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ABSTRACT

  The COVID-19 pandemic has revealed sex-based differences in 

anti-viral responses, with a higher rate of SARS-CoV-2 infections 

as well as a higher rate of morbidity and mortality in men than in 

women. Males and females also show disparate immune responses 

to COVID-19 infection, which may be important contributors to 

lower rates of infection, disease severity and deaths in women 

than in men. Here, the authors review sex differences in SARS-

CoV-2 infections, anti-viral immunity and vaccine responses, 

putting forth the importance of sex, the underappreciated variables 

in vaccine response and disease infectivity.
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1. Introduction

  The severe acute respiratory syndrome coronavirus-2 (SARS-

CoV-2) has emerged as the novel pathogen of the coronavirus 

disease-2019 (COVID-19) pandemic which has emaciated the 

world, affecting every age-group of humans across the globe. Ever 

since the emergence, there has been a substantial international 

effort to understand the virus, the depth of its pathogenicity, the 

disease it causes and the type of target population which have 

got affected the most out of this viral infection. Undoubtedly, the 

global vaccination programs have substantially reduced the fatal 

outcomes, but the slow coverage of vaccine across the human 

population around the world has been a concern. Additionally, 

response to disease and susceptibility to severity has been 

associated with demographics, sex differences and associated 

risk behaviors. The unraveling of the etiology and epidemiology 

behind the COVID-19 pandemic has plunged a spotlight on the 

sex based disparities of the disease, implicating the essence of sex 

differences as evident from greater disease severity and higher 

death rates amongst men than women across the pandemic[1-3]. 

Given the pre-existing comorbidities, sex-influenced biological 

factors like physiology and host immune responses could be 

determining in such a sex difference towards SARS-CoV-2 

infection.

  In the current article, we have discussed the essence of sex 

differences in SARS-CoV-2 infections and its fondness for males, 

putting forth the significance of sex-differences, the under touched 

biological parameter in the magnitude of infectivity, immunity 
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and mortality during the COVID-19 pandemic. The endocrine 

and genetic bias of the SARS-CoV-2 in causing exacerbated fatal 

consequences in male versus female patients has been unraveled. 

In this regard, the untouched role of mitochondrial differences 

in both sexes as a hidden secret behind the robust immunity and 

effective immune response towards COVID-19 vaccines has 

been brought to the spotlight. The sex differences in response to 

COVID-19 vaccines are being discussed in this article, providing 

an insight into the national and international status of COVID-19 

infections.

2. Endocrine and genetic basis of immunological 
differences between males and females-innate 
immunity differences

  In relation to SARS-CoV-2, the accumulation of reports and 

epidemiological data indeed confirms that, in agreement with 

other respiratory inflammatory diseases and consistent with 

previous Middle East respiratory syndrome coronavirus and 

severe acute respiratory syndrome coronavirus infections, the new 

coronavirus preferentially affects males than females that show a 

better prognosis. 

  We discussed potential sex-specific mechanisms modulating 

the course of disease, such as hormone-regulated expression of 

genes encoding for the SARS-CoV-2 entry receptors angiotensin-

converting enzyme (ACE) 2 receptor and transmembrane serine 

protease 2 (TMPRSS2), as well as sex hormone-driven innate and 

adaptive immune responses and immunoaging[4,5].

2.1. Genetics and its contribution to immune differences 
between men and women

  The presence of two X chromosomes in women emphasizes 

the system albeit one is inactive. The immune regulatory genes 

encoded by X chromosome in female causes lower viral load 

levels and less inflammation in men, while the CD4+ T cells are 

higher with better immune response. In addition, women generally 

produce higher levels of antibodies which remain within the 

circulation longer. The levels of activation of the immune cells 

are higher in women than in men, and it is correlated with the 

trigger of toll like receptor (TLR) 7, therefore the production of 

interferon gamma (IFNγ). TLR7 is higher in women than in men 

and its biallelic expression results in higher immune responses 

and increases the resistance to viral infections. TLR7 is expressed 

in the innate immune cells which recognize the single “stranded” 

RNA virus by promoting the assembly of antibodies against the 

virus and the generation of pro-inflammatory cytokines including 

IL-6 and IL-1 family members. In women , the assembly of 

inflammatory IL-6 after virus infection is less than in men and is 

usually correlated with better longevity[6]. Notably, the severity 

of clinical manifestations in COVID-19 patients presented as a 

cytokine storm correlates with significantly higher levels of IL-6. 

The magnitude of inflamm-aging shows a disparity between older 

men and women with much higher levels of IL-6 detected in aged 

men compared with age-matched women who might face more 

negative outcomes with COVID-19 infections with pre-existing 

co-morbidity[7,8].

  Loci on X chromosome code for the genes involved within the 

regulation of immune cells like FOXP3, and transcription factor 

for Treg involved in virus pathogenesis. The X chromosome 

influences the immunity by working on proteins, including TLR8, 

CD40L and CXCR3 which are over-expressed in women, and can 

influence the response to viral infections and vaccinations[6].

2.2. Genetics behind sex-based differences in COVID-19 
immune responses

  In COVID-19 infection, women demonstrate lower plasma viral 

loads than men, while CD4+ T cells are higher, demonstrating a 

higher response of the immune system in women. In addition, 

after vaccination, women generally produce in the circulation 

higher levels of antibodies, which have longer life than in men. 

The immune regulatory genes encoded by the X chromosome in 

the female cause lower viral load levels, inflammation and death 

after COVID-19 infection[6].

  The surface of SARS-CoV-2 interacts specifically with ACE2 

through its receptor-binding domain (RBD) of the S-protein, which 

is critical to the success of the viral infection. The affinity between 

ACE2 and the RBD of the SARS-CoV-2 is 10-20 times higher 

than that of previous SARS-CoVs, which also explains its higher 

aggressive performance. Moreover, the ACE2 peptidase domain, 

assigned to angiotensin-Ⅰ to angiotensin 1-9 cleavage, also 

makes a direct binding site for SARS-CoV-2 S-proteins available. 

In addition to the peptidase domain, a neck domain is crucial for 

the ACE2 dimerization process and stability. A scientific survey of 

XCI that integrated transcriptomes with genomic data identified 

ACE2 as a tissue-specific gene that showed moderate male-biased 

expression in lungs, higher male-biased expression within the 

intestine, and weak male-biased expression in Epstein-Barr virus-

transformed lymphocytes. This could also implicate the lower 

ACE2 expression in females thanks to the mixture of the 2 X-linked 
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genes compared to the expression arising from the X-linked 

and a Y homolog in males. Alternatively, the predominant male-

biased expression of ACE2 could be explained by increased ACE2 

activity in males partially driven by sex hormones, because it has 

recently been demonstrated in mice kidneys[9].

  SARS-CoV-2 enters the pneumocyte via the angiotensin-

converting enzyme type 2 (ACE-2) receptor and leads to the 

downregulation of ACE-2 levels. ACE-2 plays a protective role 

by converting angiotensin Ⅱ into vasodilatory and less immune 

augmenting variants of angiotensin. The activation of the nuclear 

factor κB by angiotensin Ⅱ binding type 1 angiotensin receptors 

in the lung to induce vasoconstriction and inflammation via 

activation of the pathway, increases cytokine synthesis. Lung 

parenchyma inflammation is attributed to increased pulmonary 

vessel permeability caused by low ACE-2 and high angiotensin Ⅱ 

levels.

  The cytokine storm from an unchecked inflammatory response 

is the proposed mechanism of severe COVID-19 that damages 

the lung tissue, rendering some patients’ condition severe enough 

to require assisted ventilation and causing a high percentage of 

mortality in cases[10].

  Higher plasma levels of innate immune cytokines such as IL-8 

and along with more robust induction of non-classical monocytes 

are reported in males. By contrast, female patients are delineated 

to have more robust T cell activation than male patients during 

SARS-CoV-2 infection. It was observed that a poor T cell response 

negatively correlated with patients’ age and was associated with 

worsening disease outcomes in male patients as compared to 

females. Female patients with higher levels of innate immune 

cytokines demonstrated worse disease prognosis in comparison 

to males. These uncovering observations provide a possible 

explanation for the observed sex biases in COVID-19 and provide 

an important basis for the development of a sex-based approach to 

the treatment differences between male and female patients with 

COVID-19[11].

  Furthermore, sex hormones induced activation of immune cells 

are higher in females than in males, and this is in correlation with 

TLR7 activation and IFN production. The COVID-19 infection 

induces immune cells to produce cytokines like IFNs which have 

antiviral properties and can modulate the immune response, even 

if it is highly pro-inflammatory[6].

  An inverse correlation between ACE2 levels and SARS-CoV-2 

prognosis is proven by the unpredicted higher expression of 

ACE2 in females, the inverse age-dependent ACE2 expression 

significantly reduced by the presence of diabetes, and the ACE2 

suppression by inflammatory cytokines. In contrast with the 

assumption that high ACE2 is a culprit in COVID-19 outcome, 

it actually plays a protective role against SARS-CoV-2 fatality, 

i.e. it is also strengthened by the ACE2 intrinsic anticoagulant 

properties. Sex hormones which tend to decrease with age 

counteract the ACE2 suppression caused by SARS-CoV-2 

mediated repression of ACE2[9].

  Although controversial, the role of angiotensin Ⅱ type 1 

receptor blocker (e.g., losartan) in patients chronically treated 

with, is supposedly bound to show a better prognosis after being 

infected with SARS-CoV-2. The rationale behind this standpoint 

is that SARS-CoV-2 down regulates the ACE-2, hence increasing 

the availability of proinflammatory Ang Ⅱ, which binds to 

angiotensin Ⅱ type 1 receptor and causes lung damage[10].

3. Mitochondrial differences in vaccine responses-the 
sex-based differences in COVID-19 infections

  The severity of clinical outcomes in men compared to women 

upon coronavirus infection leading to higher mortality and 

morbidity in males has raised many fundamental questions on 

the sexual dimorphism of SARS-CoV-2[1]. The discrepancy 

in the sex-based bias towards the criticality of symptoms and 

more severities in males could be attributed to a compromised 

immune system that is heavily reliant again on the mitochondrial 

function. In general, preserving a healthy mitochondrial system 

could be proved as the key in resisting the virus both directly or 

indirectly toward mounting an effective vaccine response. Thus, 

the mitochondrial health of an individual could possibly be the 

determining factor towards antiviral immunity and effectiveness 

of a vaccine. The SARS-CoV-2 is known to orchestrate the host 

cells bioenergetics and redox status in order to replicate and 

augment the rates of viral infection. In the occurrence of a viral 

infection, mitochondria are known to participate in immunity 

by engaging the interferon system, altering their structure, and 

inducing programmed cell death[12]. Recently, a study highlighting 

the protein interaction mapping of SARS-CoV-2, predicted the 

direct interaction SARS-CoV-2 proteins such as the non-structural 

proteins 4 and 8, and ORF9c with host mitochondria[13](Figure 1). 

This leads to a hypothesis that a possible mitochondrial “hijacking” 

by SARS-CoV-2 to be a key factor in the pathogenesis of this 

virus[14]. Justifiably, the patients with severe symptoms could be 

facing the brunt of sub optimal mitochondrial support in the form 

of direct mitochondrial anti-oxidants, or indirect anti-viral, or anti-

inflammatory responses, viral replication inhibitors etc. mitigated 

as metabolic and non-metabolic functions of mitochondrial nexus 
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in the cells. The confounding link comes from the evidence 

of more robust mitochondria in females with a substandard 

mitochondrial quality which suffices for the longer life span 

of females than males[15]. A profound sex specific behavior is 

reminiscent of the maternal inheritance of mitochondria exerting 

differential effects in males and females. While the speculations 

predicted that the involvement of TMPRSS2 receptor in 

facilitating COVID-19 infections[14], TMPRSS2 the androgen 

induced hormone, not estrogen, is reported to localize to the 

mitochondria regulating mitochondrial function by acting on 

the estrogen related receptor alpha, which is a nuclear receptor 

that regulates the transcription of mitochondrial functions and 

energy[14,16,17]. Therefore, it seems rational to visualize that 

the SARS-CoV-2 entry to the host cell like the type Ⅱ alveolar 

epithelial cells facilitated by TMPRSS2 could have an indirect 

link with the mitochondria. Additionally, a study by Singh et al. 

showed SARS-CoV-2 utilizing the double-membrane vesicles 

derived from mitochondrial membranes to hide and protect itself 

inside the cell[14]. The ACE-2 receptors used by the SARS-CoV-2 

blocks the availability of ACE-2, that influences mitochondrial 

functions and this might impair the adenosine triphosp production 

leading to the severer COVID-19 symptoms. The mitochondria 

have a functional angiotensin system[18,19] and angiotensin-(1-9), 

a product of ACE-2 which probably inhibits the mitochondrial 

Figure 1. Mitochondria and anti-viral SARS-CoV-2 response. The entry of the SARS-CoV-2 into the target cell such as type Ⅱ alveolar epithelial cells is 

facilitated by androgen induced serine protease, trans-membrane serine protease 2 (TMPRSS2). The presence of SARS-CoV-2 is sensed by retinoic-acid- 

inducible gene-Ⅰ (RIG-Ⅰ) like receptors (RLRs), major sensors of viral RNA. The antiviral protein mitochondrial anti-viral signalling protein (MAVS) 

on the outer mitochondrial membrane (OMM) gets activated which then forms the NLRP3/MFN2/MAVS inflammasome complex to induce type 1-IFN 

anti-SARS-CoV-2 response. The mitochondria can ensue the shift of the respiratory dependency of the host cells from the tricyclic antidepressant (TCA) 

cycle to 毬-oxidation aiding in the macrophage or immune cell phenotype switch from pro-inflammatory (M1) to the anti-inflammatory (M2) phenotype, a 

possible anti-SARS-CoV-2 response adapted by robust mitochondria as seen in athletes and females as compared to males.
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fission in the heart and checks the cellular respiration rate and 

ATP production, thereby favouring mitochondrial fusion event 

and also indirectly regulating inflammatory responses and 

protecting against cardiac hypertrophy[20]. The mitochondrion 

has evolved to be an epicentre of antiviral defence due to the 

primary involvement of mitochondrial outer membrane protein, 

mitochondrial antiviral signalling (MAVS) molecule that mediates 

the induction of type Ⅰ interferon response post recognition of the 

invasive viral RNA by the retinoic acid-inducible gene-Ⅰ (RIG-Ⅰ) 

like receptor (Figure 1) [21,22]. Thus, MAVS mediated signalling by 

mitochondria could prove vital for COVID-19 infection wherein 

the SARS-CoV-2 virus directly infects alveolar macrophages 

inducing them to switch on the cytokine storm in the lungs[23]. 

  Although, the role of RNA viruses like influenza virus and their 

impact on mitochondrial fusion mediated inflammation via the 

NLRP3/MFN2/MAVS inflammasome complex is well known[24], 

the impact of ACE-2 on mitochondrial dynamics and inflammation 

is still under investigation. Interestingly, the transition of 

respiratory dependency from the broken trichloroacetic acid cycle 

to 毬-oxidation can empower the mitochondria to mitigate the 

immune cell type switch from the pro-inflammatory macrophage 

phenotype to the anti-inflammatory[25,26](Figure 1) and this could 

be a possible antiviral response adapted by robust mitochondria 

especially seen in athletes and females as compared to males. 

The viral replication and its survival therefore depend also on 

the energy produced by host mitochondria giving open vistas for 

targeting the mitochondrial bioenergetics as a probable antiviral 

therapeutic option. 

  Another aspect of sex-based differences which influences this 

inequality by SARS-CoV-2 is the hormonal impact of sexes 

on COVID-19 infections. The male androgen, TMPRSS2 

favours the onset of inflammatory processes by facilitating virus 

entry and interestingly, well known inflammatory conditions 

occurring more frequently in men like cardiovascular diseases 

(i.e., atherosclerosis and dilated cardiomyopathy), many cancers 

(i.e., lung, liver and stomach) and other co-morbidities like 

male-dominant autoimmune diseases (i.e., type Ⅰ diabetes and 

myocarditis) are leading causes of COVID-19 associated death 

in men[27-31]. In contrast, inflammatory diseases that occur more 

often in women tend to be chronic with lower mortality like most 

autoimmune diseases, allergy and asthma[27,32] and so did the case 

of less observed mortality in COVID-19 infections. The role of 

mitochondrial dynamic processes like mitochondrial fission/fusion 

cannot be side-lined especially in the context of SARS-CoV-2 

viral infection which is another RNA virus with life threatening 

mitochondrial dynamics mediated inflammatory consequences.

  Sexual dimorphism in mitochondrial functions can also lead 

to such imperfections in metabolic fitness between males and 

females, for instance, the females have an edge over males 

with respect to elevated oxidative capacities as described in 

many tissues such as liver and brain seen in the rodent studies. 

Observations in mouse brain reflected that the mitochondria of 

female rodent brains displayed[33] higher electron transport chain 

activity and adenosine triphosphate production[34] and greater 

functional capacities than their male counterparts[35]. Support in 

this aspect was also reinforced with higher mitochondrial enzyme 

activities such as citrate synthase, succinate dehydrogenase, and 

mitochondrial reductase in post-mortem human brains found in 

female brains than the males[36]. This indicates a less oxidative 

damage to female brain mitochondria than males irrespective of 

the age[37]. 

  In addition to the sex based differences in oxidative capacities 

in men and women that can be attributed to estrogens promoting 

mitochondrial biogenesis, efficiency, and protection against 

oxidative stress[38], other studies have shown a lower production 

of mitochondrial free radicals that contribute to reactive oxygen 

species mediated cell death in females than males, and females 

also harbor a higher content of antioxidant enzymes than 

males[39-42]. In total, all this implies that the male androgen 

hormone TMPRSS2 facilitate the SARS-CoV-2 entry, making easy 

grounds for its entry and also augmenting post viral inflammatory 

complications in contrast to estrogens that support the enhanced 

mitochondrial anti-inflammatory and antioxidant events, 

justifying the sex-based discrimination in COVID-19 associated 

mortalities in this pandemic. Thus, a compromised mitochondrial 

functional activity resulting from genetic factors, aging associated 

comorbidities, and lifestyle, could have a decisive consequence 

not only on the resistance to the virus but also on the ability to 

mount an effective response to a vaccine. Hence, the severity of 

viral infection in males with more co-morbidity and less efficient 

immune system compared with a more robust mitochondrial 

functional reservoir in females, leading us to speculate that women 

are perceptibly expected to mount a more protective and long 

lasting anti-viral immune response against the ongoing COVID-19 

vaccinations. 

4. Sex differences in response to COVID-19 vaccines

  While men are more susceptible to infections, females depict 

a higher rate of autoimmune diseases and also mount superior 

immunity in response to vaccinations. Sex-based vulnerability 
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to SARS-CoV-2 infection and the severity of COVID-19 disease 

are likely linked to better innate and adaptive immune response 

of females and the sex related differences in cytokine release and 

inflammatory response. 

  The present review focusses exclusively on two kind of vaccines 

commonly used in India: Covishield and Covaxin. Covishield 

which is a monovalent vaccine composed of a single recombinant, 

replication-deficient chimpanzee adenovirus vector encoding the S 

glycoprotein of SARS-CoV-2 and Covaxin which is an inactivated 

virus developed using whole-virion inactivated vero cell derived 

platform technology.

4.1. Covaxin

  The TLR7/8 agonist adjuvant in the inactivated vaccine 

formulation induces Th1 biased antibody responses, causing an 

increased IgG2a/IgG1 ratio and increase in SARS-CoV-2 specific 

IFN-γ-producing CD4 T lymphocyte response. TLR7/8 agonists 

induce dendritic cells to generate a strong type Ⅰ interferon 

response and monocyte-macrophages to facilitate the development 

of Th1 biased immunity. Antigen formulated with Algel-IMDG 

skewed towards Th1 mediated response and induced strong T cell 

immunity, showing elevated levels of IFNγ-producing CD4 cell 

population. A combination of both humoral and cell-mediated 

immune response is a desirable COVID-19 vaccine result. It is 

the TLR7/8 agonists as an adjuvant in SARS-CoV-2 vaccine 

formulation which will minimize the Th2 response and control 

the ADE/ERD, if any. All the three inactivated whole virion 

SARS-CoV-2 vaccine candidates in our study showed 100% 

seroconversion with high titers of antigen binding and neutralizing 

antibody responses. The secretion of antiviral cytokines such as 

IL-2, IL-4, IL-6, IL-10, IL-17, TNF-α, and IFNγ were observed 

on days 7 and 14 (7 days after the 1st & 2nd dose) of vaccination 

with Algel-IMDG adjuvant formulations. Further, IFN-alpha might 

contribute to the activation of the first line of defense mechanisms, 

which lead to enhanced activation of antigen-presenting cells, 

such as dendritic cells or macrophages. It is reported that TLR 

recognition in innate cell population drives early type Ⅰ IFN 

production, thereby promoting viral clearance and the early 

production of pro-inflammatory cytokines.

  The X-linked gene expression of TLR-7, TLR-8, CD132, and 

CD40 in both innate and adaptive immune cells and modulators 

of NF-kappa-B transcription factor gives females a super-added 

benefit. A higher CD4+ cell counts, CD4+/CD8+ ratio and a 

better cytotoxic T- and T-suppressor cells is expected in females. 

Estrogen modulates the function of both CD4+ and CD8+ T-cells 

and myeloid cell lines by increasing the expression and release of 

Th1 pro-inflammatory cytokines (IL-12, TNF-α, and IFN-γ) and 

reducing the release of Th2 anti-inflammatory cytokines IL-10, 

IL-4 and TGF-β. Since females tend to control T cell expression 

and show a higher CD4+/CD8+ ratio, it is postulated that females 

respond better to Covaxin than males. Estrogen modulates the 

antigen recognition response by acting on TLR7, which causes 

the dendritic cell induced increased production of INF-α. This 

regulation highlights the role that endocrine regulation plays in the 

immune response which leads to sex-specific disease outcomes[43].

4.2. Covishield

  The spike S1 protein is an external protein on SARS-type 

Ⅱ-coronavirus which helps it enter cells through the interaction 

of subunit of spike protein and ACE2 receptor in the host. 

Covishield causes the S glycoprotein expression on cells which 

locally stimulates neutralizing antibody and cellular immune 

responses as an active immunity. Geometric mean antibody titres 

of IgG antibodies against spike (S) protein were comparable 

between the injected and non-injected groups at baseline, i.e. day 

1 increased significantly after each dose of vaccine in both sexes 

(males and females). There was 100% seroconversion in both the 

sexes on day 57 as well. The four structural proteins expressed 

on SARS-CoV-2: N (nucleocapsid), E (envelope), S (spike), 

and M (membrane) proteins are potential antigens which induce 

neutralizing antibodies and provide protective function[44,45].

  The affinity of the spike protein RBD of SARS-CoV-2 has 

been shown to be very high for the ACE2 receptor and structural 

mimics to RBD can be used to block access to the entry receptor, 

i.e., human ACE2 receptor[46]. The receptor binding domain of 

the spike protein from SARS-CoV has been shown to block the 

virus from accessing the ACE2 receptor in cell culture[47]. As 

spike proteins of coronaviruses are the most important antigenic 

determinants known to trigger neutralizing antibodies, spike 

proteins can be used as antigens for developing vaccines[45,48]. 

Spike protein RBD sequences are relatively conserved, and they 

can activate extremely effective neutralizing antibodies against 

this virus, which has been elucidated by the monoclonal antibodies 

isolated from the inactivated virus-immunized human and mice 

antibody libraries[47,49]. The RBD of this virus S protein plays dual 

function as important domain for receptor binding of this virus 

and a significant neutralization determinant element of SARS-

CoV-2. So the proteins that contain the RBD region or vectors 

encoding the spike protein RBD can be foreseen as an effective 

vaccine candidate. The limitations of requirements for multiple 
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booster shots and adjuvant selection still exist, as with any other 

subunit vaccines[44,50,51].

  The relative efficiency of these two vaccines in generating and 

mounting effective immune response is now well known although 

unprecedented data is yet to prove the hypothetical belief that 

Covaxin would produce better immunity in females as compared 

to males and needs detailed investigation in large cohort.

  Work on animal models to provide evidence of COVID-19 

severity in men and women has thrown out exciting results. 

Recent attempts to validate the sex dependency on the severity of 

lung disease in males have given unexplored leads and insightful 

clinical observations using an experimental animal model such as 

golden Syrian hamster. In one such approach attempt to examine 

the interrogation of biological sex as a factor with COVID-19, 

Dhakal et al.[52] reported that female hamsters show lower 

morbidity, developing less extensive pneumonia, and greater 

antibody response to SARS-CoV-2 than male hamsters. The 

authors also found that females had higher and broader humoral 

response than males during SARS-CoV-2 infection. Intriguingly, 

the female hamsters showed a greater cross-reactive antibody 

response, IgM, IgA, and IgG antibody responses against the 

receptor-binding domain of the spike protein (S-RBD) and its 

variants (anti-S-RDB IgG, wild type, N501Y, Y453F, N439K, and 

E484K). It becomes imperative to unravel the role of androgen 

treatment in impacting the humoral response and unravel likely 

mechanism(s) fundamental to sex differences of SARS-CoV-2 

such as genetics (X-inactivation, genetic variants, and epigenetics), 

microbiome (metabolomics), sex hormones (androgen, estrogen, 

and estrous cycle), metabolism (biological sex differences in 

adipose tissue distribution, visceral and subcutaneous), and aging.

5. Conclusions

  Given the sex differences in COVID-19 health outcomes, it 

becomes extremely important that countries collect, analyse 

and publish sex-based differences and disaggregated data on 

COVID-19 to facilitate adoption of effective public health 

measures that will help in mitigating the adverse health outcomes 

of this pandemic. In the current scenario of vaccine response, as 

the only saviour strategies against the existing COVID-19 health 

emergency, it becomes imperative to highlight the evidence-

based sex differences in anti-SARS-CoV-2 immune response and 

vaccine responses. Not surprisingly, for most of the countries, 

the sex-disaggregated data is lacking, and the need of the 

hour is to segregate the added data and information by sex in 

epidemiological reporting and research findings. The awareness of 

the clinicians of sex differences in vaccine developments through 

the reported information in scientific studies published in peer-

reviewed journals is a must to address vaccine misinformation and 

cater to the queries and concerns that underappreciated sex as a 

biological variable in COVID-19 pandemic. Our understanding of 

sex-based biological factors will help us guide effective therapies 

for this virus and enhance precision of personalized medicine 

and will bring lucidity in the necessary guidelines of vaccination 

protocols. It will also unravel the prevalent mysteries about the 

need of boosters for women with more robust immune responses 

and the post vaccination consequences such as adverse effects and 

how they impact anti-COVID immunity and immune responses. 

Conflict of interest statement

  The authors declare that there is no financial and non-financial 

conflict of interest.

Acknowledgments

  Mr. Karan Gaur is deeply acknowledged for his contribution in 

making the figure.

Funding

  There is no funding source or financial support available from 

any grant or institutional support for the design and for the 

publication process of this manuscript.

Authors’ contributions

  A.M. conceptualised, designed and wrote the manuscript, 

A.S. also participated in the conceptualisation and writing of 

the manuscript, S.G. contributed in writing one section of the 

manuscript, V.R., G.P, S.M. and V.J. helped in proof reading and 

editing the manuscript.

References

[1] �Jin JM, Bai P, He W, Wu F, Liu XF, Han DM, et al. Gender differences 

in patients with COVID-19: Focus on severity and mortality. Frontiers 

Public Health 2020; 8: 152.



104 Abhishek Mohanty et al./ Asian Pacific Journal of Tropical Medicine 2022; 15(3): 97-105

[2] �Pradhan A, Olsson PE. Sex differences in severity and mortality from 

COVID-19: Are males more vulnerable? Biol Sex Differ 2020; 11(1): 

53.

[3] �Scully EP, Haverfield J, Ursin RL, Tannenbaum C, Klein SL. 

Considering how biological sex impacts immune responses and 

COVID-19 outcomes. Nat Rev Immunol 2020; 20(7): 442-447.

[4] �Gebhard C, Regitz-Zagrosek V, Neuhauser HK, Morgan R, Klein SL. 

Impact of sex and gender on COVID-19 outcomes in Europe. Biol Sex 

Differ 2020; 11(1): 29.

[5] �Lipsa A, Prabhu JS. Gender disparity in COVID-19: Role of sex steroid 

hormones. Asian Pac J Trop Med 2021; 14(1): 5-9.

[6] �Conti P, Younes A. Coronavirus COV-19/SARS-CoV-2 affects women 

less than men: Clinical response to viral infection. J Biol Regul Homeost 

Agents 2020; 34(2): 339-343.

[7] �Bonafe M, Olivieri F, Cavallone L, Giovagnetti S, Mayegiani F, 

Cardelli M, et al. A gender-dependent genetic predisposition to produce 

high levels of IL-6 is detrimental for longevity. Eur J Immunol 2001; 

31(8): 2357-2361.

[8] �Franceschi C, Bonafe M, Valensin S, Olivieri F, De Luca M, 

Ottaviani E, et al. Inflamm-aging. An evolutionary perspective on 

immunosenescence. Ann N Y Acad Sci 2000; 908: 244-254.

[9]� �Gemmati D, Bramanti B, Serino ML, Secchiero P, Zauli G, Tisato V. 

COVID-19 and individual genetic susceptibility/receptivity: Role of 

ACE1/ACE2 genes, immunity, inflammation and coagulation. Might the 

double X-chromosome in females be protective against SARS-CoV-2 

compared to the single X-chromosome in males? Int J Mol Sci 2020; 

21(10): 3474.

[10]�Al-Lami RA, Urban RJ, Volpi E, Algburi AMA, Baillargeon J. Sex 

hormones and novel corona virus infectious disease (COVID-19). 

Mayo Clin Proc 2020; 95(8): 1710-1714.

[11]�Takahashi T, Ellingson MK, Wong P, Israelow B, Lucas C, Klein J, 

et al. Sex differences in immune responses that underlie COVID-19 

disease outcomes. Nature 2020; 588(7837): 315-320.

[12]�Ohta A, Nishiyama Y. Mitochondria and viruses. Mitochondrion 2011; 

11(1): 1-12.

[13]�Gordon DE, Jang GM, Bouhaddou M, Xu J, Obernier K, White KM, 

et al. A SARS-CoV-2 protein interaction map reveals targets for drug 

repurposing. Nature 2020; 583(7816): 459-468.

[14]�Singh KK, Chaubey G, Chen JY, Suravajhala P. Decoding SARS-

CoV-2 hijacking of host mitochondria in COVID-19 pathogenesis. Am 

J Physiol Cell Physiol 2020; 319(2): C258-C267.

[15]�Ventura-Clapier R, Moulin M, Piquereau J, Lemaire C, Mericskay M, 

Veksler V, et al. Mitochondria: A central target for sex differences in 

pathologies. Clin Sci 2017; 131(9): 803-822.

[16]�Hoffmann M, Kleine-Weber H, Schroeder S, Kruger N, Herrler T, 

Erichsen S, et al. SARS-CoV-2 cell entry depends on ACE2 and 

TMPRSS2 and is blocked by a clinically proven protease inhibitor. 

Cell 2020; 181(2): 271-280.

[17]�Xu Z, Wang Y, Xiao ZG, Zou C, Zhang X, Wang Z, et al. Nuclear 

receptor ERRalpha and transcription factor ERG form a reciprocal 

loop in the regulation of TMPRSS2: ERG fusion gene in prostate 

cancer. Oncogene 2018; 37(48): 6259-6274.

[18]�Abadir PM, Foster DB, Crow M, Cooke CA, Rucker JJ, Jain A, et 

al. Identification and characterization of a functional mitochondrial 

angiotensin system. Proc Natl Acad Sci U S A 2011; 108(36): 14849-

14854.

[19]�Wang J, Chen S, Bihl J. Exosome-mediated transfer of ACE2 

(angiotensin-converting enzyme 2) from endothelial progenitor cells 

promotes survival and function of endothelial cell. Oxid Med Cell 

Longev 2020; 2020: 4213541.

[20]�Sotomayor-Flores C, Rivera-Mejias P, Vasquez-Trincado C, Lopez-

Crisosto C, Morales PE, Pennanen C, et al. Angiotensin-(1-9) prevents 

cardiomyocyte hypertrophy by controlling mitochondrial dynamics via 

miR-129-3p/PKIA pathway. Cell Death Differ 2020; 27(9): 2586-2604.

[21]�Chow KT, Gale M, Jr., Loo YM. RIG-I and other RNA sensors in 

antiviral immunity. Annu Rev Immunol 2018; 36: 667-694.

[22]�Vazquez C, Horner SM. MAVS coordination of antiviral innate 

immunity. J Virol 2015; 89(14): 6974-6977.

[23]�Trypsteen W, Van Cleemput J,  Snippenberg WV, Gerlo S, 

Vandekerckhove L. On the whereabouts of SARS-CoV-2 in the human 

body: A systematic review. PLoS Pathog 2020; 16(10): e1009037.

[24]�Ichinohe T, Yamazaki T, Koshiba T, Yanagi Y. Mitochondrial protein 

mitofusin 2 is required for NLRP3 inflammasome activation after 

RNA virus infection. Proc Natl Acad Sci U S A 2013; 110(44): 17963-

17968.

[25]�Angajala A, Lim S, Phillips JB, Kim JH, Yates C, You Z, et al. Diverse 

roles of mitochondria in immune responses: Novel insights into 

immuno-metabolism. Frontiers Immunol 2018; 9: 1605.

[26]�Weinberg SE, Sena LA, Chandel NS. Mitochondria in the regulation 

of innate and adaptive immunity. Immunity 2015; 42(3): 406-417.

[27]�GBD 2016 Disease and Injury Incidence and Prevalence Collaborators. 

Global, regional, and national incidence, prevalence, and years lived 

with disability for 328 diseases and injuries for 195 countries, 1990-

2016: A systematic analysis for the global burden of disease study 

2016. Lancet 2017; 390(10100): 1211-1259.

[28]�Dorak MT, Karpuzoglu E. Gender differences in cancer susceptibility: 

An inadequately addressed issue. Front Genet 2012; 3: 268.

[29]�Fairweather D, Cooper LT, Jr., Blauwet LA. Sex and gender 

differences in myocarditis and dilated cardiomyopathy. Current 

Problems Cardiol 2013; 38(1): 7-46.

[30]�Regitz-Zagrosek V, Oertelt-Prigione S, Seeland U, Hetzer R. Sex and 

gender differences in myocardial hypertrophy and heart failure. Circ J 

2010; 74(7): 1265-1273.

[31]�Schultheiss HP, Fairweather D, Caforio ALP, Escher F, Hershberger 



105Sex based differences in COVID-19 pandemic and vaccine outcomes

RE, Lipshultz SE, et al. Dilated cardiomyopathy. Nat Rev Dis Primers 

2019; 5(1): 32.

[32]�Townsend EA, Miller VM, Prakash YS. Sex differences and sex 

steroids in lung health and disease. Endocrine Rev 2012; 33(1): 1-47.

[33]�Gaignard P, Savouroux S, Liere P, Pianos A, Therond P, Schumacher 

M, et al. Effect of sex differences on brain mitochondrial function and 

its suppression by ovariectomy and in aged mice. Endocrinology 2015; 

156(8): 2893-2904.

[34]�Escames G, Diaz-Casado ME, Doerrier C, Luna-Sanchez M, Lopez 

LC, Acuna-Castroviejo D. Early gender differences in the redox status 

of the brain mitochondria with age: Effects of melatonin therapy. Horm 

Mol Biol Clin Investig 2013; 16(2): 91-100.

[35]�Guevara R, Gianotti M, Roca P, Oliver J. Age and sex-related changes 

in rat brain mitochondrial function. Cell Physiol Biochem 2011; 27(3-4): 

201-206.

[36]�Harish G, Venkateshappa C, Mahadevan A, Pruthi N, Bharath MM, 

Shankar SK. Mitochondrial function in human brains is affected by 

pre- and post mortem factors. Neuropathol Appl Neurobiol 2013; 39(3): 

298-315.

[37]�Guevara R, Gianotti M, Oliver J, Roca P. Age and sex-related changes 

in rat brain mitochondrial oxidative status. Expe Gerontol 2011; 46(11): 

923-928.

[38]�Velarde MC. Mitochondrial and sex steroid hormone crosstalk during 

aging. Longev Healthspan 2014; 3(1): 2.

[39]�Colom B, Oliver J, Roca P, Garcia-Palmer FJ. Caloric restriction and 

gender modulate cardiac muscle mitochondrial H2O2 production and 

oxidative damage. Cardiov Res 2007; 74(3): 456-465.

[40]�Criscuolo F, Font-Sala C, Bouillaud F, Poulin N, Trabalon M. Increased 

ROS production: A component of the longevity equation in the male 

mygalomorph, Brachypelma albopilosa. PLoS One 2010; 5(10): e13104. 

doi: 10.1371/journal.pone.0013104.

[41]�Lagranha CJ, Deschamps A, Aponte A, Steenbergen C, Murphy E. Sex 

differences in the phosphorylation of mitochondrial proteins result in 

reduced production of reactive oxygen species and cardioprotection in 

females. Circul Res 2010; 106(11): 1681-1691.

[42]�Vina J, Borras C, Gambini J, Sastre J, Pallardo FV. Why females 

live longer than males? Importance of the upregulation of longevity-

associated genes by oestrogenic compounds. FEBS Lett 2005; 579(12): 

2541-2545.

[43]�Galbadage T, Peterson BM, Wang JS, Jayasekara A, Ramirez DA, 

Awada J, et al. Molecular mechanisms lead to sex-specific COVID-19 

prognosis and targeted therapies. Front Med 2020; 7: 589060.

[44]�Shang W, Yang Y, Rao Y, Rao X. The outbreak of SARS-CoV-2 

pneumonia calls for viral vaccines. NPJ vaccines 2020; 5: 18.

[45]�Bhattacharya M, Sharma AR, Patra P, Ghosh P, Sharma G, Patra BC, 

et al. Development of epitope-based peptide vaccine against novel 

coronavirus 2019 (SARS-COV-2): Immunoinformatics approach. J Med 

Virol 2020; 92(6): 618-631.

[46]�Lan J, Ge J, Yu J, Shan S, Zhou H, Fan S, et al. Structure of the SARS-

CoV-2 spike receptor-binding domain bound to the ACE2 receptor. 

Nature 2020; 581(7807): 215-220.

[47]�Sui J, Li W, Murakami A, Tamin A, Matthews LJ, Wong SK, et al. 

Potent neutralization of severe acute respiratory syndrome (SARS) 

coronavirus by a human mAb to S1 protein that blocks receptor 

association. Proc Natl Acad Sci U S A 2004; 101(8): 2536-2541.

[48]�Wierecky J, Muller MR, Wirths S, Halder-Oehler E, Dorfel D, Schmidt 

SM, et al. Immunologic and clinical responses after vaccinations with 

peptide-pulsed dendritic cells in metastatic renal cancer patients. Cancer 

Res 2006; 66(11): 5910-5918.

[49]�Li W, Zhang C, Sui J, Kuhn JH, Moore MJ, Luo S, et al. Receptor and 

viral determinants of SARS-coronavirus adaptation to human ACE2. 

EMBO J 2005; 24(8): 1634-1643.

[50]�Saha RP, Sharma AR, Singh MK, Samanta S, Bhakta S, Mandal 

S, et al. Repurposing drugs, ongoing vaccine, and new therapeutic 

development initiatives against COVID-19. Front Pharmacol 2020; 11: 

1258.

[51]�Wang J, Peng Y, Xu H, Cui Z, Williams RO, 3rd. The COVID-19 

vaccine race: Challenges and opportunities in vaccine formulation. 

AAPS PharmSciTech 2020; 21(6): 225.

[52]�Michita RT, Mysorekar IU. Golden syrian hamsters as a model for 

revisiting the role of biological sex differences in SARS-CoV-2 

infection. mBio 2021; 12(6): e0184821.


