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A B S T R A C T   

The importance of sex differences is increasingly acknowledged in the incidence and treatment of disease. 
Accumulating clinical evidence demonstrates that sex differences are noticeable in COVID-19, and the preva
lence, severity, and mortality rate of COVID-19 are higher among males than females. Sex-related genetic and 
hormonal factors and immunological responses may underlie the sex bias in COVID-19 patients. Angiotensin- 
converting enzyme 2 (ACE2) and transmembrane protease/serine subfamily member 2 (TMPRSS2) are essen
tial proteins involved in the cell entry of SARS-CoV-2. Since ACE2 is encoded on the X-chromosome, a double 
copy of ACE2 in females may compensate for virus-mediated downregulation of ACE2, and thus ACE2-mediated 
cellular protection is greater in females. The X chromosome also contains the largest immune-related genes 
leading females to develop more robust immune responses than males. Toll-like receptor-7 (TLR-7), one of the 
key players in innate immunity, is linked to sex differences in autoimmunity and vaccine efficacy, and its 
expression is greater in females. Sex steroids also affect immune cell function. Estrogen contributes to higher 
CD4+ and CD8+ T cell activation levels, and females have more B cells than males. Sex differences not only affect 
the severity and progression of the disease, but also alter the efficacy of pharmacological treatment and adverse 
events related to the drugs/vaccines used against COVID-19. Administration of different drugs/vaccines in 
different doses or intervals may be useful to eliminate sex differences in efficacy and side/adverse effects. It 
should be noted that studies should include sex-specific analyses to develop further sex-specific treatments for 
COVID-19.   

1. Introduction 

The novel Coronavirus disease 2019 (COVID-19) is severe pneu
monia caused by Severe Acute Respiratory Coronavirus 2 (SARS-CoV-2) 
(Abate et al., 2020). It was first identified in China, then spread rapidly 
worldwide and declared a pandemic by the World Health Organization 
(WHO) (Takahashi et al., 2020). More than 4.5 million people died, and 
200 million have been infected worldwide until September 2021 (Johns 
Hopkins University, 2021). The clinical spectrums of SARS-CoV-2 
infection range from asymptomatic to fatal pneumonia. The symptoms 
of COVID-19 are high temperature, dry cough, myalgia, headache, fa
tigue, diarrhea, sore throat, and taste or smell abnormalities (Struyf 
et al., 2020). Besides the respiratory pathology, SARS-CoV-2 causes 
unpredictable cardiovascular, renal, endocrine, dermatologic, ocular, 
and gastrointestinal complications (Gupta et al., 2020). Mortality of 

COVID-19 is higher in the elderly (>80 years) or individuals with 
comorbidities, including diabetes mellitus, cancer, cardiovascular and 
respiratory diseases (Onder et al., 2020). 

Although the fatality rates vary widely, available data lacks the 
detailed analysis of underlying contributory factors (Schiffer et al., 
2020). Sex is one of the essential contributors to disparities in diseases. It 
may affect the susceptibility of individuals to the disease and cause 
differences in incidence and mortality rates between males and females 
(Gebhard et al., 2020). Since sex differences may alter the immuno
logical, hormonal, and cardiovascular pathophysiological responses to 
SARS-CoV-2, it affects the severity and progression of the disease, as well 
as the efficacy of pharmacological treatment and adverse events related 
to the drugs used against COVID-19 (Schiffer et al., 2020). Independent 
of age, the prevalence of serious symptoms and mortality rate are higher 
in male COVID-19 patients than in their female counterparts (Schiffer 
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et al., 2020). The results of the COVID-19 Sex-Disaggregated Data 
Tracker database displayed that similar numbers of cases in males and 
females, but the mortality rate of males (10.4%) was higher than females 
(7.0%) in the vast majority of countries (Global Health 5050, 2021). 
Similarly, a study compiling data on the severity of COVID-19 in Europe 
found that males were hospitalized 50% more often than females 
(Gebhard et al., 2020). Mortality, intubation, and intensive care unit 
care in COVID-19 were independently linked with the male sex (Jun 
et al., 2021). In a meta-analysis, the prevalence of symptomatic 
COVID-19 was higher in males than females (Abate et al., 2020), and the 
severe COVID-19 is more common in males than females (Vahidy et al., 
2021; Xu et al., 2020). Likewise, males had worse clinical outcomes, 
more severe complications, and more hospitalizations than female 
COVID-19 patients (Montopoli et al., 2020). SARS-CoV-2 RNA was 
found for a longer period in males, so the male sex was associated with 
prolonged SARS-CoV-2 RNA shedding (Xu et al., 2020). 

The sex differences in COVID-19 may be due to both sex (biological) 
and gender (sociocultural/traditional) variable (Gebhard et al., 2020). 
Unfavorable lifestyle habits and age-adjusted rates of pre-existing 
comorbidities (cardiovascular and respiratory diseases) are higher in 
males than females and are associated with poor COVID-19 prognosis 
(Abate et al., 2020; Petrilli et al., 2020; Yang et al., 2020). Comorbidities 
and lifestyle differences may explain the distinct COVID-19 outcomes 
between males and females; however, the role of sex in COVID-19 sus
tain unrecognized (Gagliardi et al., 2020). In pharmacological studies, 
females seem underrepresented, and data are rarely disaggregated by 
sex. Therefore, differences in the efficacy and side/adverse effects of 
drugs in males and females may have been precisely undetected, and sex 
may affect the efficacy and side/adverse effects of treatment in 
COVID-19 (Bischof et al., 2020a, 2020b). A scoping review by Schiffer 
et al. included thirty studies investigating pharmacological treatments 
for COVID-19 and found that none of these studies performed sex-based 
randomization nor investigated sex as a potential modifier (Schiffer 
et al., 2020). Underrepresentation of females, lack of considering sex as 
a confounder, lack of sex-stratified randomization and not investigation 
sex as a potential effect modifier in pharmacologic study limits under
standing of sex-based differences in drug responses (Schiffer et al., 
2020). While some papers report sex variations, the evidence is not 
precise since there are some inconsistencies in the COVID-19 prevalence 
among males and females (Abate et al., 2020). Moreover, there are only 
a few systematic reviews and meta-analyses regarding sex variations in 
the risk for COVID-19 (Abate et al., 2020). Hence, this review aims to 
synthesize the current data about the proposed mechanisms of the in
dependent role of sex in COVID-19, its effects on drug efficacy and 
adverse drug reactions, and the vaccine responses. We searched 
PubMed, Scopus, and ScienceDirect for studies on sex differences in 
COVID-19 until September 1st, 2021. 

2. Mechanisms of sex differences in COVID-19 pathogenesis 

2.1. Genetic and hormonal factors 

Although the mechanisms of sex bias in respiratory viral diseases 
have not been elucidated yet, some hypotheses may help us predict the 
fundamental causatives (Gagliardi et al., 2020). The SARS-CoV-2 em
ploys the angiotensin-converting enzyme 2 (ACE2) receptor and trans
membrane protease/serine subfamily member 2 (TMPRSS2) as its entry 
receptor (Hoffmann et al., 2020). The virus first engaged with ACE2 as a 
cell entry protein, then TMPRSS2-mediated proteolytic processing of the 
virus spike protein facilitates viral entry (Baratchian et al., 2021). ACE2 
gene is expressed widely in the heart, upper airways, lungs, intestine, 
testis, kidney, liver and is protective in those tissues (Gheblawi et al., 
2020). On the contrary to the classical renin-angiotensin system (RAS) 
pathway in which the angiotensin II production leads to vasoconstric
tion, sodium reabsorption, and fluid retention to increase blood pres
sure, ACE2, the counterregulatory branch of the RAS, produces 

angiotensin 1-7 from angiotensin II (Viveiros et al., 2021). Angiotensin 
1-7 then activates the Mas receptor, and ACE2/Angiotensin (1–7)/Mas 
axis exerts vascular and organ protective effects (Santos et al., 2018). 
ACE2 protein is downregulated when the spike protein of SARS-CoV-2 
binds to it (Hanff et al., 2020). Decrease activity of ACE2 leads to an 
increase of the ACE/ACE2 balance and activates the ACE arm in the RAS, 
which will further increase ROS production, vasoconstriction, and 
inflammation provoking acute respiratory failure (Pagliaro and Penna, 
2020). 

Serum ACE/ACE2 activity ratios are higher in males than in females 
(Pagliaro and Penna, 2020). ACE2 encoding genes are located on the X 
chromosome (Tipnis et al., 2000). Females’ double copy of ACE2 may 
compensate for virus-mediated downregulation of membrane ACE2 
(Viveiros et al., 2021). Additionally, female sex hormones impact ACE2 
expression (Hilliard et al., 2013). Estrogen downregulates ACE and 
simultaneously upregulates ACE2, AT2 receptor, and Mas levels in the 
human atrial myocardium (Bukowska et al., 2017). Since estrogen 
triggers the system toward the ACE2/Angiotensin 1-7 production, serum 
ACE2 activity is higher in females than in the male serum (Hilliard et al., 
2013). It also directly inhibits the SARS-CoV replication (Channappa
navar et al., 2017). Moreover, estrogen inhibits TMPRSS2, which facil
itates virus entry into cells and increases the expression of a disintegrin 
and metalloprotease 17 (ADAM17), which helps cleavage the ACE2 
ectodomain. Thus, higher levels of soluble ACE2 neutralizes SARS-CoV-2 
and prevent its attachment to the ACE2 (Al-kuraishy et al., 2021). On the 
whole, higher levels of ACE2 may suppress immune inflammation in 
females naturally, and this effect may answer why mortality rates in 
COVID-19 are lower in females regardless of age (Pagliaro and Penna, 
2020). 

ACE2 is also expressed in neurons (Yashavantha Rao and Jaya
baskaran, 2020). SARS-CoV-2 could enter the central nervous system 
(CNS) and cause neurological diseases by impairing the crosstalk be
tween neuronal and vascular components of the CNS (Desforges et al., 
2014; Lionetti et al., 2021). SARS-CoV-2 triggers a dysfunction in 
endothelial cells, causing apoptosis (Varga et al., 2020). This conception 
is supported by the fact that microvascular endothelial cells express 
ACE2 and, therefore, are susceptible to SARS-CoV-2 entry (Lionetti 
et al., 2021). The vascular and neuronal circulation of SARS-CoV-2 is 
thought to induce heart-brain axis (HBA) dysfunction (Lionetti et al., 
2021). HBA can be defined as the bidirectional flow of signals between 
heart and brain (Baroni et al., 2021). SARS-CoV-2 can inhibit the HBA by 
(i) its neurotropic effects on the neural cardiovascular control centers, 
(ii) interfering with the local bidirectional neuronal to vascular 
communication or (iii) increasing the susceptibility to psychosocial 
factors resulting in stress or anxiety (Lionetti et al., 2021). Imbalance in 
the ACE/ACE2 ratio and autonomic outflow leads to HBA dysfunction 
may worsen the outcomes and leads to severe multiorgan disease syn
drome (MODS) in the COVID-19 patients (Lionetti et al., 2021). Genetic 
and hormonal factors, particular role of different mediators, and diverse 
regulation of RAS between sexes may underlie the sex-specific changes 
in HBA (Baroni et al., 2021). Although sex-related differences in HBA are 
not well-studied, estrogens might protect the HBA from viral infection 
and the detrimental consequences of RAS dysregulation since it regu
lates the ACE/ACE2 ratio (Hilliard et al., 2013; Lionetti et al., 2021). 

Estrogen-mediated upregulation of the Mas-receptor was protective 
against acute lung injury in animal models (Carey et al., 2007; Erfinanda 
et al., 2021). In ovariectomized mice, the acute lung injury was restored 
with estrogen replacement therapy (Speyer et al., 2005). Estradiol is the 
dominant estrogen along the reproductive period and is associated with 
reduced lung injury, platelet aggregation, and viral infection (Brei
thaupt-Faloppa et al., 2020). Estradiol was associated with the reduced 
mortality rates in >50 age females (Seeland et al., 2020). Since exoge
nous estradiol treatment has benefits on the survival rates in post
menopausal females, it may be used as an adjuvant in COVID-19 patients 
(Seeland et al., 2020). Garg et al., showed a higher mortality rate in 
postmenopausal females (12.8%) compared with premenopausal ones 
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(8.6%), emphasizing the protective effect of estrogen in COVID-19 (Garg 
et al., 2020). A short seven-day course use of estradiol via transdermal 
route is believed to reduce the severity of the disease in adult males and 
older females when administered before intubation (ClinicalTrials.gov; 
Identifier: NCT04359329) (Seeland et al., 2020). 

Estradiol, a primary female sex steroid, binds to the cytoplasmic 
estrogenic receptors expressed on T cells and B cells, respectively, and 
triggers humoral immunity to produce antibodies against various viral 
infections (Al-kuraishy et al., 2021). The high estradiol levels in the 
periovulatory-pregnancy period are typically inhibited important 
proinflammatory cytokines such as interleukin-6 (IL-6), IL-8, and tumor 
necrosis factor (TNF)-α (Straub, 2007). The low estradiol levels have no 
or even stimulatory effects (Straub, 2007). IL-6 is predicted to play a 
central role in the cytokine storms and caused severe symptoms in 
COVID-19 (McGonagle et al., 2020). IL-6 production is decreased by 
estrogens while increased by the androgens (Dorak and Karpuzoglu, 
2012). Therefore, estrogen is believed to decrease strong cytokine 
release underlying the tissue/organ damage of COVID-19 infection 
(Newson et al., 2021). Estrogen receptor antagonist or ovariectomy 
increased mortality in female mice infected with SARS-CoV, and estro
gen receptor signaling is crucial for protection in females (Channappa
navar et al., 2017). 

In contrast to estrogen, the male sex hormone testosterone is shown 
to suppress the immune system, and hypoandrogenism was associated 
with increased inflammatory cytokines and a decrease in T cell response 
(Peckham et al., 2020). Clinical and preclinical studies showed that 
testosterone deficiency increases proinflammatory cytokines (IL-1β, 
IL-6, and TNF-α) while testosterone replacement reduces. Testosterone 
was found to inhibit the proinflammatory cytokine release in the lung 
and found protective in murine models of severe influenza (Tuku et al., 
2020). Dhindsa et al., showed that the testosterone levels were 65%– 
85% lower in males with severe COVID-19 than males with a milder 
disease progression (Dhindsa et al., 2021). They also mentioned that this 
difference was independent of other known risk factors associated with 
the severity of the disease, such as age, body mass index, comorbidities, 
smoking, and race (Dhindsa et al., 2021). Rastrelli et al., indicated that 
the low level of testosterone is related to cytokine storm, poor prognosis, 
and increased mortality rate in SARS-CoV-2-infected patients admitted 
to the respiratory intensive care unit with COVID-19 (Rastrelli et al., 
2021). Low levels of testosterone have also been associated with 
increased IL-6 in older males and may increase lung damage in 
COVID-19 because of the upregulation of ACE2 receptors in the lower 
respiratory system (Al-Lami et al., 2020; Hussain et al., 2020). Inter
estingly, Montopoli et al., found that androgen-deprivation therapy for 
prostate cancer has been associated with improved outcomes and 
decreased incidence for COVID-19 (Montopoli et al., 2020); however, 
this relationship was not further confirmed with other studies (Koskinen 
et al., 2020; Kwon et al., 2021). The former effects may be attributed to 
diminished mobility correlated with androgen deprivation-induced 
sarcopenia, which may have decreased the risk of exposure to the 
virus (Dhindsa et al., 2021). 

Although SARS-CoV-2 utilizes ACE2 for host-cell entry, higher ACE2 
expression levels are not associated with the viral load and severity of 
disease (Kuster et al., 2020) since other proteases such as ADAM17 
(TNF-α-converting enzyme) and TMPRSS2 are also major mechanisms 
for the viral entry (Valenzuela et al., 2021). The second protein, 
necessary for SARS-CoV-2 invasion into cells as it is involved in spike 
protein priming, the transmembrane serine protease TMPRSS2, is pri
marily expressed in the prostate epithelium (Gebhard et al., 2020). It is 
also expressed in airway epithelia, where its physiologic function is 
unclear (Gebhard et al., 2020). SARS-CoV-2 may enter into cells more 
efficiently in males because the higher expression of TMPRSS2 facilitates 
virus entry (Bunders and Altfeld, 2020). Although TMPRSS2 transcrip
tion is regulated by androgens in prostatic tissues (Tomlins et al., 2005), 
Baratchian et al., showed that androgens do not modulate its expression 
in the lungs in a similar manner (Baratchian et al., 2021). Therefore, 

TMPRSS2 modulation in the lung appears different from prostatic tissues 
in which apparent androgen-dependent modulation is (Baratchian et al., 
2021). They also indicated that TMPRSS2 expression in human male and 
female lungs is not different (Baratchian et al., 2021). Moreover, in male 
mice, treatment with the androgen receptor antagonist enzalutamide 
did not decrease pulmonary TMPRSS2 (Baratchian et al., 2021). 
Therefore, pulmonary TMPRSS2 regulation seems not to count in sex 
differences in COVID-19 clinical outcomes (Baratchian et al., 2021). 

2.2. Adaptive and innate immunity 

Sex differences substantially affect the prevalence, severity, and 
pathogenesis of infectious diseases (Viveiros et al., 2021). A higher 
number of innate immune cells include monocytes, macrophages, and 
dendritic cells (DCs) in females than in males (Gebhard et al., 2020). The 
X chromosome contains the most prominent immune-related genes in 
the human genome (Bianchi et al., 2012). Females have a double copy of 
important immune genes because of their XX chromosome, whereas 
males have only a single copy in their XY chromosome (Abate et al., 
2020). Therefore, females develop stronger inflammatory immune re
sponses than males (Gebhard et al., 2020). 

Toll-like receptors (TLRs) that recognize bacterial or viral DNA/RNA 
are the key innate immune pattern recognition receptors (Alwani et al., 
2021). They are expressed on both the innate immunity cells (DCs, 
macrophages, natural killer cells) and adaptive immunity cells (T cells 
and B cells) (Khanmohammadi and Rezaei, 2021). There are ten 
different types of TLRs in the human genome as TLR1-10 (Khanmo
hammadi and Rezaei, 2021). The expression of TLRs is sex-specific 
(Pradhan and Olsson, 2020). TLR-3, TLR-7, and TLR-9 recognizing 
viral nucleic acids are female-biased, while TLR-2 and TLR-4 recog
nizing bacterial nucleic acids are male-biased (Pradhan and Olsson, 
2020). Among them, TLR-7 is linked to sex differences in autoimmunity 
and vaccine efficacy since it escapes X chromosome inactivation, 
resulting in greater expression in female immune cells (Scully et al., 
2020). Upon recognizing viral infection, TLR7 triggers the production of 
type I interferons (IFNs) with antiviral functions to control viral repli
cation and activate an adaptive immune response to clear the infection 
(Alwani et al., 2021). Hadjadj et al. showed that the disease is more 
severe when the viral load in the blood is persistent and the levels of 
IFNs are low or no because of the impaired inflammatory responses 
(Hadjadj et al., 2020). Since TLR7 is activated by estrogen and IFN-α 
production is greater in adult female plasmacytoid DCs than that of adult 
males, COVID-19 prognosis may be better in females (Pradhan and 
Olsson, 2020; Scully et al., 2020). 

Regarding adaptive immunity, females have higher CD4+ and CD8+

T cell activation levels and more B cells than males (Peckham et al., 
2020), resulting in an efficient response to the infectious agents (Haitao 
et al., 2020). Sex steroids affect immune cell function via their specific 
receptors expressed in lymphoid tissue cells and immune cells (Gebhard 
et al., 2020). Estrogen has a dual role depends on its levels. At low doses, 
as seen in postmenopausal females, it has immunostimulatory properties 
and induces differentiation of inflammatory DCs, higher levels of IL-4 
and IFN-α and promotes Th1 responses (Xu et al., 2020). Contrarily, at 
higher doses similar to those in premenopausal females, it increases 
anti-inflammatory Th2 responses and inhibits the proinflammatory 
innate immune response (Xu et al., 2020). Premenopausal females are at 
high risk for COVID-19, but the survival in <50 age is higher for females 
than males (Seeland et al., 2020). Moreover, nitric oxide (NO) is known 
to have a role in the immune system since it inhibits viral replication 
(Saura et al., 1999). It is known that estrogen increases NO production 
via estrogen receptor-mediated endothelial nitric oxide synthase (eNOS) 
activation (Chambliss and Shaul, 2002). The effect of estrogen on NO 
may provide additional protection against COVID-19 and explain why 
females experience less severe COVID-19. 

In general, testosterone has an immunosuppressive effect, while es
trogen has an immuno enhancing effect (Roved et al., 2017; Taneja, 
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2018). Testosterone can be converted to estrogen via the aromatase 
enzyme in the peripheral tissues and may act as an anti-inflammatory 
agent (Bianchi, 2019). Specifically, androgen receptor stimulation de
creases the production of proinflammatory cytokines (Malkin et al., 
2004). Androgen deficiency in males causes a high release of inflam
matory cytokines and increases the CD4+/CD8+ T-cells ratio (Wehbe 
et al., 2021). Moreover, androgens’ inhibitory effect on the differenti
ation of Th1 secreting IFN-γ explains the enhanced susceptibility to viral 
infections in males (Di Resta et al., 2021). 

Once the SARS-CoV-2 enters the cell and is recognized by alveolar 
macrophages, the production of proinflammatory cytokines and che
mokines is triggered (Wehbe et al., 2021). Studies showed that greater 
upregulation of proinflammatory cytokines, including IL-7, IL-16, and 
IL-18, in males with COVID-19 infection compared with females (Haitao 
et al., 2020; Takahashi et al., 2020). At the early stage of viral invasion, a 
more robust inflammatory response of females helps a rapid clearance of 
the virus (Xu et al., 2020). If the virus is not cleared timely, it causes 
overreaction in immune response, and excessive cytokine production 
leads to a cytokine storm with a widespread inflammation and 
multi-organ damage (Wehbe et al., 2021). The extended activation of 
the immune system in females may contribute to viral infection-related 
immunopathology (Wehbe et al., 2021). The lower immune response 
causes persistent viral infections in males and may contribute to 
increased disease severity, and thus a weak immune response can also 
cause significant damage (vom Steeg and Klein, 2016). As a result, it has 
been suggested that both weak and strong immune responses cause 
damage to the host. 

Inflammasomes are intracellular receptors of the innate immune 
system and are required to produce inflammatory cytokines to various 
stimuli (Zhao et al., 2021). Nucleotide-binding oligomerization domain 
(NOD)-like receptor containing pyrin domain 3 (NLRP3) is the 
best-identified inflammasomes and plays a role in numerous inflam
matory diseases (Zhao et al., 2021). Distinct physiological and 
biochemical features between males and females may result in varia
tions in the activation of NLRP3 inflammasome (Zhang et al., 2021a). 
Testosterone can induce the NLRP3 inflammasome activation (Alves 
et al., 2020; Ma et al., 2020), and NLRP3 mRNA expression was higher in 
males than in females (Wu et al., 2016). Estradiol may suppress NLRP3 
inflammasome activation and proinflammatory cytokine production in 
rat and mouse hippocampus (Thakkar et al., 2016; Xu et al., 2016). 
Progesterone may also reduce NLRP3 inflammasome activation in rats 
(Espinosa-Garcia et al., 2020). The reduced immune response may be 
related to the dysregulated NLRP3 inflammasome activity that causes 
severe COVID-19 (van den Berg and Te Velde, 2020). Overactivation of 
NLRP3 inflammasome causes excessive IL-1β, IL-6, and TNF-α produc
tion, which may be responsible for the cytokine storm caused by 
SARS-CoV-2 (Zhang et al., 2021a). NLRP3 inflammasome may also have 
a role in the respiratory, cardiovascular, and neurological complications 
in COVID-19 (Zhao et al., 2021). N proteins encoded by the SARS-CoV-2 
genome have been shown to activate the NLRP3 inflammasome and 
response (Pan et al., 2021). SARS-CoV-2 caused excessive NLRP3 
inflammasome signaling by hyperactivation of the classical RAS 
pathway. Because SARS-CoV-2 leads to ACE2 internalization, angio
tensin II is not processed to angiotensin 1–7 (Ratajczak et al., 2021). 
NLRP3 inflammasome can be a potential target for the treatment of 
COVID-19. Inhibitors directly targeting the NLRP3 inflammasome, such 
as melatonin, statins, sirolimus, azithromycin, cyclosporine, colchicine, 
baricitinib, and acalabrutinib, are worth investigating in clinical trials 
for the COVID-19 treatment thus far (Zhao et al., 2021). 

3. Sex differences in efficacy of COVID-19 drugs 

According to the study of Brady et al., only 4% of registered COVID- 
19 studies considered sex/gender as an analytical variable, while few 
(21.2%) mentioned sex/gender solely as a recruitment criterion (Brady 
et al., 2021). Ignoring sex biases in drug efficacy and reactivity may 

cause increased adverse reactions or even deaths (Bischof et al., 2020b). 
Many drugs, including chloroquine or hydroxychloroquine, remdesivir, 
favipiravir, lopinavir-ritonavir combination, tocilizumab, convalescent 
plasma, and immunoglobulins, have drawn attention for their encour
aging in vitro results and beneficial effects in the SARS and the Middle 
East Respiratory Syndrome (MERS), two other coronavirus diseases 
(Ambrosino et al., 2020). Meanwhile, only remdesivir, an antiviral 
medication, was approved by FDA for COVID-19 treatment (Ambrosino 
et al., 2020). It shortened the recovery time and decreased mortality 
rates of COVID-19 patients (Beigel et al., 2020). The recovery rate ratio 
for female patients using remdesivir was slightly higher than male ones 
(Beigel et al., 2020); however, the authors did not mention if this dif
ference is statistically significant or not. 

The off-label use of anti-inflammatory drugs to alleviate excessive 
inflammation is also noticeable. The Colchicine Coronavirus SARS-CoV- 
2 Trial (COLCORONA) showed that colchicine led to a lower rate of the 
composite of death or hospital admission than placebo (Tardif et al., 
2021). However, while the primary efficacy composite endpoint was 
reduced by colchicine in the total cohort and males, a subgroup analysis 
pointed to a lower efficacy in females (Tardif et al., 2021). Furthermore, 
preclinical reports mentioned a higher acute oral toxicity of colchicine 
in female rats as than males, and that female rats were two times more 
susceptible to the lethal effects of colchicine than male rats (Wiesenfeld 
et al., 2007). According to previous studies, immunomodulators (i.e., 
corticosteroids, iv immunoglobulin, tocilizumab, baricitinib) may help 
control inflammatory responses and improve the prognosis of COVID-19 
(Xu et al., 2020). However, there is no sex-based investigation of the 
efficiency of immune-modulatory treatment on COVID-19 (Xu et al., 
2020). Only in a study evaluating the pharmacokinetics of methyl
prednisolone, it was found that females were more sensitive to it; 
however, the efficacy of methylprednisolone in females was similar to 
the males since females have rapid clearance and short elimination 
half-life (Lew et al., 1993). Because convalescent plasma contains 
potentially therapeutic antibodies to SARS-CoV-2, it has been widely 
used for COVID-19 (Joyner et al., 2021). For the proof of concept, Fink 
et al., showed that the transfer of antibodies from vaccinated females 
into naïve mice (males or females) provided better protection against 
influenza (Fink et al., 2018). In their prospective study, Duan et al. 
showed that convalescent plasma is safe, and it improves symptoms and 
laboratory parameters and reduces viral load (Duan et al., 2020). In 
another retrospective study, Joyner et al., showed that convalescent 
plasma with higher anti–SARS-CoV-2 IgG antibody levels were associ
ated with a lower risk of death (Joyner et al., 2021). Although both 
studies include more male patients than female patients, the authors did 
not perform sex-specific analyses. 

4. Sex differences in COVID-19 vaccine responses 

Vaccines are expected to be the most effective way to handle global 
pandemics and prevent deaths (Fischinger et al., 2019). Biologically 
differences between males and females may also contribute to 
sex-specific vaccine outcomes (Klein et al., 2015). For instance, after 
vaccination against influenza, yellow fever, rubella, measles, mumps, 
hepatitis A and B, herpes simplex 2, rabies, smallpox, and dengue vi
ruses, protective antibody responses are twice as high in adult females as 
compared with males (Klein et al., 2010). The studies with inactivated 
influenza vaccines reveal that adult females produce greater IL-6 and 
antibody responses than males, and the mentioned sex differences are 
decreased with aging (Potluri et al., 2019). 

Since the T cell activation and antibody production are greater in 
females, they are more resistant to bacterial and viral infections (Klein 
et al., 2015). As another example of a viral vaccine eliciting a stronger 
response in females, the yellow fever virus vaccine-induced rapid 
upregulation of TLR-associated genes that activate interferon produc
tion, a trend that was not observed in males (Klein et al., 2010). How
ever, females also tend to experience more adverse reactions following 
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vaccination due to this enhanced immune activation (Fischinger et al., 
2019). Males generally exhibit greater susceptibility, prevalence, and 
severity of infection than females (Ingersoll, 2017). Sex hormones 
enhance or reduce the expression of cell surface molecules used for viral 
entry, thereby affect the susceptibility to infections. However, the exact 
contributors to these differences are still poorly understood (Fischinger 
et al., 2019). Males with elevated serum testosterone levels obtained the 
lowest antibody responses to the influenza vaccine, but the exact 
mechanism underlying this response is not clear (Furman et al., 2014). 
Sexual dimorphism does not draw enough attention in vaccine studies 
(Wehbe et al., 2021). Nor the efficacy or the adverse effects have been 
evaluated by considering sex differences (Wehbe et al., 2021). Following 
the COVID-19 vaccine injection, DCs in the area capture the particles 
and activate the adaptive immune system by presenting antigen to T 
cells (Teijaro and Farber, 2021). Natural killer cells are able to stimulate 
or inhibit the T-cell responses and the immune reaction to the vaccine 
(Crouse et al., 2015). Vulpis et al., demonstrated significant differences 
in the uptake of lipid nanoparticles used in vaccine development be
tween male and female natural killer cells (Vulpis et al., 2021). Their 
findings revealed that vaccines to increase T cell immune responses to 
SARS-CoV-2 might be warranted for male patients, whereas female pa
tients might benefit from therapies that dampen innate immune acti
vation early during disease (Takahashi et al., 2020). 

Leading vaccine companies, including Pfizer/BioNTech and Mod
erna, used nanoparticle-based vaccines against the COVID-19 (Vulpis 
et al., 2021). Recently, Pfizer-BioNTech COVID-19 Vaccine is named 
Comirnaty and was approved by FDA. The evaluation of sex bias for 
these vaccines would be more valuable than other vaccines (Vulpis et al., 
2021). New reports have been shown that these vaccines have slightly 
better efficacy in males than in females (Vulpis et al., 2021). Pfi
zer/BioNTech BNT162b2 mRNA Vaccine was effective 96.4% in males, 
and 93.7% in females (Polack et al., 2020) and Moderna mRNA1273 
vaccine was effective 95.4% in males and 93.1% in females (Baden et al., 
2020) (Table 1). The interim results of the phase 3 trial of 
Oxford–AstraZeneca ChAdOx1 nCoV-19 vaccine indicated higher fe
male participation due to the focus on enrolment of healthcare workers; 
however, authors did not clarify the contribution of sex difference on the 
effectiveness of the vaccine (Voysey et al., 2021). Efficacy of Ad26. 
COV2.S vaccine (Johnson & Johnson) against COVID-19 was 68.8% in 
males and 63.4% in females for cases with onset ≥14 days 
post-vaccination and was 69.8% in males and 60.3% in females for cases 
with onset ≥28 days post-vaccination (Sadoff et al., 2021). In the phase 
1/2 trial of the CoronaVac (Sinovac Life Sciences) inactivated 
SARS-CoV-2 vaccine, the female participants were higher (Zhang et al., 
2021b) whereas more males were involved in the phase 3 trial 

(Tanriover et al., 2021); however, no discussion about sex bias in the 
vaccine effects performed in those studies. The same vaccine dose or a 
similar vaccination schedule may not be suitable for males and females, 
and thus sex differences in vaccine response should be further investi
gated and data disaggregated by sex in COVID-19 studies. 

5. Sex differences in adverse drug reactions to COVID-19 drugs 
and vaccines 

More adverse drug reactions are reported for females worldwide 
(Watson et al., 2019), and this may be due to differences in sex-specific 
pharmacokinetics, pharmacodynamics, and fluctuations in sex hormone 
levels (Madla et al., 2021). Since sex/gender affects treatment success, 
one-size-fits-all concepts in therapeutic approaches do not work (Bischof 
et al., 2020b). Evidence shows that the pharmacokinetics process of 
antiviral drugs varies between males and females and that adverse drug 
reactions to antiviral drugs are more frequent in females than males 
(Shiau et al., 2014). It was found that when lopinavir or ritonavir is 
administered in the same dose, plasma concentrations of ritonavir were 
higher in females (Smith et al., 2014). However, atazanavir plus rito
navir combination was related to a higher risk of virologic failure in 
females than in males, probably because of low adherence and tolera
bility of atazanavir plus ritonavir in females (Smith et al., 2014). Ata
zanavir clearance was also slower in females, and thus, its levels were 
higher in females than males (Smith et al., 2014). It may be because that 
the glomerular filtration rate is higher in males than in females 
(Schwartz, 2003). Sex differences in pharmacokinetics may result from 
the discrepancy in body surface area, weight, and water/fat distribution 
between males and females. For example, gastric motility is faster in 
males than females, and thus the absorption of drugs is faster in males 
(Madla et al., 2021). Since females have higher fat mass and lower lean 
mass than males, lipophilic drugs tend to accumulate in females (Madla 
et al., 2021). Additionally, the blood concentration of the same dose of 
water-soluble drugs is lower in males since the total body water and 
blood volume are larger for males than females (Soldin and Mattison, 
2009). The activity of drug-metabolizing enzymes (phase I and phase II) 
displays remarkable sex-dependent differences (Farkouh et al., 2020). 
For example, the activity of CYP2D6 and 3A4 are higher in females, 
whereas 1A2 is higher in males. Sulfotransferase activity is higher in 
males, while N-acetyltransferase is higher in females (Farkouh et al., 
2020). Estrogen and progesterone change the hepatic enzyme activity 
and may increase the accumulation or decrease the elimination of drugs 
metabolized by these enzymes (Soldin and Mattison, 2009). Moreover, 
females may be more susceptible to adverse drug effects due to changes 
in pharmacodynamic mechanisms such as receptor number, binding, 

Table 1 
The role of sex differences in the efficacy and adverse effects of vaccines for COVID-19. Abbreviations. M: male, F: female.  

Vaccines (Developer) Type Sex Differences in 
Efficacy 
% (95% CI) 

Sex Differences in Adverse Effects References 

BNT162b2- Comirnaty (Pfizer/BioNTech) mRNA vaccine M: 96.4% 
(88.9–99.3) 
F: 93.7% 
(84.7–98.0) 

Myocarditis under 30 years of age 
M: 41 cases per million 
F: 4.2 cases per million 

Polack et al. (2020) 
Baden et al. (2020) 
Gargano et al. (2021) 

mRN-1273 (Moderna) M: 95.4% 
(87.4–98.3) 
F: 93.1% 
(85.2–96.8) 

ChAdOx1 nCoV-19 (Oxford–AstraZeneca) Adenovirus vector 
vaccine 

Not available Thrombotics events 
F: 19 cases 
M: 9 cases 

Tobaiqy et al. (2021) 

Ad26.COV2.S Janssen COVID-19 Vaccine 
(Johnson & Johnson). 

Adenovirus vector 
vaccine 

M: 68.8% 
(60.1–75.9) 
F: 63.4% 
(53.1–71.7) 

Guillain-Barré syndrome 50–64 years of age 
M: 15.6 cases per million 
Thrombosis with thrombocytopenia syndrome 
30–49 years of age 
F: 8.8 cases per million 

(Sadoff et al., 2021) ( 
Rosenblum et al., 2021) 

CoronaVac (Sinovac Life Sciences) Inactive vaccine Not available Not available Tanriover et al. (2021)  
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and alteration in the signal transduction pathways (Soldin and Mattison, 
2009). 

Although some compounds have promising effects in inhibiting the 
replication of SARS-CoV-2, their “off-label” use increases the risk of 
adverse effects such as cardiac arrhythmias and sudden cardiac death 
(Gebhard et al., 2020). Although recent studies showed hydroxy
chloroquine treatment is not beneficial in COVID-19 (Singh et al., 2021), 
previous reports with chloroquine and hydroxychloroquine have been 
shown that they trigger lethal polymorphic ventricular tachycardia 
(torsades de pointes) by prolonging the heart rate-corrected QT (QTc) 
interval (Giudicessi et al., 2020). Previous studies reveal that females are 
more susceptible to develop it (Abi-Gerges et al., 2004). Because 
testosterone has protective effects that contribute to the shorter QTc 
interval, drug-induced torsades de pointes are lower in males (Gebhard 
et al., 2020). Besides, higher enzyme activity and slower glomerular 
filtration rate in females may be a factor in the increased risk of QT 
prolongation in females with this drug because hydroxychloroquine is 
primarily converted to its active metabolite by CYP3A4 and 2D6 (Wahie 
et al., 2011), and half of the hydroxychloroquine is excreted renally 
(Furst, 1996). In a study that evaluated suspected adverse drug reactions 
with favipiravir, severe and fatal adverse reactions were more reported 
in males (68%) than females (32%), and most adverse reactions are 
hepatic enzyme increase (23.66%) and nausea and vomiting (13.98%) 
(Kaur et al., 2020). It has been suggested that patients using favipiravir 
should be monitored for the increase of hepatic enzymes. In another 
study with tocilizumab, drug-induced liver injury, pancreatitis, and 
pulmonary fibrosis were determined as unpredictable adverse events. 2, 
433 cases were reported as designated medical events, and the female 
gender was preponderant among them (66.9%) (Gatti et al., 2021). 

The relationship between adverse drug reactions and sex differences 
for drugs used in the treatment of COVID-19 has been evaluated 
(Zekarias et al., 2020). 93% of these reports consisted of the treatment 
with one or more drugs (hydroxychloroquine, chloroquine, lopina
vir/ritonavir, azithromycin, or remdesivir) (Zekarias et al., 2020). 
QT-prolongation (19.07%), diarrhea (12.62%), nausea (5.68%), hepa
titis (4.63%), and vomiting (4.14%) have been more reported in males, 
while diarrhea (18.64%), QT-prolongation (18.45%), nausea (12.66%), 
vomiting (11.07%), and upper abdominal pain (4.89%) have been more 
reported in females with COVID-19 (Zekarias et al., 2020). The most 
common driver was determined as hydroxychloroquine and, to a lesser 
extent, lopinavir/ritonavir and remdesivir treatment (Zekarias et al., 
2020). On the contrary to previous reports, the percentage of serious 
adverse reaction reports in males (58%) was higher than in females 
(44%) in this study. The male predominance in the mentioned adverse 
drug reactions may be related to greater risk of COVID-19 in males than 
in females. 

A recent epidemiological study aimed to investigate predictors of 
long COVID-19 revealed that females were more likely develop to “long 
COVID” which is characterized by symptoms of fatigue, headache, 
shortness of breath, and anosmia (Sudre et al., 2021). Thrombotic/
thromboembolic events are also prevalent in COVID-19 patients (Helms 
et al., 2020). Although the main reason for these events has not been 
discovered yet, direct viral effects, secondary hypoxia, liver impairment, 
or overreacted inflammatory response may be suggested (Bikdeli et al., 
2020). Sex-based differences have not been reported in those papers. 
Only Helms et al. mentioned that 24 of the 25 patients with pulmonary 
emboli were male (Helms et al., 2020). Current data reveals that 
thromboembolism and worse outcomes are more possible in male pa
tients with severe COVID-19 than in females because of hypercoagula
bility with fibrin formation and polymerization (Spiezia et al., 2020). 
One of the possible explanations of this finding includes that estrogen 
can reduce plasma levels of fibrinogen and increase antithrombin III and 
decrease plasminogen activator inhibitor type 1 (PAI-1) (Li et al., 2020). 
On the other hand, testosterone enhances endothelial NO production, 
thereby potently inhibiting platelet activation (Kalra et al., 2020). The 
antithrombotic effect of the testosterone might be lost in hypogonadism 

state in older males or with comorbidities, which may further aggravate 
morbidity and mortality rates in COVID-19 in males (Kalra et al., 2020). 
Particularly, vaccine-associated thrombocytopenia and vascular adverse 
events have led to some restrictions in their use (Simpson et al., 2021). 
For example, ChAdOx1 (Oxford–AstraZeneca) was found to be associ
ated with a small increased risk of arterial thromboembolic and hae
morrhagic events, while there were no positive associations with 
BNT162b2 (Pfizer/BioNTech) (Simpson et al., 2021). Moreover, 28 
thrombotic events were found to be linked to the AstraZeneca vaccine 
out of 54,571 adverse reactions and 19 of these thrombotic events were 
reported by females (Tobaiqy et al., 2021) (Table 1). Females were 
higher likely to report adverse effects than males after the first dose of 
BNT162b2 (16.2% vs. 9.3%) and ChAdOx1 nCoV-19 (39.3% vs. 26.2%) 
(Menni et al., 2021). An increased risk of myocarditis was observed 
seven days after the second dose of mRNA COVID-19 vaccines (Pfi
zer-BioNTech and Moderna) (Gargano et al., 2021). This risk was found 
higher in males under 30 years of age (41 cases per million) than in 
females (4.2 cases per million) and older males (2.4 cases per million) 
(Gargano et al., 2021) (Table 1). The benefits of the mRNA vaccine were 
greater because myocarditis and pericarditis cases were rare and treat
able. After Janssen COVID-19 vaccination, an overage number of 
Guillain-Barré syndrome cases were more reported in males aged 50–64 
years (15.6 cases per million), and thrombosis with thrombocytopenia 
syndrome (TTS) cases were highest in females aged 30–49 years (8.8 
cases per million) (Rosenblum et al., 2021). In the CoronaVac (Sinovac 
Life Sciences) phase 3 study, the incidence of adverse events in the 
vaccine group was low (18.9%) without deaths or grade 4 adverse 
events (Tanriover et al., 2021). The most frequent systemic and local 
adverse event was fatigue (8.2%) and injection-site pain (2.4%) (Tan
riover et al., 2021). More males (57.4%) were involved in this study; 
however, no clear causal effect or sex-related difference of the events 
was confirmed. Other than the vascular adverse effects, injection site 
reactions and hypersensitivity are more commonly reported after 
vaccination in females (Cook, 2009; Griffioen and Halsey, 2014). 
Stronger immune responses of females may increase the efficacy of 
vaccines but also leads to more adverse reactions (fever, pain, and 
inflammation) (Fischinger et al., 2019; Klein et al., 2015). Administra
tion of vaccines in different doses or intervals or administering different 
vaccine candidates to males and females may prevent negative conse
quences related to sex differences (Fathi et al., 2020). 

6. Conclusion 

The current data emphasize the importance of considering the effect 
of sex in evaluating biological responses to the drugs and vaccines and 
developing personalized treatment strategies in COVID-19. Mortality 
and severity of COVID-19 in males are higher than in females. Comor
bidities, aging, lifestyle, and, most importantly, biological sex differ
ences play a role in this difference. The findings point out that the sex 
differences in genes, chromosomes, and hormones affect the immune 
responses to SARS-CoV-2 and may change the disease’s progress 
differently in males and females. The independent effects of sex differ
ences in infection risk and severity of the disease have not yet been fully 
elucidated. This gap in the literature highlights that sex remains an 
underappreciated variable when interrogating outcomes in infectious 
diseases. More research should be performed to reveal the mechanisms 
underlying the discrepant outcomes in COVID-19, and sex bias should be 
taken into account when designing and interpreting the results of pre
clinical and clinical trials. 
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