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ARTICLE INFO ABSTRACT

Keywords: There is abundant epidemiological data indicating that the incidence of severe cases of coronavirus disease
COVID-19 (COVID-19) is significantly higher in males than females worldwide. Moreover, genetic variation at the X-
Long-COVID-19 chromosome linked TLR7 gene has been associated with COVID-19 severity. It has been suggested that the sex-
I;E;; biased incidence of COVID-19 might be related to the fact that TLR7 escapes X-chromosome inactivation during
RNAseq early embryogenesis in females, thus encoding a doble dose of its gene product compared to males. We analyzed
Transcriptomics TLR7 expression in two acute phase cohorts of COVID-19 patients that used two different technological plat-
Epigenomics forms, one of them in a multi-tissue context including saliva, nasal, and blood samples, and a third cohort that
n-Counter included different post-infection timepoints of long-COVID-19 patients. We additionally explored methylation

DNA methylation patterns of TLR7 using epigenomic data from an independent cohort of COVID-19 patients stratified by severity
and sex. In line with genome-wide association studies, we provide supportive evidence indicating that TLR7 has
altered CpG methylation patterns and it is consistently downregulated in males compared to females in the most

severe cases of COVID-19.

1. Introduction autoimmune disorders (Brown et al., 2022). In addition, deficiencies in

TLR7, together with other inborn errors of type 1 interferons (IFNs),

It has been reported that women have a stronger immune system
than men, which generally leads to a more efficient response to in-
fections and vaccines (Zuk, 2009; Cordoba-Aguilar and Munguia-Steyer,
2013; Fink and Klein, 2018); conversely, women also suffer significantly
much more from autoimmune diseases, such as rheumatoid arthritis,
multiple sclerosis, etc (Youness et al., 2021). A complex interaction of
chromosome X-linked genetic factors coupled with sex-specific hor-
mones and environmental factors, may be involved in this phenomenon.
For instance, it has been claimed that altered (X-linked) Toll-Like Re-
ceptor (TLR) 7 gene (TLR7) expression is involved in several

have been found in several studies on infectious diseases (Asano et al.
2021).

TLR7 has also received much attention in the context of the coro-
navirus disease 2019 (COVID-19). This gene is essential for host defense
against the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-
2) infection, as its protein plays a fundamental role in pathogen recog-
nition and activation of innate immunity (Petes et al., 2017). TLR7 en-
codes for an endosomal innate immune sensor capable to detect
single-stranded RNA (ssRNA) of the virus, inducing the production of
type 1 IFN and the release of other proinflammatory cytokines. It has
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been suggested that insufficient type 1 IFN immunity in the respiratory
tract during the initial days of the infection may be critical for the virus
spread, potentially constituting a decisive factor leading to pulmonary
and systemic inflammation (Zhang et al., 2022).

At the same time, it is also known that severe COVID-19 has a marked
male sex bias, as also found in other viral infections (Guerra-Silveira and
Abad-Franch, 2013; Wang et al., 2022). Thus, mortality and hospitali-
zation rates are higher in male COVID-19 patients (Spiering and de
Vries, 2021). It has been suggested that the TLR7 gene might play a role
in this differential sex incidence of COVID-19. Most of the evidence
comes from genomic studies. The first studies pointing to this link were
small-scale both family- and population-based genetic association
studies carried out in selected severe COVID-19 patients (van der Made
et al., 2020; Asano et al. 2021; Fallerini et al., 2021). The role of TLR7 in
COVID-19 pathogenesis has found further support in more recent
large-scale Whole-Exome and Whole-Genome Sequencing studies (WES
and WGS, respectively). Thus, for instance, the WES association study of
>580K COVID-19 patients of the COVID-19 Host Genetics Initiative
revealed several genes of marginal genome-wide significance. One of
these genes was TLR7, which emerged as a good association candidate
when contrasting COVID-19 severe patients versus COVID-19 negative or
unknown donors (P-value = 4.28 x 1078 in a burden association test)
(Kosmicki et al., 2021). The most definitive evidence of this association
has been reported in a recent study that combined WES and WGS from
624K COVID-19 patients including a much larger number of severe cases
(Butler-Laporte et al., 2022); these authors showed that carrying a rare
predicted loss of function or missense variant in the TLR7 gene was
associated with a 5.3-fold increase in odds of severe disease (P-value =
5.41 x 10~7); this study indicated that deleterious variation at this gene
could potentially affect both, males and females. This finding found
strong evidence with exome-wide significance in the discovery phase,
and solid replication in a large independent cohort (Butler-Laporte et al.,
2022).

It has been proposed that the rationale behind the role of TLR7 in the
differential sex incidence of COVID-19 may derive from the phenome-
non of escape from X-chromosome inactivation, already described in the
early 1960s (Lyon, 1962). To avoid double dosage of X-linked chro-
mosomal genes in females compare to males, one of the female
X-chromosomes is randomly silenced during early steps of embryonic
development, thereby generating a mosaicism of activated X-chromo-
somes in females (X-chromosome inactivation or XCI). However, it
seems that some X-linked genes, especially those in the pseudoautoso-
mal regions (PARs) of pairing between the X and Y chromosomes, escape
from this inactivation (escape from XCI). This phenomenon is not
necessarily complete, it has inter-individual variability, and it also can
differ between tissues (Spiering and de Vries, 2021).

However, little effort has been so far devoted to understanding the
gene expression patterns of TLR7 and their connection with different
COVID-19 severe outcomes, as well as its presumed relationship with the
reported sex-bias in this disease.

To shed light on this issue, we analyzed the sex differential tran-
scription pattern of the TLR7 gene in three recently published COVID-19
cohorts. Samples from two of these cohorts were selected to study TLR7
expression during acute phase of infection: one dataset originated from a
RNAseq study (Jackson et al., 2022), and the other one used the
n-Counter (Nanostring) platform (Gomez-Carballa et al., 2022). The first
study was carried out on blood samples extracted from COVID-19 pa-
tients (total n = 69), while the second one was carried out on blood,
saliva, and nasopharyngeal samples (total n = 52); the two datasets
overlap partially (n = 23 blood samples from the same timepoint), with
this overlap serving as a technical validation. The third independent
gene expression cohort, also stratified by sex and severity, was used to
investigate the TLR7 expression during COVID-19 convalescence and
comes from a follow-up study also including long-COVID-19 patients
(Ryan et al., 2022). In addition, we investigated the contribution of
TLR7 whole blood methylation patterns to the severity sex-bias observed
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in COVID-19 patients by exploring a recent epigenomic study (n = 473)
(Barturen et al., 2022).

2. Methods

First, we used gene expression data from two previous studies carried
out on acute phase COVID-19 patients stratified by sex and severity. We
have selected these two cohorts due to the accessibility to full raw
expression data as well as to availability of complete clinical data;
therefore allowing a homogeneous and acurate classification of patients
by severity (ICU non-ICU and WHO score). The first one used RNAseq
data (Jackson et al., 2022) while the second one used n-Counter data
(Gomez-Carballa et al., 2022); the two cohorts overlap in 23 patients.
Samples were collected during acute phase of infection. Processing and
normalization of raw data generated were carried out as in the original
articles (Gomez-Carballa et al., 2022; Jackson et al., 2022). More details
about both cohorts, samples sizes, and clinical data associated are pro-
vided in Table S1.

The classification of patients into ICU and non-ICU categories or the
computation of the WHO score of severity refers to the time of sample
collection. We used a Wilcoxon test to assess statistical significance
between severity groups, and a Pearson test for the correlation indices
(r) and P-values (after checking the data for normality). LogoFC was
calculated by subtracting the arithmetic mean of Logs counts of gene A
in the patient sample, and the arithmetic mean of Log, counts of gene A
in the reference sample.

Next, raw counts data and metadata from the COVID-19 post infec-
tion RNAseq study (12-, 16-, and 24-weeks post infection) were down-
loaded from the link provided by the authors in the original publication
(Ryan et al., 2022); only convalescence samples from critical patients
(severity classification during the acute phase) were used in the present
study. This cohort was the only one available including follow-up blood
whole transcriptome data from COVID-19 patients stratified by severity
in the acute phase of the infection. Data normalization was carried out
using Deseq2 R package (Love et al., 2014) with default parameters and
after removing low expressed genes (genes with sum of counts lower
than five in all the samples).

In addition, DNA methylation data were obtained from a recent
epigenomic study (Barturen et al., 2022) including a total of 473
COVID-19 positive patients. Whole blood samples were recruited during
the acute phase of the infection, and according to the clinical outcome,
they were subdivided into two groups: severe (n = 113) and mild pa-
tients (n = 360). Severity classification was made by their authors
considering a WHO scale (mild: 1-4 scale, severe: 5-8 scale). Their WHO
score division was comparable to the one used in the mentioned gene
expression studies (WHO 1-3 vs. 4-8); a full unification of the scores was
not possible due to the unavailability of clinical data in the later study
(in contrast to the data in the expression studies that were generated by
our group). Raw data were downloaded, filtered, and normalized using
minfi (Aryee et al., 2014) package. To identify differentially methylated
positions (DMPs) between the phenotype groups, the limma package
(Ritchie et al., 2015) was used assuming a linear model adjusted for age.

Sexual chromosomes representation and locations of immune-
related genes was generated using KaryoploteR R package (Gel and
Serra, 2017). We used the R package Enrichmentbrowser (Geistlinger
et al., 2016) to collect genes involved in immune response processes
from the Gene Ontology (GO; http://geneontology.org) database.
Graphing and statistical analyses were carried out using R software
v4.1.1 (www.r-project.org).

3. Results
3.1. Systemic TLR7 gene expression and methylation patterns

We analyzed the transcription patterns of TLR7 in COVID-19 patients
stratified by sex and severity. The RNAseq data from Jackson et al.
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(2022) indicate that TLR7 expresses almost equally in male and females
in the non-ICU group of patients, but it is downexpressed in males with
respect to females in the ICU group (although the difference is not sta-
tistically significant; Fig. 1A). This pattern is also suggested when
stratified patients by WHO severity score (Fig. 1A). Notably, there is a
very weak positive correlation (not statistically significant) between
TLR7 expression and the WHO score in samples within the score range
1-3 (r = 0.11; P-value = 0.59) but this correlation is strongly negative
and highly statistically significant for the more severe patients with
WHO score values > 4 (r = —0.47; P-value = 0.0071); Fig. 1B.

The data generated in the n-Counter study by Gémez-Carballa et al.
(2022) showed that, for the overlapping samples with the RNAseq
dataset, there is a significant correlation of gene expression values for
the TLR7 gene (r = 0.82; P-value = 1.9 x 10_6; Fig. 1C). In agreement
with the RNAseq data above, the n-Counter data also indicate that TLR7
expresses less in males than females in the most severe patients.
Although this difference is more subtle and non-statistically significant
when considering the WHO score, it is clearly statistically significant
when using the ICU vs. non-ICU criterion (P-value = 0.004); Fig. 1A.

Finally, in a comparison of ICU vs. non-ICU males, TLR7 is down-
expressed in severe male patients in both the RNAseq (P-value = 0.0054)
and the n-Counter (P-value = 0.0045) datasets (Fig. STA).

DNA methylation analysis of TLR7 on blood samples revealed the
presence of nine CpGs within the gene, three of them located within the
gene body, while the remaining six were annotated to its promoter re-
gion (TSS200, TSS1550, 5'UTR). The nine positions did not show the
same trend of methylation for the whole gene. When we interrogated the
methylation status of these nine positions in females and males, sepa-
rately, we observed not significant DMPs in females when comparing the
severe group (WHO > 5) against the mild group (WHO < 5); however,
when the same analysis was performed in males, a statistically
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significant difference was observed in four out of the nine positions
(Fig. S2). Three of these DMPs (cg08029608: P-value = 0.005;
cg09542796: P-value = 0.0001; cg22859180: P-value = 0.003) showed
a hypermethylation pattern in severe males, while one DMP
(cg24735671: P-value = 0.045) presented an opposite methylation
status, with higher methylation levels in mild patients.

3.2. TLR7 gene expression in nasal and saliva samples

TLR7 expression has also been analyzed in saliva and nasal samples
from COVID-19 patients (Gomez-Carballa et al., 2022) stratified by
severity and sex.

It is again remarkable that TLR7 is always downregulated in males
with respect to females in both nasal and saliva samples and indepen-
dently of the severity criteria used (Fig. 1D).

Thus, the TLR7 expression in the comparison males vs. females is
statistically significant in saliva samples in both non-ICU (P-value = 6.7
x 107%) and ICU patients (P-value = 0.022). This difference is also
notable and in the same direction when using the WHO score, although
it is only statistically significant in non-ICU patients (P-value = 0.036,
Fig. 1D).

Females and males do not differ significantly in TLR7 expression
from nasal samples, but the data always show a decreasing expression
pattern in males when compared to females, and this difference is more
marked when considering the WHO score (although this comparison is
particularly affected by a low sample size).

3.3. TLR7 expression, admission days, days of symptoms and
convalescence

We also analyzed the expression of TLR7 in the context of
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Fig. 1. (A) TLR7 gene expression in blood samples from COVID-19 patients using two datasets, RNAseq from (Jackson et al., 2022) and n-Counter from
(Gomez-Carballa et al., 2022), and stratifying by sex and severity: (i) ICU vs. non-ICU (n = 69 from (Jackson et al., 2022), and n = 41 from (Gomez-Carballa et al.,
2022)) and (ii) WHO score (n = 55 from (Jackson et al., 2022), and n = 17 (Gomez-Carballa et al., 2022)). (B) Correlation between TLR7 expression (n = 55) and the
WHO score using RNAseq data (Jackson et al., 2022); P-values are also provided. (C) Correlation between TLR7 expression in the RNAseq (Jackson et al., 2022) and
the n-Counter (Gomez-Carballa et al., 2022) datasets (n = 23). (D) TLR7 gene expression in nasal and saliva samples in the n-Counter dataset (Gomez-Carballa et al.,
2022) stratified by sex and severity: ICU vs. non-ICU (n = 41 in saliva and n = 38 in nasal samples) and WHO score (n = 18 in saliva and n = 12 in nasal samples).
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hospitalization days and days of symptoms to sample collection. It is
most remarkable that expression of TLR7 is negatively correlated with
days from the onset of symptoms (whether hospitalized or not) to
sample collection but only in ICU patients (r = —0.43; Fig. 2A). This
negative correlation is even more clear when considering only those
patients for which there is information on the WHO score (r = —0.66;
Fig. S1B). A similar correlation is observed when using the WHO score as
severity parameter, although yielding a more discrete value (r = —0.14;
Fig. 2B).

TLR7 expression is also negatively correlated with admission days
until sample collection (Fig. 2C); despite being a moderate correlation
value, it is in the limit of the nominal statistical significance (r = —0.32;
P-value = 0.059).

Additionally, we investigated how TLR7 expression changes at
different convalescence times after infection in patients classified as
critical in the acute phase of the disease. Even though results are not
statistically significant (probably owing to the small sample size), we
observed that TLR7 is again downexpressed in the acute phase of
infection of the most critical males, and this TLR7 reduction is main-
tained over time in convalescence samples, even 24 weeks post infection
(Fig. 2 D).

4. Discussion

It has been reported that several genes involved in the regulation of
the innate and adaptive immune response are strategically placed on the
X-chromosome (Fig. 3A), including pathogen-related receptors (PRRs)
such as the TLR7, ACE2 and TMPRSS2. These and other genes have been
found to be associated in COVID-19 in family-based, genome-wide and
NGS population-based association studies. We examined expression
patterns of TLR7 because of its singularity of being located at a XCI
escape region and, therefore, having (theoretically) a predominantly
‘biallelic’ behavior in females but ‘monoallelic’ in males (Fig. 3A).

>

Non-ICU ICU
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Although genetic variation at this gene has been noted several times in
genomic COVID-19 association studies, its gene expression patterns in
whole blood, saliva and nasal samples has not been analyzed so far.

Our data indicate that TLR7 is downregulated in blood from males
with respect to females in the most severe cases of COVID-19 when
stratifying the cohort in those attending ICU vs. non-ICU, and when
using WHO scores for severity. Consistently, a statistically significant
downregulation of TLR7 occurs in males with a more severe disease
(ICU) when compared to non-ICU males (who show similar TLR7
expression levels as females). Moreover, it seems that TLR7 expresses in
a sex-biased manner in saliva and nasal samples. Note that, while in
blood from ICU patients, TLR7 expresses less in males than in females, in
saliva TLR7 follows this pattern independently of the severity classifi-
cation used. A trend towards increased TLR7 expression in females than
in males is also observed when examaning LogsFC values and median
TLR7 expression differences in females vs. males, in both, ICU and WHO
> 4 and in all tissues analyzed (Fig. 3B).

Therefore, the TLR7 expression in severe females was always higher
than in severe males, independently of the tissue and severity classifi-
cation used, with blood being the tissue showing the largest expression
differences. Even though not very large expression changes, our results
indicate that TLR7 may play a role in the sex-bias observed in the more
severe outcomes of COVID-19.

Two of the three gene expression datasets used in the present study
overlap in a few blood samples, and this fact offered an opportunity to
assess the power of both RNAseq and n-Counter transcriptomic tech-
niques to capture the real gene expression of the TLR7 gene. The results
of these two analyses correlate significantly, therefore providing a
technical validation of the expression data.

In addition, we examined methylation patterns of TLR7 in COVID-19
patients. We found four (statistically significant) DMPs in TLR7 when
comparing severe males (WHO > 5) vs. males with mild disease (WHO <
5) but not in females. Interestingly, while three of them were
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Fig. 2. Correlation between TLR7 gene expression using RNAseq data from (Jackson et al., 2022) and days of symptoms (asymptomatic patients were not included)
since disease onset to sampling using (A) ICU (n = 66) and (B) WHO classification (n = 52); and (C) admission days since hospitalization to sampling (only hos-
pitalized samples were included; n = 36). (D) TLR7 expression in blood convalescence samples from critical COVID patients collected 12 w.p.i (n = 4), 16 w.p.i (n =
5) and 24 w.p.i (n = 6) (w.p.i = weeks post infection) from the study by (Ryan et al., 2022).
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hypermethylated in severe males, the other one showed higher
methylation in male patients with a mild phenotype. This might suggest
that the interaction between methylation and demethylation of TLR7
gene could be contributing to COVID-19 severity condition in males. The
coexistence of both hypo- and hypermethylated sites in the same gene
region has not been fully understood (He et al., 2019). The ‘dogma’
defining the classical correlation between DNA methylation and gene
expression asserts that when methylation occurs at the promoter region,
the expression of the gene is inhibited or downregulated (Baylin, 2005).
Actually, whole-genome studies have revealed that the effect of DNA
methylation is not restricted to the promoter regions, but epigenetic
changes occurring in low CpG density regions (such as gene bodies),
could also impact on the regulation of gene expression (Jones, 2012).
With the data available, it is not possible to assess to what extent, the
different patterns of methylation observed in the TLR7 gene (in the
promoter region [three DMPs] and in the gene body [one DMP]), could
contribute to a global downregulation of the gene in blood (as showed
by the transcriptomic data).

The data examined in the present study are consistent in the different
cohorts analyzed, using different technical procedures for gene expres-
sion measurement (RNAseq and n-Counter from Nanostring) and
different ‘-omic’ approaches (transcriptomics and epigenomics). The
patterns observed are in line to expectations according to genomic as-
sociation studies. However, many questions remain unanswered
regarding the role of TLR7 in COVID-19. For instance, as inferred from
large-scale genome studies and the gene expression results of the present
study, TLR7 alone cannot fully explain severity in COVID-19 patients.
For instance, this gene seems to be upregulated in a minor proportion of
females who also have a severe outcome. This observation would be in
good agreement with the fact that variation at the deleterious variants in
TLR7 is related to severity in both, males and females (Butler-Laporte
et al., 2022).

There are three main limitations in the present study. First, the
relatively small sample size of the studies, which might explain the lack
of statistical significance of a few pairwise comparisons. Second, TLR7
gene expression was measured in whole blood, nasal and saliva samples
showing certain tissue variability with respect to sex differences and
severity; therefore, its expression in other tissues that are directly
involved in the immune response to SARS-CoV-2 infection (i.e. lower
respiratory tract tissues) remains to be analyzed. Third, our study does
not allow to investigate the level of TLR7 expression in different cell
populations in e.g blood. Finally, other external or internal factors might
be modulating TLR7 expression to some extent, including the different
treatments given to patients with a more severe course of the disease
(especially those from ICU) or sexual hormone levels, which were
recently associated to an increased type 1 IFN response in females (Webb
et al., 2018). Instead, the main strength of the study comes from the
consistent trend seen in these comparisons, which basically indicates a
more limited gene expression of TLR7 in severely affected males (even in
the convalescence phase) and a negative correlation with admission
days and days of symptoms.

To the best of our knowledge, this is the first study investigating
expression levels of TLR7 in different COVID-19 scenarios and tissues.
The findings suggest that its gene expression could (at least in part)
explain the sex-biased incidence in severe patients. Further studies are
necessary to investigate more thoroughly the relationship between TLR7
expression, sex, and COVID-19 severity.
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