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INTRODUCTION

Understanding gender-bias in COVID-19 infection is of paramount importance, not only from an epidemiological point of view but also in terms of clinical management. It is largely acknowledged that men and women exhibit a different degree of susceptibility to a number of infectious diseases and that this is far from being solely an exposure bias. In acute infections, women generally have a better prognosis compared to men, due to their robust and effective immune defense. Recent clinical and demographical studies on patients with COVID-19 have yielded convergent findings indicating that men might be more severely affected than women. However, in most studies, the data are not stratified by sex, thereby limiting our understanding of how gender impacts outcomes. In this article, we discuss observational clinical studies arguing that the rate of severe cases requiring intensive care is higher in men compared to women. We highlight the importance of using gender as a biological variable to determine whether men and women exhibit distinct clinical and biological characteristics that could explain gender-bias. As the hallmark of the disease severity is excessive inflammation in response to viral infection, we make inferences based on the sexual dimorphism of the inflammatory response seen in different infectious models and we focus our discussion on major inflammatory processes that are relevant to COVID-19.



EVIDENCE FOR GENDER-BIAS IN COVID-19: THE LACK OF DATA STRATIFIED BY SEX

Recent studies on severe acute respiratory syndrome caused by COVID-19 (SARS-CoV2) indicate that men are more severely affected than women. This applies to patients from different regions of the world including China where the pandemic started, Europe, and the USA (1–10). These clinical studies reported demographical (number of positive cases, age, and sex) and classical clinical parameters including symptoms (fever, headaches, sore throat, rhinorrhea, shortness of breath, diarrhea, and nausea, etc.), comorbidities (hypertension, diabetes, and cardiovascular disease, etc.), chest x-ray and CT findings, duration of hospitalization, number of cases requiring intensive care, and outcomes. Approximately 60–70% of the critically ill patients that required intensive care were men. Some of these studies also reported laboratory findings including the number of peripheral blood immune cell subsets and/or cytokine levels (2, 3, 8–10). However, the data recorded in these reports were not stratified by sex, thus hampering a full interpretation of gender-bias.

Among these reports, a multicenter study by Grassieli et al. (6) on baseline characteristics and the outcomes of 1,591 patients with severe COVID-19 admitted to ICUs in Lombardy, Italy, highlights a remarkable gender-bias in infection rates, with males representing 82% of cases, strengthening previous observations that indicate that being male is a risk factor. We think this rate—the highest ever reported in a hotspot of COVID-19—warrants an in-depth analysis as it covers a large number of patients. This study is informative and includes the basic characteristics of critically ill patients in this hotspot, but it did not address whether men and women exhibit distinct clinical features, thereby limiting understanding of how gender impacts outcomes. To further understand the strong gender-bias indicated by this study, it would have been interesting to stratify the data by gender to determine whether marked differences between men and women emerge. The high rate of poor prognosis observed in men may have been balanced by potential differences in comorbidity between men and women. Among the 26% of mortality reported in this study, the proportion of men is likely to be higher than that of women, but it would be interesting to know whether the mortality rate in men reached a rate as high as 80%. Interestingly, this report reveals that severe cases do not only concern the elderly but are observed in all age groups. We noticed that the ratio of men vs. women under 60 was slightly higher compared to that for patients over 60, suggesting that gender-related physiological factors rather than age, play a cardinal role in disease severity.



CROSS-ANALYZING CLINICAL SCORES AND INFLAMMATORY MARKERS ACCORDING TO SEX: A KEY TO UNRAVELING FACTORS UNDERLYING GENDER-BIAS IN COVID-19

Growing evidence suggests that the disease severity in SARS-CoV2 is mainly caused by an overwhelming inflammatory reaction in response to viral infection, likely attributed to a cytokine storm and massive recruitment of mononuclear cells within lung tissues [reviewed in (11–13)]. Studies have reported that patients under intensive care produced higher levels of inflammatory cytokines and chemokines (2, 8, 9), with IL-6 being a valuable candidate for monitoring severe cases (10). Yet, no indication was provided about the distribution of these inflammatory cytokines according to gender. The excessive release of pro-inflammatory cytokines and chemokines by immune and probably non-immune cells like pulmonary epithelial cells could induce severe lung injury leading to acute respiratory distress syndrome-ARDS-mediated death (14). This is consistent with earlier investigations on related viral infections (SARS-CoV1 and MERS-CoV) showing increased amounts of circulating pro-inflammatory cytokines and extensive lung damage (15, 16). It would be interesting to analyze a wide range of inflammatory markers in male and female patients with COVID-19 to identify the role of the sexually dimorphic inflammatory response in gender-bias. A recent preliminary study outlined gender-bias in morbidity and mortality in China and highlighted in a limited number of cases differences in few biological parameters including neutrophils (17). On the other hand, studies reported that lymphopenia and the infiltration of mononuclear cells in different organs were associated with disease severity (18). Whether men and women exhibit contrasting scores remains to be demonstrated.



DISCUSSION

It is largely agreed that the immune inflammatory response is a double-edged sword. Although it helps fight the invasion of the pathogen, it may ultimately come at a cost, causing damage to the host tissue when it is excessive and not tightly regulated. Differences in the inflammatory response type and magnitude according to gender have been observed in infectious and non-infectious inflammatory diseases across all ages including pre-pubescent children (19, 20), and the number of X chromosomes was demonstrated to be key in this respect (21, 22). This stresses the need to include gender as a biological variable for optimal analysis of data recorded from COVID-19 patients.

Multiple factors can impact gender-bias in infection-induced inflammatory diseases. Although the exposure bias associated with gender-dependent behavior cannot be ruled out, accumulating evidence suggests the importance of physiological factors such as sex hormones and sex-specific genetic architecture (23). Sexual hormones were demonstrated to modulate the immune inflammatory response and thereby the course of infection in certain pathological models (24). However, it should be noted that in many infectious diseases, sexual dimorphism was observed across all ages including non-pubescent children, suggesting that X chromosome-linked genetic architecture plays a prominent role. Indeed, females are endowed with a genetic fitness offering crucial advantages in immune defense mechanisms, as they display mosaic cells expressing two X-linked gene alleles, allowing them to better cope with diseases associated with mutations naturally occurring on the X chromosome (25). Moreover, the gene inactivation process that occurs on one of the two X chromosomes early in embryogenesis is thought to be variable and not complete, which may lead to the differential expression of the number of X chromosome-linked genes between males and females (26, 27). This can be critical regarding the magnitude of the inflammatory response in SARS-CoV2 since the X chromosome encompasses several immune genes necessary for the development and homeostasis of the inflammatory response (28, 29). One can cite as examples the pathogen recognition receptors-PRRs (Toll-Like receptors TLR7 and TLR8) that sense single strand RNA from the virus and induce a protective type I interferon response, and the IL-1 receptor–associated kinase 1 (IRAK-1), a key component of NF-kB inflammatory signaling pathways. Overexpression and hyper-activation of NF-kB may explain the high amount of pro-inflammatory cytokines seen in COVID-19 infection, with PRRs-MyD88 axis probably playing a major role. Of note, is the fact that in chronic inflammatory models where females are more susceptible compared to men, studies have demonstrated that TLR7 and IRAK-1 genes can escape the X chromosome inactivation process resulting in their strong activation in females (30, 31). However, in infection-induced acute inflammatory diseases like COVID-19 where females have a better prognosis, this can be regarded as an immune advantage enabling women to defend themselves better against acute infection.

COVID-19 uses the angiotensin converting enzyme II (ACE2) expressed in different organ tissues as a cell entry receptor (32, 33). Interestingly, ACE2 was shown to have a crucial role in preventing severe acute lung injury (34, 35). It is believed that cell surface expression of ACE2 in patients with COVID-19 is downregulated following its endocytosis with the virus, hence reducing its accessibility to its natural ligand angiotensin II (AngII). Consequently, this may lead to the accumulation of circulating AngII, a vasoconstrictor endowed with a pro-inflammatory potential (11, 36). As the ACE2 gene is located on the X chromosome, its potential escape from the X chromosome inactivation process could favor its differential expression in males and females. Whether ACE2 expression varies according to gender remains unclear (37, 38). An in-depth analysis of ACE2 expression within different tissues was reported and found to be up-regulated by type I interferons (39). It has been also shown that the expression of ACE2 transcript in the human nasal epithelium is age-dependent but sex-independent (40). Further investigations on ACE2 expression at transcript and protein levels would be of interest to decipher its potential implication in the gender-bias of COVID-19-induced inflammatory response. It is therefore worth noting that sex-based differences in the regulation of the renin-angiotensin pathway and the resulting activation of NF-kB signaling, which is amplified in the course of COVID-19 infection, could lead to differences in the exacerbation of the lung inflammation between males and females (Figure 1).


[image: Figure 1]
FIGURE 1. Simplified diagram of potential factors in immune and non-immune cells that may differently impact productive COVID-19 infection and virus-induced airway inflammation in males and females: Under basal condition (1), angiotensin converting enzyme 2 (ACE2) binds angiotensin II (AngII), and prevents its adverse vasoconstrictor and profibrotic effects by its conversion to angiotensin 1-7 (Ang1-7). The later triggers signaling through G-protein coupled Mas receptor (MASR) allowing vasodilatation. The proteolytic shedding of ACE2 by a disintegrin and metalloproteinase (ADAM) can lead to a catalytically active soluble form of ACE2 (sACE2). Under viral infection (2), SARS-Cov2 uses ACE2 as a cell entry receptor and the transmembrane serine protease 2 (TMPRSS2) to allow the fusion of cell and viral membranes for productive infection. The endocytosis of ACE2 together with SARS-Cov2 results in the reduction of ACE2 on cells and an increase of serum AngII. AngII acts not only as a vasoconstrictor but also as a pro-inflammatory mediator through binding to angiotensin II receptor type 1 (AT1R) and the processing of NF-kB stimulators (soluble TNF-α and IL-6 receptors) and IL-6 amplifier. The activation of NF-kB and the production of inflammatory cytokines are enhanced by SARS-CoV-2 itself via pattern recognition receptors (PPRs). In innate immune cells like monocytes, the interaction of the endosomal TLR7/8 with single stranded RNA from the virus can lead to the recruitment of adaptor molecules like MyD88 and the activation of signaling molecules including IL-1 receptor associated kinase-1 (IRAK-1). This culminates with the activation and translocation of NF-kB to the nucleus and subsequent production of the inflammatory mediators (TNF-α, IL-1β, IL-6…) and types I IFN gene products, thereby amplifying the lung inflammation. Some X-chromosome-linked factors (ACE2, IRAK1, TLR7/8) that could differently influence productive COVID-19 infection and the magnitude of the inflammatory response in males and females are underlined.


On the other hand, there is evidence that a soluble form of ACE2 which is cleaved from the membrane by peptidases, called sheddases (ADAM 10 and ADAM 17), is catalytically active (41, 42). It has been shown that individuals with diabetes, renal diseases, or heart failure have altered serum levels of ACE2 (43, 44). Moreover, when gender bias was taken into account, plasma ACE2 concentrations were found to be higher in men than in women (45). Given the fact that such diseases are comorbidities associated with severe outcomes in COVID-19, this leads to speculation that serum levels of ACE2 may influence productive infection of SARS-CoV-2. Although studies reported the shedding of ACE2 in vivo, its physiological importance in COVID-19 infection remains unclear. It is tempting to consider that high serum ACE2 levels may reflect a higher level of its membrane bound counterpart in pulmonary tissues. In this case, increased amounts of ACE2 in males could explain their higher susceptibility to severe SARs-CoV-2. On the other hand, Li et al. (46) showed in vitro that a soluble form of ACE2 can block the binding of the SARS-CoV spike protein to its receptor. To what extent the blocking of binding of the virus to its membrane receptor ACE2 by a soluble form of ACE2 occurs in vivo is yet to be unraveled. This suggests that the balance between soluble and membrane-bound ACE2 in males and females with comorbidities associated with severe COVID-19 severity might influence the viral pathogenesis.

In conclusion, the factors and mechanisms underlying sex and gender-bias in critically ill patients with COVID-19 remain scarce. The use of sex as a biological variable to depict the distribution of clinical and biological data will fill gaps in our understanding of why men are more severely affected than women. This may help to optimize clinical monitoring and strengthen gender medicine practice.
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