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A male sex bias has emerged in the COVID-19 pandemic, fitting to the sex-biased pattern in other viral infections. Males are 2.84 times more often admitted to the ICU and mortality is 1.39 times higher as a result of COVID-19. Various factors play a role in this, and novel studies suggest that the gene-dose of Toll-Like Receptor (TLR) 7 could contribute to the sex-skewed severity. TLR7 is one of the crucial pattern recognition receptors for SARS-CoV-2 ssRNA and the gene-dose effect is caused by X chromosome inactivation (XCI) escape. Female immune cells with TLR7 XCI escape have biallelic TLR7 expression and produce more type 1 interferon (IFN) upon TLR7 stimulation. In COVID-19, TLR7 in plasmacytoid dendritic cells is one of the pattern recognition receptors responsible for IFN production and a delayed IFN response has been associated with immunopathogenesis and mortality. Here, we provide a hypothesis that females may be protected to some extend against severe COVID-19, due to the biallelic TLR7 expression, allowing them to mount a stronger and more protective IFN response early after infection. Studies exploring COVID-19 treatment via the TLR7-mediated IFN pathway should consider this sex difference. Various factors such as age, sex hormones and escape modulation remain to be investigated concerning the TLR7 gene-dose effect.
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Introduction

Early in the pandemic, male sex was identified as a risk factor for hospitalization and mortality after SARS-CoV-2 infection (1). While behavioral and socio-economic factors are implied, immunological differences between the sexes may be more important in this disparity. Females typically show a stronger immune response than males and possible factors that could explain this phenomenon are X chromosomal genes, immunomodulatory functions of sex hormones and sex-dependent expression of susceptibility genes (2, 3). Females have better clinical outcomes than males following sepsis and infection (4–7). For instance, males suffer from more severe and intense disease after hepatitis B virus (HBV) or Epstein Barr virus (EBV) infection (7). The immune response differs between males and females in various ways, ranging from innate recognition to downstream adaptive immunity, resulting in distinctly different cytokine responses to infection. Induction of pattern recognition receptors (PRRs), subsequent interferon (IFN) and antibody production is higher in females than males. Sex hormones display immunomodulatory activity at various levels, and immune response to viruses can vary with natural hormonal fluctuations in females. Novel research suggests also an important role for sex chromosomal gene that can modulate differences in the immune response or cause differential expression of disease susceptibility genes such as class I and II MHC glycoproteins (3).

On the other hand, autoimmune diseases are predominantly present in females (4–6, 8). For instance, the incidence of systemic lupus erythematosus (SLE) is almost nine-fold higher in females and male Klinefelter patients (47, XXY), but rarely develops in female Turner patients (45, X0) (9), indicating the importance of the X chromosome in SLE and immunity. The X chromosome is home to many genes directly or indirectly related to immunity and variability in expression of X chromosomal genes is often associated with sex-related immune disparities

The sex-bias observed in the COVID-19 pandemic fits this pattern. An X chromosomal gene of interest is TLR7, identified as a pattern recognition receptor (PRR), recognizing ssRNA viruses such as SARS-CoV-2. It is one of the PRRs involved in type 1 interferon (IFN) production in COVID-19 (10, 11). In the present article, we hypothesize that contribution of beneficial gene expression of the second female X chromosome could partially explain the sex-skewed ICU admission. In particular, this hypothesis and theory article focuses on TLR7 expression and activation and the consequences for males and females in COVID-19.



Subsections


COVID-19 and TLR7

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is the single-stranded RNA (ssRNA) virus that causes COVID-19. The spike protein on the viral envelope binds to the angiotensin-converting enzyme receptor 2 (ACE2) on the host cell. ACE2 has a systemic function in lowering blood pressure and is expressed in most organs, but abundantly in lung respiratory epithelium. The spike protein is activated by the serine protease 2 transmembrane protein (TMPRSS2) on the host cell, allowing for viral particles’ internalization. The viral RNA is subsequently released into the host cytoplasm, from where it can move to the host ribosome for production of new virions to infect other cells. Alternatively, it can enter the endosome (2, 12). Various cellular sensors can recognize SARS-CoV-2 ssRNA or other intermediates of viral replication and induce downstream signaling to activate the innate immune response. At the level of the lung epithelium, these sensors are cytoplasmic RIG-I and MDA5 (13, 14). The inflammatory mediators produced by the epithelium are picked up and further amplified by PRRs in innate immune cells (15), such as TLR7 and TLR8.

Toll-Like Receptor 7 (TLR7), and also TLR8, is a PRR encoded on the X chromosome. TLR7 is expressed at the endosomal membrane of plasmacytoid dendritic cells (pDCs) and B cells and to a lesser extent in monocytes and macrophages (16). TLR7 can recognize ssRNA derived from viruses and bacteria in humans, and can also respond to RNA-associated autoantigens (17). Following detection of ssRNA, TLR7 activates the MyD88-dependent pathway, activating both the nuclear factor kappa Beta (NFκB) and the type 1 interferon (IFN-α and IFN-β) pathway in pDCs (18). This process is dependent on the gene product of CXorf21, an X chromosomal gene encoding for the TLR adaptor interacting with endolysosomal SLC15A4 (TASL) protein which stimulates nuclear migration of interferon regulatory factor 5 (IRF5) (19). IFN-α transcription in pDCs is further dependent on the nuclear migration of IRF7 (18), as shown in Figure 1. pDCs are the most potent IFN producers and while other cells can also produce IFNs, pDCs function as the primary type 1 IFN producers during viral infections (20). In macrophages, TLR7 stimulation can lead to production of pro-inflammatory cytokines (21).




Figure 1 | Schematic representation of the effect of sex and X chromosome inactivation escape on the TLR7 expression. TLR7 gene (red) on the inactivated X chromosome (Xi) wrapped with Xist (blue) escapes inactivation. Escape from distal X chromosome inactivation in female pDCs may result in more TLR7 mRNA and protein compared male cells, resulting in higher production of type 1 IFNs.



The most important type 1 IFNs are IFN-α and IFN-β. The production of type 1 IFN is essential for the antiviral response, especially in the early stages of infection. Type 1 IFNs have essential functions: activating an antiviral state in infected cells to limit the viral spread, restraining innate immunity, controlling pro-inflammatory pathways, and activating adaptive immunity. They exhibit both direct and indirect antiviral activity. IFNs bind the interferon-alpha/beta receptor (IFNAR) at infected cells, which initiates the JAK-STAT signaling pathway and the following cascade destroys both host and viral RNA. Viral replication and production are directly restricted by the induction of IFN-stimulated genes (ISGs) (22–24).

TLR7 has been implicated as PRR in SARS-CoV-1 and Middle East Respiratory Syndrome Coronavirus (MERS-CoV) infections (25). These related viruses possess a high number of binding motifs for TLR7 and bioinformatic analysis showed that the SARS-CoV-2 genome has even more ssRNA motifs that can potentially interact with TLR7 than its family member SARS-CoV-1 (23). Early in the COVID-19 pandemic, the importance of TLR7 after SARS-CoV-2 infection was first demonstrated in a clinical setting by van der Made et al. (10). After four young males (two brother pairs from unrelated families) without medical history were admitted to the intensive care unit (ICU), a genetic cause was suspected. In all four patients, different TLR7 deleterious variants and concurrent low levels of type 1 IFN were identified. Loss of function was confirmed when experiments with primary PBMCs showed no upregulation of TLR7 and a failure to induce IFN-inducible genes (ISGs) after stimulation with a TLR7 agonist (10). Later, more such cases of deleterious TLR7 variants in severe male patients have been described (11, 26, 27), suggesting that a loss-of-function of TLR7 could explain some cases of severe COVID-19 which result in functional defects of type 1 IFN. Likewise, single nucleotide polymorphisms (SNPs) could alter TLR7’s effectivity.

As pulmonary epithelial cells do not express TLR7, they alone are not sufficient for the defense against SARS-CoV-2; TLR7 deficiency was pathogenic in patients by impairing the production of large amounts of type 1 IFNs by pDCs (11). After infecting lung epithelial cells, innate phagocytic cells such as pDCs are recruited and can phagocytose the infected cells and produce type 1 IFNs after PRR stimulation. The clinical observations of deleterious TLR7 mutations and a poor type 1 IFN response identify TLR7 as an important PRR in the immune response against COVID-19.

Since TLR7 is located on the X chromosome, mutations in TLR7 will affect males more than females, who bear two X chromosomes per cell. TLR7 deficiency has been reported as a genetic mediator for severe COVID-19 especially in younger males, with percentages of 1-2% found across cohorts (10, 11, 26, 27). Therefore, genetic screening for TLR7 primary immunodeficiency was recommended in young males with severe COVID-19 in the absence of other relevant risk factors (11, 26, 27). Despite the observed prevalence in young males, the penetrance of deleterious TLR7 mutations may be worse in older patients, as both the pDC number and functional IFN secretion decreases with age, which was associated with a reduced number of pDCs expressing TLR7 (28).



X Chromosome Inactivation

The TLR7 gene is encoded at the distal end of the X chromosome. To avoid double dosage of X chromosomal genes, one female X chromosome is epigenetically silenced in early fetal development. It is random which of the two parental (either maternal or paternal) chromosomes is inactivated, and females are therefore functional mosaics for the active X chromosome (Xa) and the inactive X chromosome (Xi) (29–31). This process is called X chromosome inactivation (XCI). An early study suggests that exactly one chromosome is entirely inactivated in diploid, and half of the X chromosomes in tetraploid cells (32). This view has been modified: certain genes escape from X chromosome inactivation (see later on).

The X inactivation center (Xic) at the centromere controls XCI and codes for several proteins and RNAs that form a nuclear complex during XCI, of which the long non-coding RNA (lncRNA) X inactivation specific transcript (Xist) is a critical member. Xist is expressed only from the inactive X chromosome (Xi) and wraps around the X chromosome, turning it into the inactive Barr body during interphase (31, 33). Recent studies show that XCI is not complete. This phenomenon, XCI escape, could cause extra gene expression of some genes located on the female X chromosome (34, 35) and is a source of (tissue-specific) sex differences (35). The exact mechanism of XCI escape is still unclear. Most genes that escape XCI are at the distal end of the X chromosomes’ short arm, suggesting that the chromosomal location is relevant for escape susceptibility (36). Since the Xist gene is at the centromere, it has been suggested that the direction of Xist RNA wrapping around the X chromosome is from the center outwards (35, 37, 38). The degree of escape is variable between genes, tissues, and individuals, but this variability is poorly characterized (39, 40). Moreover, it is unclear to what extent the X chromosome inactivation state is variable or stable throughout the course of life (41).

Approximately 15 to 20% of human X chromosomal genes escape inactivation and are transcribed from both X chromosomes. Escape is characterized when the Xi alleles’ mRNA or protein expression is at least 10% of that of the Xa allele (42). XCI escape can be studied in various ways, such as bulk RNA-sequencing (RNA-seq) to assess differential allelic expression or RNA fluorescence in situ hybridization (RNA FISH) to detect nascent RNA transcripts. XCI status can also be examined indirectly via epigenetic markers such as methylation patterns (43).



Evidence for XCI Escape of TLR7

TLR7 escapes XCI in different female immune cells: pDCs (20, 44), monocytes and B cells (44). A study by Souyris et al. in 2018 was the first to demonstrate the XCI escape of TLR7 in primary human cells. Souyris et al. confirmed biallelic mRNA expression of TLR7 in 30% of pDCs, monocytes, and B cells from healthy females and male Klinefelter Syndrome (KS) patients (47, XXY). TLR7 transcription from both X chromosomes was observed using RNA FISH in B cells, confirming XCI escape. The relative abundance of TLR7 mRNA transcripts in female biallelic B cells was up to 50% higher than male monoallelic B cells. Western blot testing confirmed this at the protein level: a 1.38- and 1.31-fold increase in TLR7 protein was found in biallelic peripheral blood mononuclear cells (PBMCs) compared to female monoallelic PBMCs and male cells, respectively. Additionally, female B cells differentiated more efficiently into plasmablasts than male B cells upon TLR7 stimulation. None of these effects were observed upon TLR9 stimulation.

Souyris et al. (44) hypothesized that the increased TLR7 dosage would result in increased TLR7-induced type 1 IFN levels, which was confirmed by Hagen et al. (20). This study confirmed 30% female pDCs with biallelic expression and a similar 50% higher abundance of TLR7 mRNA transcripts. Moreover, Hagen et al. observed that biallelic pDCs showed significantly higher type 1 IFN mRNA and protein in the first 2 hours after TLR7 stimulation with a TLR7 agonist (2020). As visualized in Figure 2, these results confirmed that human female pDCs produce more type 1 IFN after TLR7 stimulation, showing that TLR7 XCI escape is correlated with the antiviral type 1 IFN response.




Figure 2 | Schematic representation of a plasmacytoid dendritic cell with viral ssRNA in the endosome. This is recognized by TLR7 on the endosomal membrane. Via the MYD88 pathway, ‘TLR adaptor interacting with SLC15A4 on the lysosome’ (TASL) is activated which is needed for recruitment of Interferon Regulatory Factor 5 (IRF5), a transcription factor involved in transcription of NF-kβ and type 1 interferons. This results in further transcription of IL-1, IL-6 and TNF-α for NF-kβ and interferon stimulated genes for type 1 interferons, respectively.



Before these two publications, it was already established that female pDCs produced more type 1 IFN after TLR7 stimulation and expressed more interferon alpha/beta receptors (IFNAR) than male pDCs (45–48), especially in females after puberty (49). Similarly, Berghöfer et al. found higher induction of IFN-α in female PBMCs stimulated with TLR7 agonists and not by TLR9 agonists, confirming a skewed and beneficial TLR7 response which could be explained by XCI escape. However, this could not be confirmed in immortalized B-cell lines (46). Others did not investigate XCI escape as a cause of their observations and sought other explanations. Estrogens were suggested as a possible cause of increased IFN signaling in females, as in vitro blocking of estrogen receptor (ER) signaling inhibited TLR7-mediated type 1 IFN production by pDCs. However, when female pDCs were transplanted into male mice, an enhanced TLR7-mediated type 1 IFN production was still seen, suggesting that female sex hormones and the number of X chromosomes independently contributed to the enhanced type 1 IFN production (48). Webb et al., who compared genetic deviations with more than one X chromosome, also showed that increased IFN production was dependent on the number of X chromosomes present in the cell (49). A study by Sarmiento et al. found slightly contradictory results: they observed that stimulated female and Klinefelter syndrome (KS) PBMCs had higher TLR7 and IFN-α mRNA levels than male and Turner’s syndrome female PBMCs (45, X0), supporting TLR7 XCI escape, but the KS cells did not show higher IFN-α levels after TLR7 stimulation. In comparison, the female cells showed higher levels compared to the male and TS cells: in the case of the KS cells with two X chromosomes, their higher TLR7 expression by XCI escape did not result in higher IFN, while it did in the female cells with two X chromosomes. Accordingly, the increased IFN production was not dependent on the number of X chromosomes (50), opposite to what others observed (49). One of the explanations provided by Sarmiento et al. is that male KS cells were used, which cannot rule out epigenetic modification of TLR7 by testosterone (50). Altogether, these results strongly suggest that increased type 1 IFN secretion after TLR7 stimulation in female pDCs is linked to biallelic TLR7 expression by XCI escape.



Possible Implications of TLR7 XCI Escape

This gene-dose effect may play a role in the COVID-19 pandemic, where a significant sex bias has been observed. A meta-analysis of over 3 million global cases between the 1st of January to the 1st of June 2020 revealed that males are 2.84 times more often admitted to the ICU with severe COVID-19 and die 1.39 more often than females, while there is no difference in the proportion of males and females infected with SARS-CoV-2. Socio-economic, lifestyle, and behavioral factors may be partly responsible for this sex bias, but it is equally likely that differences in males’ and females’ immune responses are the driving factor for various reasons. Firstly, the difference was consistently and ubiquitously observed around the world in the selected time period (1). Additionally, another meta-analysis found that while age is another critical risk factor for severe COVID-19, males have a significantly higher risk of death than females at all ages above 30 years (51) and a similar sex bias had been previously observed in the SARS-CoV-1 and MERS-CoV outbreak (52), two ssRNA viruses closely related to SARS-CoV-2. This is consistent with the male sex bias observed in other ssRNA viruses such as hepatitis C and ebola (1, 53). TLR7 gene dosage is a known risk factor and area of interest in SLE, as overexpressing TLR7 in mice leads to SLE-like disease and TLR7 XCI escape has been connected to the high incidence of SLE in females (9).

Altogether, this suggests an actual biological and immunological difference in response to SARS-CoV-2 infection. XCI escape of TLR7 and subsequent increased expression of type 1 IFN could be part of the immunological explanation for the observed sex differences concerning severe COVID-19 susceptibility.

In COVID-19, the immune response is a double-edged sword. Its role after viral infection is to rapidly recognize and eliminate the virus but a late and uncontrolled immune response can lead to immunopathogenesis, such as observed in severe COVID-19 patients (22, 54, 55). The double-edged sword is particularly evident in the distinct clinical phases of severe COVID-19. Patients who later develop severe COVID-19 often show only mild symptoms early on, with low levels of cytokines, leukocytes, and type 1 IFNs. This early phase of severe COVID-19 is characterized by rapid viral replication without detectable pattern recognition receptor (PRR) and IFN triggering, opposite to what is typically seen in pathogenic ssRNA influenza viruses (56). Later, around 7-10 days after symptom onset, these patients rapidly deteriorate. Levels of inflammatory cytokines and chemokines (IL-1, IL-6 and TNF-α) increase to a delayed peak at this stage while lymphocyte levels are low and inflammatory dysregulation develops into acute respiratory distress syndrome (ARDS) (22, 57–59). These high levels of inflammatory cytokines is also called cytokine storm (CS) and is not uncommon in infectious diseases. It can result in systemic inflammation, organ failure, acute lung pathology, and ARDS, as seen in COVID-19 (22, 24, 55, 57).

Mild patients may induce a type 1 IFN-mediated innate immune response shortly after infection, obstructing viral replication at an early stage (60), opposite to what is seen in patients infected with highly pathogenic influenza viruses (56). Moreover, this is in contrast to severe patients who either show a delayed IFN peak or no peak at all. Continuously low as well as delayed peak levels of type 1 IFNs concurrent with a decreased viral load have been observed, suggesting that cause of the symptoms lies, at this stage of the disease, rather at the immune system than at the level of the initial viral infection (22, 57–59). A reduced type 1 IFN response concurrent with a consistent chemokine production has been observed both in vitro and in COVID-19 patients (61). A strong and timely, not delayed IFN response is considered protective. But if this response is uncontrolled and late, the increased cytokine and chemokines, many of which are interferon stimulated genes (ISGs), can contribute to development of ARDS. Increases in IL-6 and TNF-α are independent predictors of COVID-19 severity (62). As chemokines are often expressed by an induction of the NF-kB pathway, these results suggest that the NF-kB pathway is induced more than the type 1 IFN pathway (61). Demonstrating the importance of type 1 IFNs are observations of deleterious IRF7 mutations (63) and auto-antibodies against IFNs (64) associating with mortality in COVID-19 patients. Various studies reported an early IFN peak in mild to moderate patients and low IFN levels associated with severe disease and mortality (56–58, 60, 65–68). This profound inflammation is considered one of the leading causes of severity in the later phases of COVID-19 (22, 55, 57–59, 69). A study investigating immune differences in COVID-19 found that increased severity in male patients correlated to high cytokine levels, which was not the case for the females in this cohort (70). With biallelic expression of TLR7 by XCI escape in at least part of their immune cells, females could be expected to mount a more distinct type 1 IFN response early on after SARS-CoV-2 infection, associated with mild disease and possibly preventing them from progressing to severe disease and immunopathology. This is supported by the observed sex bias early in the pandemic of increased hospitalization and mortality in males compared to females and data about the differential role of the immune system in COVID-19. An experimental or clinical study that examines sex differences in the TLR7 and type 1 IFN response in COVID-19 is necessary to further explore this hypothesis.

Additionally, more recent SARS-CoV-2 strains and long-COVID are topics of interest. Analysis of 4000 COVID-19 cases in an app in which individuals can self-report their symptoms showed that female sex is associated with long COVID prevalence (71). This could be explained by the observation in a recent preprint of elevated IFN levels in long COVID patients at 8 months after infection (72), as the IFN response is usually more distinct in females (45–48).

The observation of the sex bias in COVID-19 severity was done in cases up until June 2020 (1), and with a rapidly mutating virus, this may be different in newer strains. While studies into more recent SARS-CoV-2 strains are slowly appearing, it is already emerging that the delta (B.1.617.2) variant come with an increased hospitalization risk (73). Studies about a possible sex bias in this variant have, to the best of our knowledge, not yet been published.

X linked differences in TLR7 expression may not only contribute to COVID-19 susceptibility, but also to hepatitis C virus (HCV) or human immunodeficiency virus (HIV) susceptibility (74). Females are more likely to clear HCV in acute infection than males and develop cirrhosis less often in chronic infection. These differences could in part be explained by increased TLR7 signaling, which is beneficial in HCV (74). SARS-CoV-1 and MERS-CoV showed a male sex bias and similarly to SARS-CoV-2, high IFN levels ‘pre-crisis’ and low IFN levels in the ‘crisis’ phase have been observed in these two viruses (56, 75–78). In contrast to COVID-19, females show faster HIV disease progression to acquired immune deficiency syndrome (AIDS) than males, which could be explained by more persistent inflammation in females contributing to immune impairment. It has been demonstrated that females have a higher TLR7-mediated pDC response to HIV-derived ligands, leading to increased type 1 IFN expression, resulting in increased activation of CD8+ T cells (45).

Finally, pediatric cases are of particular interest. Sex differences based on behavioral or hormonal factors may take place later in life, while genetic mechanisms, amongst which XCI escape, may be evident from birth onwards. XCI takes place in the fetus, but it remains unclear when XCI escape takes place. Patterns of XCI escape have been observed already in trophoblastic cells, but in the embryo proper, where XCI escape is probably still absent (43). Initial XCI research already suggested inactivation state may be dynamic over the course of life (79), and later studies suggest that XCI gene silencing may indeed be variable and gene- and tissue specific (41). An experimental mouse study showed age-associated loss of XCI for the Atp7a gene: the inactivated X chromosome (Xi) allele of Atp7a was silenced in young adult mice but Xi expression levels could rise up to 5% of the active X chromosome (Xa) in older mice (80). Such studies have not been conducted with human cells in vitro nor in vivo. It would certainly be interesting to examine possible differences in XCI status in the course of female life, for TLR7 and other genes alike (43, 81).

Generally, pediatric autoimmune diseases are more severe and more prevalent in females (82) and male newborns are more vulnerable to infections and death than their female counterparts (83), similar to the pattern seen in adults. Male sex is a risk factor for severe disease after respiratory syncytial virus (RSV) infection, a common childhood infection (82). In pediatric COVID-19, a wide spectrum of severity is seen. Generally, the COVID-19 prevalence is much lower than in adults and it seems that children are less at risk of a severe clinical outcome, although it is yet unclear why (84–90). One possibility is the higher basal expression of MDA5 and RIG-I in respiratory epithelium than adults, which results in a stronger innate response upon SARS-CoV-2 infection (91). Pediatric studies are underrepresented in COVID-19 research (89). Large scale age-stratified COVID-19 studies often do not further specify below the age of 30 or even 50, much less sex-specific studies (1, 92). Interestingly, a review analyzing 12,306 pediatric COVID-19 cases in the USA found no sex bias with equal male and female propensity (84). Another study analyzed age- and sex-stratified excess deaths in 29 high-income countries that possibly associated with the COVID-19 pandemic in 2020 and found no sex difference in excess deaths in children. The deaths in children were at lower or expected levels in this time period (93). In light of XCI escape, a possible explanation for this discrepancy is that escape of XCI increases over age (41, 80). Large COVID-19 cohort studies with clear age- and sex-stratified groups that include XCI parameters could shed light on this issue in the future.



Treatment Options

Despite the current world-wide increasing vaccination rate (94), effective treatment options are still necessary for those who are not (yet) vaccinated or for breakthrough cases in the already vaccinated population (95). There is a wide array of possible treatment strategies, some of which include the TLR7-IFN axis. TLR7 agonists have been proposed as treatment (22, 25, 96–99), which may prevent the onset of severe COVID-19 in symptomatic patients and even synergize with active antiviral therapy such as remdesivir. TLR7 agonists could be used to stimulate the innate immune response and induce type 1 IFNs and ISGs early in the disease to prevent progression to more severe phases. TLR7 agonists with several modes of administration are already available for other inflammatory diseases with various degrees of efficacy (100) and would need further examination for use in COVID-19, but, no clinical trial was started. Importantly, administration in later phases of COVID-19 is likely to lead to further immune dysregulation and pathology. As this stage is already characterized by immunopathology, further immune stimulation is not likely to relieve symptoms (25, 98). Successful early interventions which prevent late-stage immunopathology could even help to overcome sex-biased COVID-19 severity.

A possible danger that comes with TLR7 agonists is stimulation of both the pro-inflammatory NFkβ and IFN downstream pathways. Other upstream stimulators of IFNs independent of NFkβ could be considered, e.g. STING agonists which have been explored before in oncology immunotherapy and are recently studied in COVID-19 (101).

Since SARS-CoV-2 showed sensitivity in vitro to type 1 IFNs, administration of IFNs may be possible and especially beneficial in patients with a very dysregulated IFN response (60, 102) or patients with deleterious TLR7 or IFN mutations (27, 63, 64). No randomized clinical trials have been performed for type 1 IFNs in SARS-CoV-1, but clinical benefits have been suggested by comparing patients’ clinical outcomes. A retrospective cohort of 446 patients showed that early administration of IFN was associated with reduced hospital mortality while late IFN administrated increased mortality and delayed recovery (103), emphasizing that timing of the administration is crucial, similarly to TLR7 stimulation. Experiments showed that the addition of type 1 IFN to SARS-CoV-2 infected cells resulted in a striking decrease in viral replication, significantly more than in SARS-CoV-1 infected cells (60, 61). The potential window of opportunity for therapeutic IFNs is early after infection, since late administration may exacerbate the inflammatory state of advance disease (61, 104). There are currently several single and combination treatment trials with different administration routes of type 1 IFNs going on (24, 78, 104).

SARS-CoV-2 can obstruct IFN production: a transcriptome profiling study, which was conducted using in vitro tissue culture, ex vivo infection of primary cells and in vivo samples from COVID-19 patients and animals, found that SARS-CoV-2 yields lower levels of type 1 IFN, a lower response of ISGs, and high levels of chemokines, in comparison to other respiratory viruses. These results suggest viral IFN suppression (61). Additionally, host risk factors have been found: IFN-neutralizing autoantibodies or genes suppressing IFN production (63, 64, 67, 104). It has to be explored to what extent SARS-CoV-2 can really interfere with IFNs, and what this means for possible treatment strategies.

Interestingly, treatments with TLR7 antagonists have also been proposed (105). These may ameliorate the cytokine storm (CS) in patients in a later stage of COVID-19. Currently, a phase II clinical trial of a TLR7 antagonist (NCT04448756) is being completed, which investigated the antagonist’s possibilities in modulating the CS and immunopathology in severe COVID-19 patients. Suppression of the inflammatory response in later stage COVID-19 is a strategy which can be pursued in various ways. For instance, dexamethasone showed positive results in an early open-label trial (106).

TLR7 and type 1 IFN agonists as well as antagonists have been proposed, depending on the stage and timing of disease, emphasizing the immune system as a double-edged sword. When considering either of these strategies or other immunomodulatory strategies, the difference in TLR7 dosage between males and females needs to be taken into account.




Discussion

COVID-19 is a disease where the immune system is a double-edged sword, as visible in the different clinical stages. In severe patients, IFN levels are low early on and symptoms are moderate but later, IFN levels rise, and a cytokine storm subsequently occurs. Males are significantly more likely than females to experience severe disease and TLR7 XCI escape in females may be partly responsible for this. TLR7 has been observed to escape XCI in 30% of female immune cells, resulting in biallelic TLR7 expression and increased IFN production compared to males. Severe COVID-19 disease has been associated with a delayed IFN response and increased TLR7-mediated IFN production in females may prevent females from progressing to severe disease.

This sex-determined gene-dose effect may have important implications for managing the COVID-19 pandemic. While sex-based immunological differences are not new (2), sex as a biological variable is often neglected in clinical and especially pre-clinical research, especially in inflammatory diseases (107, 108). Unfortunately, COVID-19 research is no exception. A recent preprint established that the vast majority of many registered clinical trials for COVID-19 do not mention sex or gender as a recruitment criterium nor bring up sex or gender in the description of the analysis phase (109). Fortunately, two major vaccine trials (Pfizer, Moderna) did include sex-disaggregated primary outcome data. However, further analysis of sex-disaggregated adverse events and secondary outcomes was lacking, which could have set a reporting benchmark for future medical intervention reporting (108). Sex-disaggregated data are not provided by all countries and clinical reports about infection or mortality rate are often not sex-disaggregated, further complicating sex-specific analyses (110, 111). The Global Health 50/50 research initiative and the International Center for Research on Women have started the Sex, Gender and COVID-19 Project which tracks sex-disaggregated data and aims to further attract attention for this issue (111).

In various articles calling for investigation of TLR7 agonist or IFN administration early in COVID-19, sex is also not named as a factor to be taken into account (22, 24, 60, 78, 98, 99). This trend is especially surprising considering the gendered hospitalization and mortality rates of COVID-19 and many have called to reverse this (1, 108, 110, 112, 113). While several articles noted the possible sex differences in immune response to COVID-19, only few clinical and experimental studies have been conducted to investigate this further (70). While it is no exception, it is unfortunate to see this, especially in the light of a possible role for higher expression of TLR7 and IFN in females, probably allowing for sex-specific treatments. In treatment based on modulating TLR7 or administrating IFNs, the sex-determined TLR7 gene-dose effect by XCI escape may be especially important considering the importance of proper timing in the different disease phases. While many questions remain about sex differences in the TLR7-mediated IFN response, it is well-established that these differences exist. Not taking these into account in clinical studies is counter beneficial for exploring these differences. For example, it could be studied whether males need a higher dose of TLR7 agonist or antagonist, or IFN administration than females. Another question is the possible difference in TLR7 XCI status between ICU admitted and non-ICU admitted females.

Thus far, two recent studies have shown proof of XCI escape of TLR7 (20, 44) or examined its effect on IFN expression (20). Replications of these results would further support these findings, in conjunction with previously reported increased IFN response of female immune cells to TLR7 stimulation (45, 47, 48). In these studies, it seems likely that some degree of TLR7 XCI escape may play a role. However, little is known about the stability and duration of XCI and XCI escape: TLR7 is no exception. Insights in the mechanisms of Xist spreading and Xist maintenance may provide more answers into stability, modulation and timeline of XCI escape (50). A recent study demonstrated that Xist is continually required in adult human B cells to regulate several X-linked immune genes including TLR7 (81). Single-cell transcriptome data of female patients with either systemic lupus erythematosus (SLE) or COVID-19 revealed Xist dysregulation and overexpression of TLR7 in PBMCs and atypical B cells. These results suggest that Xist RNA maintenance is crucial for TLR7 silencing, and that Xist regulation may be subject to change in disease states such as COVID-19 or SLE and that Xist maintenance may alter TLR7 expression from the X chromosomes (81). Recently, methods for manipulating Xist have been developed for mouse pre-implantation embryos (114). However, there is still much to be learned about Xist maintenance and TLR7 transcription regulation alike, which could open up possibilities for further investigation of XCI escape and possible manipulation.

Other mechanisms than XCI escape may increase the protein dosage. Both TLR7 and TLR8 expression are under the influence of single nucleotide polymorphisms (SNPs) which can impact expression. For instance, the TLR7 SNP rs179008 is carried by approximately 30% of females of European descent and lowers TLR7 protein dosage in pDCs via controlling TLR7 mRNA translation. Affected pDCs from both pre and postmenopausal females showed an impaired TLR7-mediated IFN production, but affected male pDCs did not (115, 116). The TLR8 SNP rs3764880 influences expression of TLR8 isoforms in human monocytes and increases the amount of TLR8 protein (21). Additionally, genomic copy number variation (CNV) can also control TLR7 protein dosage, and this CNV has been associated to SLE incidence (117, 118). Thus, the amount of protein dosage is not only under control of epigenetic mechanisms such as XCI escape, but also by CNV and SNPs.

Other X-chromosomal genes may also be implicated in COVID-19, specifically Toll-Like Receptor 8 (TLR8) and TLR adaptor interacting with SLC15A4 on the lysosome (TASL). TLR8 is in many ways related to TLR7: both are encoded on the X chromosome in close proximity to each other. Both are activated by ssRNA and are complementary to each other in the detection of specific ssRNA motifs. TLR8 is absent in pDCs and B cells, but is expressed in myeloid cells such as monocytes, macrophages and neutrophils, where it can drive IFN-β production dependent on IRF5 (21, 119–121). Compared to TLR7, TLR8 is studied to a lesser extent (119, 122). TLR8 has been suggested to escape XCI in mice but this has not been studied yet in humans (123). In SLE, TLR7 dosage as well as TLR8 dosage are important determinants for the observed sex differences (19, 116, 120).

While SARS-CoV-2 ssRNA can trigger a TLR8-dependent inflammatory response from macrophages in vitro (124), it was suggested by others that TLR8 is of lower clinical importance in COVID-19, due to its lack of expression on pDCs and that no deleterious TLR8 variants were found in severe patients (11). TASL interacts with lysosomal SLC15A4 to activate IRF5 after TLR7 activation and is an interferon stimulated gene (ISG) (116). Similar to TLR7, both TLR8 and TASL are involved in the etiology of systemic lupus erythematosus (SLE), a female-biased autoimmune disease (19, 116, 120). TASL has not been associated with COVID-19 directly, but indirectly via its adaptor function in the TLR7-mediated IFN pathway. Despite its location on the X-chromosome, XCI escape of TASL has not been studied, so it is unclear if there are sex-based dosage differences of TASL.

This article proposed a hypothesis that XCI escape of TLR7 and the resulting gene-dose effect in females is beneficial in COVID-19. Unfortunately, it will prove difficult to establish a causal link between this TLR7 gene-dose effect and increased hospitalization and mortality in males. It seems important to first establish interindividual variation in biallelic expression between mild and severe COVID-19 female patients. Recently, software has been developed to include X chromosomal associations, such as XCI escape, into GWAS analyses (30), but this cannot associate gene dosage, only genetic variation such as SNPs. However, it could be a way forward, for instance in identifying the genetic make-up of female patients who experience severe COVID-19. Various methods are available to study XCI escape (43, 125). RNA sequencing (RNAseq) and expression data to identify XCI escape relies on good methods to differentiate alleles, usually SNP frequencies to distinguish alleles at multiple loci. Single-cell hybridization methods such as RNA fluorescence in situ hybridization (RNA-FISH) used by Souyris et al. (44) do not rely on SNPs and can be used to identify cell types within a tissue. Bulk RNAseq methods could be used for larger-scale investigations into quantitative differences in TLR7 expression between males and females, between males and females of various ages, interindividual variability between females and tissue variability.

Age is another risk factor for severe COVID-19. Ageing differentially affects the male and female immune system, with a male trend towards accelerated immune ageing (1, 126). Ageing might also have an effect on XCI escape, which could be established in bulk RNAseq studies. Especially the role of estrogens may be important here, considering that females after menopause experience a significant drop in estrogen levels. Estrogens are known to modulate the female immune response and protect against infection severity via upregulating both the innate and adaptive immune response (2). Estrogens and to a lesser extent progesterone can enhance the TLR7-mediated IFN production by pDCs (45, 127) and blocking estrogen receptor (ER) signaling inhibits this IFN production (48, 127). Treating SARS-CoV-1 infected female mice with ovariectomy or an ER antagonist significantly increased mortality, indicating a protective effect of ER signaling in mice (52). Possibly, this protective effect was mediated by TLR7-mediated IFN signaling, but this was not studied. If ER signaling indeed enhances TLR7 signaling, the menopausal estrogen drop could mean that the protective effect of increased TLR7 signaling in females would be partly lost and the female sex bias in COVID-19 would be diminished.

TLR7 is also expressed in stimulated B cells, where it is involved in B cell receptor activation, antibody production and recognizing foreign nucleic acids (128). TLR7 XCI escape was also demonstrated in B cells (44)and increased B cell stimulation and its effects may also be relevant in COVID-19.

Besides the TLR7 gene-dose effect caused by XCI escape, other biological differences between the sexes may influence the sex bias observed in COVID-19. Other factors are differential ACE2 expression, generally increased T cell activity and immunoglobulin production by B cells in females, other X-encoded immune genes, and activity of sex hormones (1, 51).

Interestingly, ACE2, the entry receptor of SARS-CoV-2, is encoded on the short arm of the X chromosome in sites that are known to escape XCI. Despite this localization, XCI escape of ACE2 has not been experimentally demonstrated in the way that TLR7 has been with RNA fluorescence in situ hybridization (RNA FISH). Male-female expression differences could be used as an indirect proxy measurement for XCI status. Data from a genotype-tissue expression study shows a tissue-specific heterogenous expression pattern which is male-biased in most tissues (40) while XCI escape would show a female-biased expression pattern. However, there are indications that ACE2 expression does not necessarily correlate to ACE2 enzyme activity due to regulation by sex hormones. Therefore, it is necessary to study at the transcriptional, translational and post-translational level (40, 62).

Unexpectedly, ACE2 was recently identified as an ISG (interferon-inducible gene) in respiratory epithelial cells (129). The antiviral type 1 IFN response may allow for viral entry in neighboring cells by upregulating ACE2 expression as SARS-CoV-2 exploits the ACE2-mediated tissue-protective IFN response to gain cellular entry. This raises questions about IFN treatment, because of the possibility of increased cellular entry by increased ACE2 levels. However, patients receiving angiotensin II receptor blockers and ACE inhibitors, widely used antihypertensives that increase ACE2 expression, showed a lower COVID-19 mortality rate compared to patients not receiving these antihypertensives (130). These results imply that ACE2 is important but not sufficient for viral entry, and that other co-receptors such as serine protease 2 transmembrane protein (TMPRSS2) may also be needed. Of interest, IFN-β increases ACE2 expression, while IFNα does not, suggesting that the type 1 IFN subtypes may have distinct functions (130).

Various other immune genes are encoded on the X chromosome and mutations in X-linked immune genes are known to affect males more than females. For instance, a mutation in interleukin-2 receptor subunit gamma (IL2RG) causes severe combined immunodeficiency (SCID). Males with SCID have impaired cellular and humoral immunity, resulting in increased susceptibility for infections, with a symptom onset before the age of one (131). Likewise, other X-linked immune genes may add to the observed sex bias in COVID-19, possibly by escape of XCI. IL-1 receptor-associated kinase-1 (IRAK-1) is the most studied gene regarding the sex bias in inflammatory responses. It escapes XCI, favoring an increased NFκB-dependent gene transcription response in females (132). CD40L and CXCR3, which have an important role in the T cell response, are both encoded at the X chromosome and escape XCI. It is unknown if the sex-differential role of T cells has a role in COVID-19 (51).

Additionally, The X chromosome encodes for 10% of human microRNAs (miRNAs), many of which are associated with modulation of the immune response. Dysregulated expression of miRNAs has been associated with various inflammatory diseases and may also contribute to the sex differences in COVID-19 (54, 132) but there is yet too little evidence to attribute specific sex-typical immune responses to X-linked miRNAs (2).

To conclude, there are clear indications for an X chromosomal TLR7 gene-dose effect in COVID-19. As sex-determined variables are currently understudied, and the effects of other X-related immune genes and TLR7 modulators are unclear, future research should consider to shed more light on the sex bias in COVID-19.



Data Availability Statement

The original contributions presented in the study are included in the article/supplementary material, further inquiries can be directed to the corresponding author.



Author Contributions

Research topic was mutually agreed on by both authors, research was primarily conducted by AS, writing was initiated by AS. AS was supervised by TV during the research period, TV supervised and corrected writing. All authors contributed to the article and approved the submitted version.



Acknowledgments

Figures were created with (Biorender.com).



References

1. Peckham, H, de Gruijter, NM, Raine, C, Radziszewska, A, Ciurtin, C, Wedderburn, LR, et al. Male Sex Identified by Global COVID-19 Meta-Analysis as a Risk Factor for Death and ITU Admission. Nat Commun (2020) 11:1–10. doi: 10.1038/s41467-020-19741-6

2. Rahimi, G, Rahimi, B, Panahi, M, Abkhiz, S, Saraygord-Afshari, N, Milani, M, et al. An Overview of Betacoronaviruses-Associated Severe Respiratory Syndromes, Focusing on Sex-Type-Specific Immune Responses. Int Immunopharmacol (2021) 92:107365. doi: 10.1016/j.intimp.2021.107365

3. Klein, SL, and Huber, S. Sex Differences in Susceptibility to Viral Infection. In:  Klein, SL, and Roberts, C, editors. Sex Hormones and Immunity to Infection. Berlin-Heidelberg: Springer, Berlin, Heidelberg (2010). p. 93–122. doi: 10.1007/978-3-642-02155-8_4

4. Libert, C, Dejager, L, and Pinheiro, I. The X Chromosome in Immune Functions: When a Chromosome Makes the Difference. Nat Rev Immunol (2010) 10:594–604. doi: 10.1038/nri2815

5. Markle, JG, and Fish, EN. SeXX Matters in Immunity. Trends Immunol (2014) 35:97–104. doi: 10.1016/j.it.2013.10.006

6. Klein, SL, and Flanagan, KL. Sex Differences in Immune Responses. Nat Rev Immunol (2016) 16:626–38. doi: 10.1038/nri.2016.90

7. Jacobsen, H, and Klein, SL. Sex Differences in Immunity to Viral Infections. Front Immunol (2021) 12:720952. doi: 10.3389/FIMMU.2021.720952

8. Spolarics, Z, Peña, G, Qin, Y, Donnelly, RJ, and Livingston, DH. Inherent X-Linked Genetic Variability and Cellular Mosaicism Unique to Females Contribute to Sex-Related Differences in the Innate Immune Response. Front Immunol (2017) 8:1455. doi: 10.3389/fimmu.2017.01455

9. Souyris, M, Mejía, JE, Chaumeil, J, and Guéry, JC. Female Predisposition to TLR7-Driven Autoimmunity: Gene Dosage and the Escape From X Chromosome Inactivation. Semin Immunopathol (2019) 41:153–64. doi: 10.1007/s00281-018-0712-y

10. Van Der Made, CI, Simons, A, Schuurs-Hoeijmakers, J, Van Den Heuvel, G, Mantere, T, Kersten, S, et al. Presence of Genetic Variants Among Young Men With Severe COVID-19. JAMA - J Am Med Assoc (2020) 324:663–73. doi: 10.1001/jama.2020.13719

11. Asano, T, Boisson, B, Onodi, F, Matuozzo, D, Moncada-Velez, M, Renkilaraj, MRLM, et al. X-Linked Recessive TLR7 Deficiency in ~1% of Men Under 60 Years Old With Life-Threatening COVID-19. Sci Immunol (2021) 6:eabl4348. doi: 10.1126/SCIIMMUNOL.ABL4348

12. Misra, DP, Agarwal, V, Gasparyan, AY, and Zimba, O. Rheumatologists’ Perspective on Coronavirus Disease 19 (COVID-19) and Potential Therapeutic Targets. Clin Rheumatol (2020) 39:2055–62. doi: 10.1007/s10067-020-05073-9

13. Kouwaki, T, Nishimura, T, Wang, G, and Oshiumi, H. RIG-I-Like Receptor-Mediated Recognition of Viral Genomic RNA of Severe Acute Respiratory Syndrome Coronavirus-2 and Viral Escape From the Host Innate Immune Responses. Front Immunol (2021) 12:2534. doi: 10.3389/FIMMU.2021.700926

14. Rebendenne, A, Chaves Valadão, AL, Tauziet, M, Maarifi, G, Bonaventure, B, McKellar, J, et al. SARS-CoV-2 Triggers an MDA-5-Dependent Interferon Response Which Is Unable To Control Replication in Lung Epithelial Cells. J Virol (2021) 95:e02415–20. doi: 10.1128/JVI.02415-20

15. Thorne, LG, Reuschl, A-K, Zuliani-Alvarez, L, Whelan, MVX, Turner, J, Noursadeghi, M, et al. SARS-CoV-2 Sensing by RIG-I and MDA5 Links Epithelial Infection to Macrophage Inflammation. EMBO J (2021) 40:e107826. doi: 10.15252/EMBJ.2021107826

16. Gantier, MP, Tong, S, Behlke, MA, Xu, D, Phipps, S, Foster, PS, et al. TLR7 Is Involved in Sequence-Specific Sensing of Single-Stranded RNAs in Human Macrophages. J Immunol (2008) 180:2117–24. doi: 10.4049/JIMMUNOL.180.4.2117

17. Shibata, T, Ohto, U, Nomura, S, Kibata, K, Motoi, Y, Zhang, Y, et al. Guanosine and its Modified Derivatives are Endogenous Ligands for TLR7. Int Immunol (2016) 28:211–22. doi: 10.1093/INTIMM/DXV062

18. Guiducci, C, Coffman, RL, and Barrat, FJ. Signalling Pathways Leading to IFN-α Production in Human Plasmacytoid Dendritic Cell and the Possible Use of Agonists or Antagonists of TLR7 and TLR9 in Clinical Indications. J Intern Med (2009) 265:43–57. doi: 10.1111/j.1365-2796.2008.02050.x

19. Heinz, LX, Lee, JE, Kapoor, U, Kartnig, F, Sedlyarov, V, Papakostas, K, et al. TASL is the SLC15A4-Associated Adaptor for IRF5 Activation by TLR7–9. Nature (2020) 581:316–22. doi: 10.1038/s41586-020-2282-0

20. Hagen, SH, Henseling, F, Hennesen, J, Savel, H, Delahaye, S, Richert, L, et al. Heterogeneous Escape From X Chromosome Inactivation Results in Sex Differences in Type I IFN Responses at the Single Human pDC Level. Cell Rep (2020) 33:108485. doi: 10.1016/j.celrep.2020.108485

21. Gantier, MP, Irving, AT, Kaparakis-Liaskos, M, Xu, D, Evans, VA, Cameron, PU, et al. Genetic Modulation of TLR8 Response Following Bacterial Phagocytosis. Hum Mutat (2010) 31:1069–79. doi: 10.1002/HUMU.21321

22. Angelopoulou, A, Alexandris, N, Konstantinou, E, Mesiakaris, K, Zanidis, C, Farsalinos, K, et al. Imiquimod - A Toll Like Receptor 7 Agonist - Is an Ideal Option for Management of COVID 19. Environ Res (2020) 188:109858. doi: 10.1016/j.envres.2020.109858

23. Moreno-Eutimio, MA, López-Macías, C, and Pastelin-Palacios, R. Bioinformatic Analysis and Identification of Single-Stranded RNA Sequences Recognized by TLR7/8 in the SARS-CoV-2, SARS-CoV, and MERS-CoV Genomes. Microbes Infect (2020) 22:226–9. doi: 10.1016/j.micinf.2020.04.009

24. Schreiber, G. The Role of Type I Interferons in the Pathogenesis and Treatment of COVID-19. Front Immunol (2020) 11:595739. doi: 10.3389/fimmu.2020.595739

25. Khanmohammadi, S, and Rezaei, N. Role of Toll-Like Receptors in the Pathogenesis of COVID-19. J Med Virol (2021) 93:2735–9. doi: 10.1002/jmv.26826

26. Solanich, X, Vargas-Parra, G, van der Made, CI, Simons, A, Schuurs-Hoeijmakers, J, Antolí, A, et al. Genetic Screening for TLR7 Variants in Young and Previously Healthy Men With Severe COVID-19. Front Immunol (2021) 12:719115. doi: 10.3389/FIMMU.2021.719115

27. Fallerini, C, Daga, S, Mantovani, S, Benetti, E, Picchiotti, N, Francisci, D, et al. Association of Toll-Like Receptor 7 Variants With Life-Threatening COVID-19 Disease in Males: Findings From a Nested Case-Control Study. Elife (2021) 10:1–15. doi: 10.7554/eLife.67569

28. Jing, Y, Shaheen, E, Drake, R, Chen, N, Gravenstein, S, and Deng, Y. Aging Is Associated With a Numerical and Functional Decline in Plasmacytoid Dendritic Cells, Whereas Myeloid Dendritic Cells Are Relatively Unaltered in Human Peripheral Blood. Hum Immunol (2009) 70:777–84. doi: 10.1016/J.HUMIMM.2009.07.005

29. Bianchi, I, Lleo, A, Gershwin, ME, and Invernizzi, P. The X Chromosome and Immune Associated Genes. J Autoimmun (2012) 38:J187–92. doi: 10.1016/j.jaut.2011.11.012

30. Wang, J, Yu, R, and Shete, S. X-Chromosome Genetic Association Test Accounting for X-Inactivation, Skewed X-Inactivation, and Escape From X-Inactivation. Genet Epidemiol (2014) 38:483–93. doi: 10.1002/gepi.21814

31. Schurz, H, Salie, M, Tromp, G, Hoal, EG, Kinnear, CJ, and Möller, M. The X Chromosome and Sex-Specific Effects in Infectious Disease Susceptibility. Hum Genomics (2019) 13:2. doi: 10.1186/s40246-018-0185-z

32. Webb, S, de Vries, TJ, and Kaufman, MH. The Differential Staining Pattern of the X Chromosome in the Embryonic and Extraembryonic Tissues of Postimplantation Homozygous Tetraploid Mouse Embryos. Genet Res (1992) 59:205–14. doi: 10.1017/S0016672300030494

33. Shvetsova, E, Sofronova, A, Monajemi, R, Gagalova, K, Draisma, HHM, White, SJ, et al. Skewed X-Inactivation is Common in the General Female Population. Eur J Hum Genet (2019) 27:455–65. doi: 10.1038/s41431-018-0291-3

34. Peeters, SB, Cotton, AM, and Brown, CJ. Variable Escape From X-Chromosome Inactivation: Identifying Factors That Tip the Scales Towards Expression. BioEssays (2014) 36:746–56. doi: 10.1002/bies.201400032

35. Disteche, CM, and Berletch, JB. X-Chromosome Inactivation and Escape. J Genet (2015) 94:591–9. doi: 10.1007/s12041-015-0574-1

36. Wutz, A, and Valencia, K. Recent Insights Into the Regulation of X-Chromosome Inactivation. Adv Genomics Genet (2015) 5:227–38. doi: 10.2147/AGG.S60399

37. Avner, P, and Heard, E. X-Chromosome Inactivation: Counting, Choice and Initiation. Nat Rev Genet (2001) 2:59–67. doi: 10.1038/35047580

38. Carrel, L, and Willard, HF. X-Inactivation Profile Reveals Extensive Variability in X-Linked Gene Expression in Females. Nature (2005) 434:400–4. doi: 10.1038/nature03479

39. Berletch, JB, Yang, F, Xu, J, Carrel, L, and Disteche, CM. Genes That Escape From X Inactivation. Hum Genet (2011) 130:237–45. doi: 10.1007/s00439-011-1011-z

40. Tukiainen, T, Villani, AC, Yen, A, Rivas, MA, Marshall, JL, Satija, R, et al. Landscape of X Chromosome Inactivation Across Human Tissues. Nature (2017) 550:244–8. doi: 10.1038/nature24265

41. Salstrom, JL. Minireview X-Inactivation and the Dynamic Maintenance of Gene Silencing. Mol Genet Metab (2007) 92:56–62. doi: 10.1016/j.ymgme.2007.05.015

42. Carrel, L, Cottle, AA, Goglin, KC, and Willard, HF. A First-Generation X-Inactivation Profile of the Human X Chromosome. Proc Natl Acad Sci USA (1999) 96:14440–4. doi: 10.1073/pnas.96.25.14440

43. Ma, W, Bonora, G, Berletch, JB, Deng, X, Noble, WS, and Disteche, CM. X-Chromosome Inactivation and Escape From X Inactivation in Mouse. In:  Sado, T, editor. X Chromosome Inactivation: Methods and Protocols (Methods in Molecular Biology). New York: Humana Press Inc. (2018). p. 205–19. doi: 10.1007/978-1-4939-8766-5_15

44. Souyris, M, Cenac, C, Azar, P, Daviaud, D, Canivet, A, Grunenwald, S, et al. TLR7 Escapes X Chromosome Inactivation in Immune Cells. Sci Immunol (2018) 3:eaap8855. doi: 10.1126/sciimmunol.aap8855

45. Meier, A, Chang, JJ, Chan, ES, Pollard, RB, Sidhu, HK, Kulkarni, S, et al. Sex Differences in the Toll-Like Receptor-Mediated Response of Plasmacytoid Dendritic Cells to HIV-1. Nat Med (2009) 15:955–9. doi: 10.1038/nm.2004

46. Berghöfer, B, Frommer, T, Haley, G, Fink, L, Bein, G, and Hackstein, H. TLR7 Ligands Induce Higher IFN-α Production in Females. J Immunol (2006) 177:2088–96. doi: 10.4049/jimmunol.177.4.2088

47. Ziegler, SM, Beisel, C, Sutter, K, Griesbeck, M, Hildebrandt, H, Hagen, SH, et al. Human pDCs Display Sex-Specific Differences in Type I Interferon Subtypes and Interferon α/β Receptor Expression. Eur J Immunol (2017) 47:251–6. doi: 10.1002/eji.201646725

48. Laffont, S, Rouquié, N, Azar, P, Seillet, C, Plumas, J, Aspord, C, et al. X-Chromosome Complement and Estrogen Receptor Signaling Independently Contribute to the Enhanced TLR7-Mediated IFN-α Production of Plasmacytoid Dendritic Cells From Women. J Immunol (2014) 193:5444–52. doi: 10.4049/jimmunol.1303400

49. Webb, K, Peckham, H, Radziszewska, A, Menon, M, Oliveri, P, Simpson, F, et al. Sex and Pubertal Differences in the Type 1 Interferon Pathway Associate With Both X Chromosome Number and Serum Sex Hormone Concentration. Front Immunol (2019) 9:3167. doi: 10.3389/fimmu.2018.03167

50. Sarmiento, L, Svensson, J, Barchetta, I, Giwercman, A, and Cilio, CM. Copy Number of the X-Linked Genes TLR7 and CD40L Influences Innate and Adaptive Immune Responses. Scand J Immunol (2019) 90:2–7. doi: 10.1111/sji.12776

51. Scully, EP, Haverfield, J, Ursin, RL, Tannenbaum, C, and Klein, SL. Considering How Biological Sex Impacts Immune Responses and COVID-19 Outcomes. Nat Rev Immunol (2020) 20:442–7. doi: 10.1038/s41577-020-0348-8

52. Channappanavar, R, Fett, C, Mack, M, Ten Eyck, PP, Meyerholz, DK, and Perlman, S. Sex-Based Differences in Susceptibility to Severe Acute Respiratory Syndrome Coronavirus Infection. J Immunol (2017) 198:4046–53. doi: 10.4049/jimmunol.1601896

53. Baden, R, Rockstroh, JK, and Buti, M. Natural History and Management of Hepatitis C: Does Sex Play a Role? J Infect Dis (2014) 209:S81–5. doi: 10.1093/INFDIS/JIU057

54. Li, Y, Jerkic, M, Slutsky, AS, and Zhang, H. Molecular Mechanisms of Sex Bias Differences in COVID-19 Mortality. Crit Care (2020) 24:405. doi: 10.1186/s13054-020-03118-8

55. Ye, Q, Wang, B, and Mao, J. The Pathogenesis and Treatment of the Cytokine Storm in COVID-19. J Infect (2020) 80:607–13. doi: 10.1016/j.jinf.2020.03.037

56. Acharya, D, Liu, GQ, and Gack, MU. Dysregulation of Type I Interferon Responses in COVID-19. Nat Rev Immunol (2020) 20:397–8. doi: 10.1038/s41577-020-0346-x

57. Jamilloux, Y, Henry, T, Belot, A, Viel, S, Fauter, M, El Jammal, T, et al. Should We Stimulate or Suppress Immune Responses in COVID-19? Cytokine and Anti-Cytokine Interventions. Autoimmun Rev (2020) 19:102567. doi: 10.1016/j.autrev.2020.102567

58. Hadjadj, J, Yatim, N, Barnabei, L, Corneau, A, Boussier, J, Smith, N, et al. Impaired Type I Interferon Activity and Inflammatory Responses in Severe COVID-19 Patients. Science (2020) 369:718–24. doi: 10.1126/science.abc6027

59. Mannino, F, Bitto, A, and Irrera, N. Severe Acute Respiratory Syndrome Coronavirus-2 Induces Cytokine Storm and Inflammation During Coronavirus Disease 19: Perspectives and Possible Therapeutic Approaches. Front Pharmacol (2020) 11:592169. doi: 10.3389/fphar.2020.592169

60. Mantlo, E, Bukreyeva, N, Maruyama, J, Paessler, S, and Huang, C. Antiviral Activities of Type I Interferons to SARS-CoV-2 Infection. Antiviral Res (2020) 179:104811. doi: 10.1016/j.antiviral.2020.104811

61. Blanco-Melo, D, Nilsson-Payant, BE, Liu, W-CC, Uhl, S, Hoagland, D, Møller, R, et al. Imbalanced Host Response to SARS-CoV-2 Drives Development of COVID-19. Cell (2020) 181:1036–45.e9. doi: 10.1016/j.cell.2020.04.026

62. Viveiros, A, Rasmuson, J, Vu, J, Mulvagh, SL, Yip, CYY, Norris, CM, et al. Sex Differences in COVID-19: Candidate Pathways, Genetics of ACE2, and Sex Hormones. Am J Physiol Heart Circ Physiol (2021) 320:H296–304. doi: 10.1152/AJPHEART.00755.2020

63. Zhang, Q, Liu, Z, Moncada-Velez, M, Chen, J, Ogishi, M, Bigio, B, et al. Inborn Errors of Type I IFN Immunity in Patients With Life-Threatening COVID-19. Science (2020) 370:eabd4570. doi: 10.1126/SCIENCE.ABD4570

64. Bastard, P, Rosen, LB, Zhang, Q, Michailidis, E, Hoffmann, HH, Zhang, Y, et al. Autoantibodies Against Type I IFNs in Patients With Life-Threatening COVID-19. Science (2020) 370:eabd4585. doi: 10.1126/SCIENCE.ABD4585

65. Trouillet-Assant, S, Viel, S, Gaymard, A, Pons, S, Richard, JC, Perret, M, et al. Type I IFN Immunoprofiling in COVID-19 Patients. J Allergy Clin Immunol (2020) 146:206–8.e2. doi: 10.1016/j.jaci.2020.04.029

66. Qin, C, Zhou, L, Hu, Z, Zhang, S, Yang, S, Tao, Y, et al. Dysregulation of Immune Response in Patients With Coronavirus 2019 (COVID-19) in Wuhan, China. Clin Infect Dis (2020) 71:762–8. doi: 10.1093/cid/ciaa248

67. Lopez, J, Mommert, M, Mouton, W, Pizzorno, A, Brengel-Pesce, K, Mezidi, M, et al. Early Nasal Type I IFN Immunity Against SARS-CoV-2 Is Compromised in Patients With Autoantibodies Against Type I IFNs. J Exp Med (2021) 218:e20211211. doi: 10.1084/jem.20211211

68. Ziegler, CGK, Miao, VN, Owings, AH, Navia, AW, Tang, Y, Bromley, JD, et al. Impaired Local Intrinsic Immunity to SARS-CoV-2 Infection in Severe COVID-19. bioRxiv (2021). doi: 10.1101/2021.02.20.431155

69. Channappanavar, R, and Perlman, S. Pathogenic Human Coronavirus Infections: Causes and Consequences of Cytokine Storm and Immunopathology. Semin Immunopathol (2017) 39:529–39. doi: 10.1007/s00281-017-0629-x

70. 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) 588:315–20. doi: 10.1038/S41586-020-2700-3

71. Sudre, CH, Murray, B, Varsavsky, T, Graham, MS, Penfold, RS, Bowyer, RC, et al. Attributes and Predictors of Long COVID. Nat Med (2021) 27:626–31. doi: 10.1038/s41591-021-01292-y

72. Phetsouphanh, C, Darley, D, Howe, A, Munier, CML, Patel, SK, Juno, JA, et al. Immunological Dysfunction Persists for 8 Months Following Initial Mild-Moderate SARS-CoV-2 Infection. medRxiv (2021). doi: 10.1101/2021.06.01.21257759

73. Twohig, KA, Nyberg, T, Zaidi, A, Thelwall, S, Sinnathamby, MA, Aliabadi, S, et al. Hospital Admission and Emergency Care Attendance Risk for SARS-CoV-2 Delta (B.1.617.2) Compared With Alpha (B.1.1.7) Variants of Concern: A Cohort Study. Lancet Infect Dis (2021) 21:00475–8. doi: 10.1016/S1473-3099(21)00475-8

74. Fischer, J, Jung, N, Robinson, N, and Lehmann, C. Sex Differences in Immune Responses to Infectious Diseases. Infection (2015) 43:399–403. doi: 10.1007/s15010-015-0791-9

75. Channappanavar, R, Fehr, AR, Vijay, R, Mack, M, Zhao, J, Meyerholz, DK, et al. Dysregulated Type I Interferon and Inflammatory Monocyte-Macrophage Responses Cause Lethal Pneumonia in SARS-CoV-Infected Mice. Cell Host Microbe (2016) 19:181–93. doi: 10.1016/j.chom.2016.01.007

76. Channappanavar, R, Fehr, AR, Zheng, J, Wohlford-Lenane, C, Abrahante, JE, Mack, M, et al. IFN-I Response Timing Relative to Virus Replication Determines MERS Coronavirus Infection Outcomes. J Clin Invest (2019) 129:3625–39. doi: 10.1172/JCI126363

77. Cervantes-Barragan, L, Züst, R, Weber, F, Spiegel, M, Lang, KS, Akira, S, et al. Control of Coronavirus Infection Through Plasmacytoid Dendritic-Cell- Derived Type I Interferon. Blood (2007) 109:1131–7. doi: 10.1182/blood-2006-05-023770

78. Park, A, and Iwasaki, A. Type I and Type III Interferons - Induction, Signaling, Evasion, and Application to Combat COVID-19. Cell (2020) 27:870–8. doi: 10.1016/j.chom.2020.05.008

79. Wareham, KA, Lyon, MF, Glenister, PH, and Williams, ED. Age Related Reactivation of an X-Linked Gene. Nature (1987) 327:725–7. doi: 10.1038/327725a0

80. Bennett-Baker, PE, Wilkowski, J, and Burke, DT. Age-Associated Activation of Epigenetically Repressed Genes in the Mouse. Genetics (2003) 165:2055–62. doi: 10.1093/GENETICS/165.4.2055

81. Yu, B, Qi, Y, Li, R, Shi, Q, Satpathy, AT, and Chang, HY. B Cell-Specific XIST Complex Enforces X-Inactivation and Restrains Atypical B Cells. Cell (2021) 184:1790–803.e17. doi: 10.1016/j.cell.2021.02.015

82. Muenchhoff, M, and Goulder, PJR. Sex Differences in Pediatric Infectious Diseases. J Infect Dis (2014) 209:S120–6. doi: 10.1093/INFDIS/JIU232

83. Sawyer, CC. Child Mortality Estimation: Estimating Sex Differences in Childhood Mortality Since the 1970s. PloS Med (2012) 9:e1001287. doi: 10.1371/JOURNAL.PMED.1001287

84. Parcha, V, Booker, KS, Kalra, R, Kuranz, S, Berra, L, Arora, G, et al. A Retrospective Cohort Study of 12,306 Pediatric COVID-19 Patients in the United States. Sci Rep (2021) 11:1–10. doi: 10.1038/S41598-021-89553-1

85. Sinha, IP, Harwood, R, Semple, MG, Hawcutt, DB, Thursfield, R, Narayan, O, et al. COVID-19 Infection in Children. Lancet Respir Med (2020) 8:446–7. doi: 10.1016/S2213-2600(20)30152-1

86. She, J, Liu, L, and Liu, W. COVID-19 Epidemic: Disease Characteristics in Children. J Med Virol (2020) 92:747–54. doi: 10.1002/JMV.25807

87. Ludvigsson, JF. Systematic Review of COVID-19 in Children Shows Milder Cases and a Better Prognosis Than Adults. Acta Paediatr (2020) 109:1088–95. doi: 10.1111/APA.15270

88. Viner, RM, Mytton, OT, Bonell, C, Melendez-Torres, GJ, Ward, J, Hudson, L, et al. Susceptibility to SARS-CoV-2 Infection Among Children and Adolescents Compared With Adults: A Systematic Review and Meta-Analysis. JAMA Pediatr (2021) 175:143–56. doi: 10.1001/JAMAPEDIATRICS.2020.4573

89. Gaythorpe, KAM, Bhatia, S, Mangal, T, Unwin, HJT, Imai, N, Cuomo-Dannenburg, G, et al. Children’s Role in the COVID-19 Pandemic: A Systematic Review of Early Surveillance Data on Susceptibility, Severity, and Transmissibility. Sci Rep (2021) 11:1–14. doi: 10.1038/s41598-021-92500-9

90. Massalska, MA, and Gober, H-J. How Children Are Protected From COVID-19? A Historical, Clinical, and Pathophysiological Approach to Address COVID-19 Susceptibility. Front Immunol (2021) 12:646894. doi: 10.3389/FIMMU.2021.646894

91. Loske, J, Röhmel, J, Lukassen, S, Stricker, S, Magalhães, VG, Liebig, J, et al. Pre-Activated Antiviral Innate Immunity in the Upper Airways Controls Early SARS-CoV-2 Infection in Children. Nat Biotechnol (2021). doi: 10.1038/s41587-021-01037-9

92. Ahrenfeldt, LJ, Otavova, M, Christensen, K, and Lindahl-Jacobsen, R. Sex and Age Differences in COVID-19 Mortality in Europe. Wien Klin Wochenschr (2020) 133:393–8. doi: 10.1007/S00508-020-01793-9

93. Islam, N, Shkolnikov, VM, Acosta, RJ, Klimkin, I, Kawachi, I, Irizarry, RA, et al. Excess Deaths Associated With Covid-19 Pandemic in 2020: Age and Sex Disaggregated Time Series Analysis in 29 High Income Countries. BMJ (2021) 373:n1137. doi: 10.1136/BMJ.N1137

94.WHO Coronavirus (COVID-19) Dashboard | WHO Coronavirus (COVID-19) Dashboard With Vaccination Data. Available at: https://covid19.who.int/ (Accessed October 3, 2021).

95. Thompson, MG, Burgess, JL, Naleway, AL, Tyner, H, Yoon, SK, Meece, J, et al. Prevention and Attenuation of Covid-19 With the BNT162b2 and mRNA-1273 Vaccines. N Engl J Med (2021) 385:320–9. doi: 10.1056/NEJMOA2107058

96. Poulas, K, Farsalinos, K, and Zanidis, C. Activation of TLR7 and Innate Immunity as an Efficient Method Against COVID-19 Pandemic: Imiquimod as a Potential Therapy. Front Immunol (2020) 11:1373. doi: 10.3389/fimmu.2020.01373

97. Florindo, HF, Kleiner, R, Vaskovich-Koubi, D, Acúrcio, RC, Carreira, B, Yeini, E, et al. Immune-Mediated Approaches Against COVID-19. Nat Nanotechnol (2020) 15:630–45. doi: 10.1038/s41565-020-0732-3

98. Onofrio, L, Caraglia, M, Facchini, G, Margherita, V, de Placido, S, and Buonerba, C. Toll-Like Receptors and COVID-19: A Two-Faced Story With an Exciting Ending. Futur Sci OA (2020) 6:FSO605. doi: 10.2144/fsoa-2020-0091

99. Patra, R, Chandra Das, N, and Mukherjee, S. Targeting Human TLRs to Combat COVID-19: A Solution? J Med Virol (2021) 93:615–7. doi: 10.1002/jmv.26387

100. Patinote, C, Karroum, NB, Moarbess, G, Cirnat, N, Kassab, I, Bonnet, PA, et al. Agonist and Antagonist Ligands of Toll-Like Receptors 7 and 8: Ingenious Tools for Therapeutic Purposes. Eur J Med Chem (2020) 193:112238. doi: 10.1016/j.ejmech.2020.112238

101. Humphries, F, Shmuel-Galia, L, Jiang, Z, Wilson, R, Landis, P, Ng, SL, et al. A Diamidobenzimidazole STING Agonist Protects Against SARS-CoV-2 Infection. Sci Immunol (2021) 6:eabi9002. doi: 10.1126/SCIIMMUNOL.ABI9002

102. Lokugamage, KG, Hage, A, de Vries, M, Valero-Jimenez, AM, Schindewolf, C, Dittmann, M, et al. Type I Interferon Susceptibility Distinguishes SARS-CoV-2 From SARS-CoV. J Virol (2020) 94:e01410–20. doi: 10.1128/jvi.01410-20

103. Wang, N, Zhan, Y, Zhu, L, Hou, Z, Liu, F, Song, P, et al. Retrospective Multicenter Cohort Study Shows Early Interferon Therapy Is Associated With Favorable Clinical Responses in COVID-19 Patients. Cell Host Microbe (2020) 28:455–64.e2. doi: 10.1016/j.chom.2020.07.005

104. Decker, T. The Early Interferon Catches the SARS-CoV-2. J Exp Med (2021) 218:e20211667. doi: 10.1084/JEM.20211667

105. Safaei, S, and Karimi-Googheri, M. Toll-Like Receptor Antagonists as a Potential Therapeutic Strategy Against Cytokine Storm in COVID-19-Infected Patients. Viral Immunol (2020) 34:361–2. doi: 10.1089/vim.2020.0074

106. Horby, P, Lim, WS, Emberson, JR, Mafham, M, Bell, JL, Linsell, L, et al. The RECOVERY Collaborative Group. Dexamethasone in Hospitalized Patients With Covid-19. N Engl J Med (2020) 384:693–704. doi: 10.1056/NEJMOA2021436

107. Sugimoto, CR, Ahn, Y-Y, Smith, E, Macaluso, B, and Larivière, V. Factors Affecting Sex-Related Reporting in Medical Research: A Cross-Disciplinary Bibliometric Analysis. Lancet (2019) 393:550–60. doi: 10.1016/S0140-6736(18)32995-7

108. Vijayasingham, L, Bischof, E, and Wolfe, J. Sex-Disaggregated Data in COVID-19 Vaccine Trials. Lancet (2021) 397:966–7. doi: 10.1016/S0140-6736(21)00384-6

109. Brady, E, Nielsen, MW, Andersen, JP, and Oertelt-Prigione, S. Lack of Consideration of Sex and Gender in Clinical Trials for COVID-19. medRxiv (2020). doi: 10.1101/2020.09.13.20193680

110. Bischof, E, Wolfe, J, and Klein, SL. Clinical Trials for COVID-19 Should Include Sex as a Variable. J Clin Invest (2020) 130:3350–2. doi: 10.1172/JCI139306

111. Thomas, N, Gurvich, C, and Kulkarni, J. Sex Differences and COVID-19. In: Identification of Biomarkers, New Treatments, and Vaccines for COVID-19. Advances in Experimental Medicine and Biology. Cham: Springer (2021). p. 79–91. doi: 10.1007/978-3-030-71697-4_6

112. Schiffer, VMMM, Janssen, EBNJ, van Bussel, BCT, Jorissen, LLM, Tas, J, Sels, JWEM, et al. The “Sex Gap” in COVID-19 Trials: A Scoping Review. EClinicalMedicine (2020) 29:100652. doi: 10.1016/j.eclinm.2020.100652

113. Chamekh, M, and Casimir, G. Understanding Gender-Bias in Critically Ill Patients With COVID-19. Front Med (2020) 7:564117. doi: 10.3389/fmed.2020.564117

114. Fukuda, A, Umezawa, A, and Akutsu, H. Manipulation of Xist Imprinting in Mouse Preimplantation Embryos. In:  Sado, T, editor. X Chromosome Inactivation: Methods and Protocols (Methods in Molecular Biology). New York:Humana Press Inc. (2018). p. 47–53. doi: 10.1007/978-1-4939-8766-5_4

115. Azar, P, Mejía, JE, Cenac, C, Shaiykova, A, Youness, A, Laffont, S, et al. TLR7 Dosage Polymorphism Shapes Interferogenesis and HIV-1 Acute Viremia in Women. JCI Insight (2020) 5:e136047. doi: 10.1172/jci.insight.136047

116. Youness, A, Miquel, CH, and Guéry, JC. Escape From X Chromosome Inactivation and the Female Predominance in Autoimmune Diseases. Int J Mol Sci (2021) 22:1–12. doi: 10.3390/ijms22031114

117. García-Ortiz, H, Velázquez-Cruz, R, Espinosa-Rosales, F, Jiménez-Morales, S, Baca, V, and Orozco, L. Association of TLR7 Copy Number Variation With Susceptibility to Childhood-Onset Systemic Lupus Erythematosus in Mexican Population. Ann Rheum Dis (2010) 69:1861–5. doi: 10.1136/ard.2009.124313

118. Pacheco, GV, Cruz, DC, Herrera, LJG, Mendoza, GJP, Amaro, GIA, Ueji, YEN, et al. Copy Number Variation of Tlr-7 Gene and its Association With the Development of Systemic Lupus Erythematosus in Female Patients From Yucatan Mexico. Genet Epigenet (2014) 1:31–6. doi: 10.4137/GEG.S16707

119. Guiducci, C, Gong, M, Cepika, A-M, Xu, Z, Tripodo, C, Bennett, L, et al. RNA Recognition by Human TLR8 can Lead to Autoimmune Inflammation. J Exp Med (2013) 210:2903–19. doi: 10.1084/JEM.20131044

120. Umiker, BR, Andersson, S, Fernandez, L, Korgaokar, P, Larbi, A, Pilichowska, M, et al. Dosage of X-Linked Toll-Like Receptor 8 Determines Gender Differences in the Development of Systemic Lupus Erythematosus. Eur J Immunol (2014) 44:1503–16. doi: 10.1002/EJI.201344283

121. Honda, K, Takaoka, A, and Taniguchi, T. Type I Inteferon Gene Induction by the Interferon Regulatory Factor Family of Transcription Factors. Immunity (2006) 25:349–60. doi: 10.1016/J.IMMUNI.2006.08.009

122. Cervantes, JL, Weinerman, B, Basole, C, and Salazar, JC. TLR8: The Forgotten Relative Revindicated. Cell Mol Immunol (2012) 9(6):434–8. doi: 10.1038/cmi.2012.38

123. McDonald, G, Cabal, N, Vannier, A, Umiker, B, Yin, RH, Orjalo, AV, et al. Female Bias in Systemic Lupus Erythematosus Is Associated With the Differential Expression of X-Linked Toll-Like Receptor 8. Front Immunol (2015) 6:457. doi: 10.3389/FIMMU.2015.00457

124. Campbell, GR, To, RK, Hanna, J, and Spector, SA. SARS-CoV-2, SARS-CoV-1, and HIV-1 Derived ssRNA Sequences Activate the NLRP3 Inflammasome in Human Macrophages Through a Non-Classical Pathway. iScience (2021) 24:102295. doi: 10.1016/J.ISCI.2021.102295

125. Balaton, BP, and Brown, CJ. Escape Artists of the X Chromosome. Trends Genet (2016) 32:348–59. doi: 10.1016/J.TIG.2016.03.007

126. Márquez, EJ, Chung, CH, Marches, R, Rossi, RJ, Nehar-Belaid, D, Eroglu, A, et al. Sexual-Dimorphism in Human Immune System Aging. Nat Commun (2020) 11:1–17. doi: 10.1038/s41467-020-14396-9

127. Seillet, C, Laffont, S, Trémollières, F, Rouquié, N, Ribot, C, Arnal, JF, et al. The TLR-Mediated Response of Plasmacytoid Dendritic Cells Is Positively Regulated by Estradiol In Vivo Through Cell-Intrinsic Estrogen Receptor α Signaling. Blood (2012) 119:454–64. doi: 10.1182/blood-2011-08-371831

128. Celhar, T, Magalhães, R, and Fairhurst, AM. TLR7 and TLR9 in SLE: When Sensing Self Goes Wrong. Immunol Res (2012) 53:58–77. doi: 10.1007/s12026-012-8270-1

129. Ziegler, CGK, Allon, SJ, Nyquist, SK, Mbano, IM, Miao, VN, Tzouanas, CN, et al. SARS-CoV-2 Receptor ACE2 Is an Interferon-Stimulated Gene in Human Airway Epithelial Cells and Is Detected in Specific Cell Subsets Across Tissues. Cell (2020) 181:1016–35.e19. doi: 10.1016/j.cell.2020.04.035

130. Lin, F, and Shen, K. Type I Interferon: From Innate Response to Treatment for COVID-19. Pediatr Investig (2020) 4:275–80. doi: 10.1002/ped4.12226

131. Puck, JM, Pepper, AE, Henthorn, PS, Candotti, F, Isakov, J, Whitwam, T, et al. Mutation Analysis of IL2RG in Human X-Linked Severe Combined Immunodeficiency. Blood (1997) 89:1968–77. doi: 10.1182/BLOOD.V89.6.1968

132. Chamekh, M, Deny, M, Romano, M, Lefèvre, N, Corazza, F, Duchateau, J, et al. Differential Susceptibility to Infectious Respiratory Diseases Between Males and Females Linked to Sex-Specific Innate Immune Inflammatory Response. Front Immunol (2017) 8:1806. doi: 10.3389/fimmu.2017.01806




Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.


Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2021 Spiering and de Vries. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fimmu-12-756262-g002.jpg
IL-1, IL-6,
TNF-a

IRF5 NF-kB : e

IRF7
IRF5 T1IFN






OEBPS/Images/fimmu.2021.756262_cover.jpg
, frontiers

in Immunology

Why Females Do Better: The X
Chromosomal TLR7 Gene-Dose
Effectin COVID-19





OEBPS/Images/fimmu-12-756262-g001.jpg
Female cell

Xist

Xa XiTLR7 mRNA

¢ :.- Type 1 IFNs
°|° e Male cell

o °|° ® Type1llFNs





OEBPS/Images/logo.jpg
’ frontiers
in Immunology





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Why Females Do Better: The X Chromosomal TLR7 Gene-Dose Effect in COVID-19

      

        		

          Introduction

        



        		

          Subsections

        

          		

            COVID-19 and TLR7

          



          		

            X Chromosome Inactivation

          



          		

            Evidence for XCI Escape of TLR7

          



          		

            Possible Implications of TLR7 XCI Escape

          



          		

            Treatment Options

          



        



        



        		

          Discussion

        



        		

          Data Availability Statement

        



        		

          Author Contributions

        



        		

          Acknowledgments

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





