaers J, Mast
QD, Bleeker-Rovers CP, Joosten LAB, Yntema HG, Gilissen C, Nelen M, Meer JVD,
Brunner HG, Netea MG, Veerdonk FVD, Hoischen A. Presence of genetic variants
among young men with severe COVID-19. JAMA 2020;324:663–611.

81. Martin GV, Kanaan SB, Hemon MF, Azzouz DF, El Haddad M, Balandraud N,
Mignon-Ravix C, Picard C, Arnoux F, Martin M, Roudier J, Auger I, Lambert NC.
Mosaicism of XX and XXY cells accounts for high copy number of Toll like
Receptor 7 and 8 genes in peripheral blood of men with Rheumatoid Arthritis. Sci
Rep 2019;9:12880.

82. Webb K, Peckham H, Radziszewska A, Menon M, Oliveri P, Simpson F, Deakin CT,
Lee S, Ciurtin C, Butler G, Wedderburn LR, Ioannou Y. Sex and pubertal differen-
ces in the type 1 interferon pathway associate with both X chromosome number
and serum sex hormone concentration. Front Immunol 2018;9:3167.

83. Tay MZ, Poh CM, Rénia L, MacAry PA, Ng LFP. The trinity of COVID-19: immunity,
inflammation and intervention. Nat Rev Immunol 2020;20:363–374.

84. Shi C-S, Qi H-Y, Boularan C, Huang N-N, Abu-Asab M, Shelhamer JH, Kehrl JH.
SARS-coronavirus open reading frame-9b suppresses innate immunity by targeting
mitochondria and the MAVS/TRAF3/TRAF6 signalosome. J Immunol 2014;193:
3080–3089.

85. Frieman M, Yount B, Heise M, Kopecky-Bromberg SA, Palese P, Baric RS. Severe
acute respiratory syndrome coronavirus ORF6 antagonizes STAT1 function by se-
questering nuclear import factors on the rough endoplasmic reticulum/Golgi mem-
brane. J Virol 2007;81:9812–9824.

86. Frieman M, Ratia K, Johnston RE, Mesecar AD, Baric RS. Severe acute respiratory
syndrome coronavirus papain-like protease ubiquitin-like domain and catalytic

domain regulate antagonism of IRF3 and NF-kappaB signaling. J Virol 2009;83:
6689–6705.

87. Sun L, Xing Y, Chen X, Zheng Y, Yang Y, Nichols DB, Clementz MA, Banach BS, Li
K, Baker SC, Chen Z. Coronavirus papain-like proteases negatively regulate antiviral
innate immune response through disruption of STING-mediated signaling. PLoS One
2012;7:e30802.

88. Versteeg GA, Bredenbeek PJ, Worm SVD, Spaan WJM. Group 2 coronaviruses pre-
vent immediate early interferon induction by protection of viral RNA from host cell
recognition. Virology 2007;361:18–26.

89. Siu K-L, Chan C-P, Kok K-H, Chiu-Yat Woo P, Jin D-Y. Suppression of innate antivi-
ral response by severe acute respiratory syndrome coronavirus M protein is medi-
ated through the first transmembrane domain. Cell Mol Immunol 2014;11:141–149.

90. Narayanan K, Huang C, Lokugamage K, Kamitani W, Ikegami T, Tseng C-TK,
Makino S. Severe acute respiratory syndrome coronavirus nsp1 suppresses host
gene expression, including that of type I interferon, in infected cells. J Virol 2008;82:
4471–4479.

91. Thoms M, Buschauer R, Ameismeier M, Koepke L, Denk T, Hirschenberger M,
Kratzat H, Hayn M, Mackens-Kiani T, Cheng J, Straub JH, Stürzel CM, Fröhlich T,
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