Konwar et al. Epigenetics & Chromatin (2021) 14:54 : H .
Pttps:/dolorg/10.1186/513072-021-00426- Epigenetics & Chromatin

RESEARCH Open Access

: . . )
Risk-focused differences in molecular oty

processes implicated in SARS-CoV-2 infection:
corollaries in DNA methylation and gene
expression

Chaini Konwar'2, Rebecca Asiimwe'2, Amy M. Inkster'”, Sarah M. Merrill'2, Gian L. Negri?,
Maria J. Aristizabal"#*>®, Christopher F. Rider®, Julie L. Maclsaac'?, Christopher Carlsten® and
Michael S. Kobor'?®”"

Abstract

Background: Understanding the molecular basis of susceptibility factors to the severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) infection is a global health imperative. It is well-established that males are more likely to
acquire SARS-CoV-2 infection and exhibit more severe outcomes. Similarly, exposure to air pollutants and pre-existing
respiratory chronic conditions, such as asthma and chronic obstructive respiratory disease (COPD) confer an increased
risk to coronavirus disease 2019 (COVID-19).

Methods: We investigated molecular patterns associated with risk factors in 398 candidate genes relevant to
COVID-19 biology. To accomplish this, we downloaded DNA methylation and gene expression data sets from publicly
available repositories (GEO and GTEx Portal) and utilized data from an empirical controlled human exposure study
conducted by our team.

Results: First, we observed sex-biased DNA methylation patterns in autosomal immune genes, such as NLRP2,

TLET, GPX1, and ARRB2 (FDR < 0.05, magnitude of DNA methylation difference A >0.05). Second, our analysis on

the X-linked genes identified sex associated DNA methylation profiles in genes, such as ACE2, CA5B, and HS65T2
(FDR<0.05, AB>0.05). These associations were observed across multiple respiratory tissues (lung, nasal epithelia,
airway epithelia, and bronchoalveolar lavage) and in whole blood. Some of these genes, such as NLRP2 and CA5B, also
exhibited sex-biased gene expression patterns. In addition, we found differential DNA methylation patterns by COVID-
19 status for genes, such as NLRP2 and ACE2 in an exploratory analysis of an empirical data set reporting on human
COVID-9 infections. Third, we identified modest DNA methylation changes in CpGs associated with PRIM2 and TATDN1
(FDR<0.1, AB>0.05) in response to particle-depleted diesel exhaust in bronchoalveolar lavage. Finally, we captured

a DNA methylation signature associated with COPD diagnosis in a gene involved in nicotine dependence (COMT)
(FDR<0.1, AB>0.05).

Conclusion: Our findings on sex differences might be of clinical relevance given that they revealed molecular asso-
ciations of sex-biased differences in COVID-19. Specifically, our results hinted at a potentially exaggerated immune
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disparities in the risk for SARS-CoV-2 infection.

response in males linked to autosomal genes, such as NLRP2. In contrast, our findings at X-linked loci such as ACE2
suggested a potentially distinct DNA methylation pattern in females that may interact with its mMRNA expression and
inactivation status. We also found tissue-specific DNA methylation differences in response to particulate exposure
potentially capturing a nitrogen dioxide (NO,) effect—a contributor to COVID-19 susceptibility. While we identified
a molecular signature associated with COPD, all COPD-affected individuals were smokers, which may either reflect
an association with the disease, smoking, or may highlight a compounded effect of these two risk factors in COVID-
19. Overall, our findings point towards a molecular basis of variation in susceptibility factors that may partly explain
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Background

Coronavirus disease 2019 (COVID-19), caused by the
severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2), erupted in late 2019 and spread quickly across
the globe, culminating in a pandemic claiming more than
5,000,000 lives worldwide as of November 2021. This
pandemic has led to an unprecedented burden on health
care systems, resource supply chains, and economies
worldwide. While populations everywhere are affected
by COVID-19, there are inequalities in its impact associ-
ated with individual patient characteristics [1-5]. Utiliz-
ing data from 17 million case records, a comprehensive
study in the United Kingdom demonstrated the asso-
ciation of several patient-level variables with COVID-
19 related deaths [3]. Demographic variables including
sex, age, ethnicity, and pre-existing respiratory illnesses,
such as asthma and chronic obstructive pulmonary dis-
ease (COPD), were identified as risk factors for COVID-
19 mortality. Smaller studies from the United States and
Italy have identified similar demographic variables and
additional clinical conditions, such as coronary artery
disease and hypertension, as risk factors for mortality in
critically ill COVID-19 patients [1, 2].

Among these risk factors, males were independently
and consistently found to have increased risk for COVID-
19 fatality. COVID-19 is not unique in its sex bias, in
fact, the SARS outbreak of 2003 also revealed increased
mortality among males compared to females [6]. Despite
reports of roughly equal numbers of COVID-19 infec-
tions in males and females, the Global Health 50/50
research initiative [7] found increased male mortality
in sex-disaggregated data from 38 countries [8], find-
ings corroborated by data from China [9, 10], the United
Kingdom [3] and the United States [11]. The results of
a European study suggest increased disease incidence
in males, particularly those over 60 years, followed by
increased rates of hospital admission and fatality in
affected males [12]. These findings underscore the impor-
tance of investigating biological differences between the
sexes and how they may contribute to sex-specific risks
associated with COVID-19.

Sex influences many aspects of the innate and adap-
tive immune responses, including the response against
viral infections [13, 14]. In the context of SARS-CoV-2
infection, sex differences in immune responses have
been reported, and these differences may reflect base-
line disparities in immune responses between sexes
[15]. For example, T cell responses in female COVID-
19 patients were more abundant and robustly activated
compared to male COVID-19 patients [15]. Sex dif-
ferences in immune response to SARS-CoV-2 may be
the result of several molecular underpinnings, includ-
ing established differences in the effects of epigenetic
processes on immune responses [16, 17]. A commonly
interrogated epigenetic process is DNA methylation,
which involves the addition of a methyl group to the
cytosine of the 5'carbon, typically at cytosine—phos-
phate—guanine (CpG) dinucleotides. This epigenetic
mark is changeable by environmental exposures and
has the potential to regulate gene expression, although
this interaction is dependent on genomic context and
temporal stage. Amongst other processes, DNA meth-
ylation is inherently associated with sex through X
chromosome inactivation (XCI), by which DNA meth-
ylation coats and transcriptionally silences one of
the female X chromosomes to equalize the dosage of
X-linked genes between the sexes. However, at least 15%
of X linked genes completely escape the process of XCI
and an additional proportion show variable inactivation
status between tissues and individuals [18-20]. There-
fore, epigenetic silencing of the inactive X chromosome
is a complex molecular process which may contribute
to the sex bias observed in COVID-19 susceptibility,
especially because a large number of immune-related
genes are encoded by the X chromosome and thus, may
be more highly expressed in females [21]. Furthermore,
sex hormones such as testosterone and estradiol also
contribute to sex differences. Specifically, testosterone
reduces immune cell activity by increasing the produc-
tion of the immunosuppressive cytokine, IL-10 [22] and
has been associated with DNA methylation at several
CpG sites [23].
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Aside from the sex chromosome, sex differences in
DNA methylation patterns on the autosomes have also
been identified, indicating the epigenetic consequences
of sex reach beyond the sex chromosomes [24]. For
example, sex-specific differentially methylated regions
were identified in immune cell types, including mono-
cytes, T cells and B cells, with a majority of differentially
methylated sites located on the autosomes and enriched
in immune-related molecules [25], such as immunoglob-
ulin M and lymphocyte-specific protein 1. Furthermore,
aging-related epigenetic changes in immune cell types
were different between males and females over 65 years
of age, suggesting a plausible role of sex in immune sys-
tem aging [26], which may contribute to the sex dif-
ferences observed in immune responses against viral
infections.

While the role of sex in influencing susceptibility
to SARS-CoV-2 infection is increasingly appreciated
[15], there is an additional concern that underlying pre-
existing chronic respiratory conditions, such as asthma
or COPD, may predispose to COVID-19. Interestingly,
inhaled corticosteroids administered to severe asthmatic
patients may impact SARS-CoV-2 infection by impair-
ing anti-viral immune responses [27] and delaying viral
clearance as previously observed in SARS infection [28].
However, no association was reported between asthma
diagnosis or inhaled corticosteroids usage and the risk
of hospitalization in COVID-19 infected patients [29].
These conflicting findings necessitate more studies to
test whether a consistent association might indeed exist.
In the context of COPD, a higher risk of developing a
severe SARS-CoV-2 infection was reported and COVID-
19 infected males with pre-existing COPD showed
increased mortality compared to females [5]. However,
epigenetic alterations such as differences in DNA meth-
ylation that have been reported in COPD and asthmatic
patients and associated with functionally relevant gene
expression changes [30, 31] remain currently unexplored
in the context of SARS-CoV-2 infection.

In addition to demographic factors and pre-existing
chronic conditions, individual responses to the environ-
ment may also influence risk to COVID-19 and modulate
disease severity. Emerging evidence indicates that long-
term exposure to air pollutants, including fine particulate
matter, sulphur dioxide, and nitrogen dioxide (NO,), may
worsen disease severity and increase COVID-19 mortal-
ity. Several independent international studies have shown
that modest increases in traffic-related air pollution are
associated with increased COVID-19 morbidity and
mortality [32-35]. Most recently, NO, has been shown
to be of particular concern in this regard. There is also
extensive literature on the association of DNA methyla-
tion patterns and air pollutant exposures [36—38]. Such
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exposures altered DNA methylation at several CpG
sites, a subset of which are associated with functionally
relevant gene expression changes [37]. Together these
findings suggest the importance of investigating air pollu-
tion-related DNA methylation as a potential contributor
to differences in COVID-19 susceptibility and infection
outcomes.

Here, focusing on the molecular underpinnings of risk
factors associated with COVID-19, we tested whether
human host genes relevant to SARS-CoV-2 infection
exhibited sex differences in DNA methylation and/or
gene expression. In addition, we investigated whether the
molecular profiles of these candidate genes were altered
in pre-existing respiratory conditions, such as asthma
and COPD. Finally, we tested whether these genes
exhibited DNA methylation differences in response to
environmental exposures, such as diesel exhaust, parti-
cle-depleted diesel exhaust, and allergens.

Materials and methods
Data sets
DNA methylation IDATs for nasal epithelia (GSE101641,
GSE104471, GSE65163), airway epithelia (GSE85568,
GSE137716), blood (GSE111629, GSE174818), airway
and lung parenchymal fibroblasts (GSE111396) were
downloaded from a publicly available data repository,
GEO. Although IDAT files were unavailable for lung
samples, we downloaded raw unnormalized methylation
intensities from GEO (GSE52401) along with log-trans-
formed normalized gene expression data (GSE65205) for
the matched nasal epithelia data set. In addition, nor-
malized lung and whole blood gene expression data was
obtained from the GTEx portal (version 8). While the
GTEx samples were profiled using RNA-sequencing,
gene expression data for nasal epithelia was obtained
from the Agilent Human Gene Expression Microarray.
DNA methylation for the above-mentioned GEO data
sets was quantified using the Illumina Infinium Human-
Methylation450 BeadChip platform (450K array).
Utilizing data from a controlled human exposure
study, conducted at the Air Pollution Exposure Labora-
tory (Vancouver, Canada), DNA methylation in non-
smoking atopic adult participants was measured in
three tissues: bronchoalveolar lavage, nasal epithelia,
and bronchial airway epithelia. Participants in this study
were each exposed to the following conditions, in a ran-
domised order: filtered air with saline (FA+S), filtered
air with allergen (FA+A), diesel exhaust with allergen
(DE+ A) and particle-depleted diesel exhaust with aller-
gen (PDDE+ A) [39]. Each exposure was approximately
2 h in duration followed by a 2 min inhaled allergen
challenge. This data set also contained samples from
asthmatic patients which allowed us to investigate DNA
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methylation changes in our chosen candidates in relation
to an asthma diagnosis. Furthermore, each exposure was
separated by a 4-week washout period.

While samples obtained from the controlled human
exposure study and GSE174818 were profiled with the
[Mlumina Infinjum Human MethylationEPIC BeadChip
platform (850 K array), DNA methylation in all the other
data sets mentioned above was quantified with the ear-
lier llumina Infinium Human Methylation450 BeadChip
platform (450 K array). Therefore, to enable cross-cohort
comparisons, we subsetted to probes that overlapped
between the two platforms. The DNA methylation level
for each CpG site measured on the arrays was repre-
sented as a P value or as a logit-transformed S value
(M-value) for statistical analyses.

Candidate gene selection

We used a data-informed candidate gene approach to
identify differentially expressed genes and differentially
methylated CpG sites associated with sex, air pollutant
exposure, and asthma. Using Illumina’s annotation, CpG
sites from the 450 K array that mapped to the genes of
interest were identified [374 autosomal genes, 24 X linked
genes (Additional file 1: Table S1)]. Candidate genes were
chosen based on the following criteria:

1. Genes involved in SARS-CoV-2 cell entry:

ACE2, TMPRSS2, ADAM17, CTSB, CTSL [40—-44]

2. Genes that exhibited sex-specific mRNA levels after
SARS-CoV challenge:

IL6, CCL2 and CXCLI [45]

3. 37 validated genes that showed sex-specific expres-
sion in blood associated with influenza infection, sex
log fold change |>0.4| [54]

4. Genes involved in ssRNA viral recognition, including
SARS-CoV-2
TLR7 and TLRS [46]

5. 332 high confidence host interacting proteins with
SARS-CoV-2 [47]

6. 19 sex-specific genes associated with SARS-CoV-2
(48]

DNA methylation data preprocessing

Aside from the controlled human exposure study, where
the three tissue types were randomized across the chips,
data preprocessing was performed independently within
all samples of each tissue type. Quality control checks
were conducted to identify poorly performing sam-
ples in all the data sets (https://github.com/kobor-lab/
Public-Scripts/tree/master/COVID-19). Functions in
the R ewastools package were implemented to evalu-
ate 17 control metrics, such as array staining, extension,
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hybridization, specificity, target removal and bisulfite
conversion. Unsupervised hierarchical clustering on the
DNA methylation values of the X and Y chromosomes
was used to perform sex checks. The detectOutlier()
function in the R /umi package was also used to identify
outliers. The detectionP() and the beadcount() functions
in the R minfi package identified samples that showed
bad detection p values in > 1% of their probes and samples
that had > 1% of the probes with < 3 beads contributing to
the DNA methylation signal. Within tissue sample-to-
sample correlation was also performed to assess sample
quality.

Subsequently, background correction was performed
using preprocessNoob() in the R minfi package followed
by beta mixture quantile dilation (BMIQ) normalization
using the R wateRmelon package to correct for probe-
type bias on the array. Thereafter, SNP probes, polymor-
phic probes, cross-hybridizing probes, poorly performing
probes (bad detection p value>0.01 in 5% of samples),
probes with missing bead count (<3 beads) were elimi-
nated. Batch effects were corrected using ComBat() in
the R sva package. XY probes were subset from normal-
ized, batch corrected data sets to perform subsequent
analyses on the X-linked genes. For the controlled human
exposure data set, samples from all three tissues (bron-
choalveolar lavage, bronchial airway epithelia, and nasal
epithelia) were preprocessed together and analogous
sample quality checks, probe filtering, normalization,
and batch correction methods were utilized as described
above.

Gene expression analysis

Normalized gene expression data for nasal epithelia, lung
and whole blood was obtained from GEO and the GTEx
portal. Male—female differences in gene expression were
assessed using a Welch ¢ test followed by FDR multiple
test correction. FDR adjusted p values < 0.05 were consid-
ered significant.

DNA methylation analysis: autosomal loci

To investigate sex associated DNA methylation differ-
ences in our candidate genes, we first focused on the
infection-relevant respiratory tissues (lung, nasal epithe-
lia, and airway epithelia) and applied a linear model on M
values for each CpG site using the R limma package. Sex
was included as the main effect and age and disease status
as the covariates. To account for multiple tests, p values
were adjusted using the FDR method. DNA methylation
differences (AP) between the sexes was then calculated
by subtracting the average S of females from the average
B of males on an individual CpG site basis. Differentially
methylated CpG sites were identified based on statisti-
cal (FDR<0.05) and biological thresholds (A >0.05). We
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also investigated the sex-specific DNA methylation pro-
files of these CpG sites in a blood data set.

Next, we explored the controlled human exposure data
set to identify if there were DNA methylation differences
associated with asthma diagnosis or in response to an
allergen and/or air pollutant exposure. To account for
within-sample correlation, we fitted a linear mixed effect
model using the R [me4 package. Participant identity
was considered a random effect, whereas exposure, sex,
asthma, and age were treated as fixed effects. First, we
investigated whether altered DNA methylation patterns
were observed in asthmatic patients. Second, we sought
to determine whether the candidate CpG sites showed
exposure-specific (DE+A, PDDE+A, FA+A) DNA
methylation differences compared to the control group
(FA+S). Resulting p values were obtained using likeli-
hood ratio tests of the full model compared against the
model without the main effect in question. Tukey’s test
using the R multcomp package was performed to identify
which specific exposure group showed a significant dif-
ference compared to the controls.

X chromosome inactivation and DNA methylation analysis:
X chromosomal loci

X-linked B values in females obtained from the
450 K/850 K arrays represent the composite DNA meth-
ylation signal of the female active and the inactive X
chromosomes. Therefore, we used a previously published
[49] method to estimate DNA methylation specific to
the female inactive X. As described in Cotton et al. [49]
this method enabled approximation of P values at each
X-linked CpG site for all female samples; these values
were rounded to fall within the range of 0-1. To evalu-
ate the inactivation status of the 24 X-linked candidates,
the tissue data sets were filtered to only include 271 CpG
sites associated with these genes in the Illumina annota-
tion. Differential DNA methylation between the male X
and female inactive X at these CpG sites was evaluated
by linear modelling as performed for the autosomal CpG
sites. AP was calculated by subtracting average male X 3
from the average female inactive X P at each CpG site. p
values were adjusted using the FDR method, significance
was defined as FDR<0.05 and A >0.10.

X chromosome inactivation status could be reliably
estimated for genes that had high (HC) or intermedi-
ate (IC) density CpG island promoters [50]. Genes were
classified as escaping XCI if CpG sites in their HC or
IC promoters showed average S<15% in both males
and females, had overlapping ranges of 5 values in both
sexes, or if the B value ranges did not overlap, the abso-
lute Af3 between the sexes was<10%. Genes were clas-
sified as being subject to/silenced by XCI if CpG island
promoter probes exhibited AS>10% between the
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sexes and were significantly differentially methylated
(FDR<0.05) [50]. For the 15 X-linked candidate genes
without an HC or IC promoter, XCI status could not be
confidently predicted. In these cases, linear modelling
was conducted to identify differential DNA methyla-
tion between the male X and female inactive X, and the
DNA methylation results were compared to differential
expression results to yield insights into possible DNA
methylation—expression relationships. CpG sites map-
ping to these genes were considered significantly differ-
entially methylated by sex if they satisfied the criteria of
FDR<0.05 and A5 >10%.

Results

Using biologically informed selection criteria (see “Mate-
rials and methods” section), we identified 374 autosomal
and 24 X-linked candidate genes relevant to COVID-19
biology (Additional file 1: Table S1) and examined if they
showed molecular differences in DNA methylation and
gene expression related to known COVID-19 risk factors:
sex, asthma, COPD and air pollutant exposures (Fig. 1). We
downloaded DNA methylation and gene expression data
sets from publicly available data repositories, Gene Expres-
sion Omnibus (GEO) and the Genotype-Tissue Expression
(GTEx) portal In addition, we utilized DNA methylation
data from a controlled human exposure study, using a
cross-over design performed at the Air Pollution Exposure
Laboratory, Vancouver, Canada (https://pollutionlab.com/).

Consistent male-female differences in gene
expression were observed at SARS-CoV-2 relevant
genes

Given that sex influences the transcriptional response
to viral infection [51] and is a strong risk factor for
COVID-19, we tested whether the genes we selected to
be relevant for COVID-19 biology showed male—female
differences in mRNA levels in tissues relevant to SARS-
CoV-2 infection. To this end, we downloaded normalized
lung (596 M, 271F) and whole blood (2166 M, 1122F)
gene expression data from GTEx as well as a nasal epi-
thelia mRNA data set (34 M, 35F) from GEO (GSE65205)
to assess male—female differences in gene expression
at SARS-CoV-2 relevant genes. Mirroring the natural
course of SARS-CoV-2 infection in our bioinformatic
analysis, we first investigated molecular differences in tis-
sues of the respiratory system: lung and nasal epithelia
and then tested for concordance in blood, a tissue highly
relevant to COVID-19 biology due to its central role in
mediating host immune responses.
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Fig 1. Schematic representation of the methodological approach to the study

Autosomal loci

Using the R stats package, Welch’s ¢ tests were conducted
on normalized expression values of each candidate gene
to identify genes differentially expressed by sex. The Ben-
jamini—-Hochberg false discovery rate (FDR) method was
used to correct for multiple tests. Using an FDR thresh-
old of<0.05, we found seven autosomal genes (NLRP2,
REEP6, CEACAMSG, CIT, CRTC3, SRP54, and PLAT) in
the lung data set that showed significant differences in
gene expression between sexes (Fig. 2A, Additional file 1:
Table S2). Five out of the seven genes (NLRP2, REEPS,
CEACAMEG, CIT, and SRP54) showed decreased expres-
sion in males compared to females. Owing to a rela-
tively small sample size in the nasal epithelia data set, we
adopted a more lenient FDR threshold of<0.20 to iden-
tify significantly differentially expressed genes associ-
ated with sex. Based on this cutoff, 13 autosomal genes
displayed male—female expression differences in nasal
epithelia (Additional file 1: Table S2), three of which also

showed sex-biased expression in the lung. These three
genes (NLRP2, REEP6, and CEACAMG6) showed the same
direction of sex-biased expression in nasal epithelia and
lung samples. Furthermore, male—female expression dif-
ferences in NLRP2 were also validated in blood (Addi-
tional file 2: Fig. S1) highlighting that NLRP2 displayed a
consistent sex-biased expression pattern across multiple
tissues relevant in COVID-19 biology.

X-linked loci

We applied similar FDR thresholds (<0.05 for lung;<0.2
for nasal epithelia) to the 24 X-linked genes and identi-
fied 13 X-linked genes differentially expressed by sex in
lung, and seven of these genes also had significant sex-
biased gene expression in the nasal epithelia (Fig. 2B,
Additional file 1: Table S3). These seven genes (XIST,
SMCIA, ZRSR2, EIFIAX, FUNDCI, UBA1, and RPS4X)
showed the same direction of male—female differences in
both lung and nasal epithelia. Among these, XIST, a long
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non-coding RNA, showed the largest fold change in gene
expression by sex in both tissues (lung and nasal epithe-
lia) and in blood, with females showing increased expres-
sion compared to males (Additional file 2: Fig. S2).

Consistent male-female differences in DNA
methylation were observed at SARS-CoV-2 relevant
genes

Considering that infection induces functional changes in
the host DNA methylome [52] and activation of immune
responses is influenced by DNA methylation [53], we first
investigated DNA methylation differences in the context
of sex within our 398 SARS-CoV-2 candidate genes, in
three infection-relevant tissues of the respiratory sys-
tem: nasal epithelia (78M, 66F) (GSE101641, GSE104471,
GSE65163), lung (36F, 208M) (GSE52401), and airway
epithelia (45M, 86F) (GSE85568, GSE137716). We vali-
dated these findings in our smaller unique controlled
human exposure data set that comprises of: bronchoal-
veolar lavage (7M, 5M), nasal epithelia (5M, 6F), and
bronchial airway epithelia (7M, 6F). Consistent with
our overall strategy, and the central role of blood in the
immune response to viral infections, we also tested for
concordance of the findings in an independent blood
data set (125M, 112F) (GSE111629).

Autosomal loci

Using the R limma package, we applied a linear model
on M values (logit-transformed f value) for each
CpG site associated with the 374 candidate autoso-
mal genes. Resulting p values were adjusted using the

Benjamini-Hochberg FDR method. The magnitude of
DNA methylation difference (Af5) between the sexes was
calculated by subtracting the average  of females from
the average S of males per CpG site. Based on statisti-
cal (FDR<0.05) and biological (Af>0.05) thresholds, we
identified multiple CpG sites that showed male—female
differences in DNA methylation in the three infection-
relevant respiratory tissues (Additional file 1: Table S4),
many of which showed consistent male—female differ-
ences across several tissues. Importantly, three CpG sites
representing GPXI, ERCI and TLEI genes were differ-
entially methylated by sex in all three respiratory tissues
(nasal epithelia, lung, and airway epithelia) with males
showing significantly less DNA methylation compared
to females (Fig. 3A). We also found similar sex-biased
differential DNA methylation patterns in the smaller
controlled human exposure data set (bronchoalveolar
lavage, nasal epithelia, and bronchial airway epithelia)
(Additional file 2: Fig. S3). This DNA methylation pattern
was consistent in an independent blood data set as well
(Additional file 2: Fig. S4).

CpG sites associated with NLRP2, NEK9, and ARRB2
exhibited similar differential DNA methylation pat-
terns by sex in at least two of the infection-relevant
respiratory tissues (FDR<0.05, AB>0.05) (Fig. 3B, C).
Interestingly, based on genomic location, the two CpG
sites (cg20995778-intron; ¢g24307499-exon) in NLRP2
showed male—female DNA methylation differences in the
opposite direction. Because DNA methylation patterns
are associated with gene transcription profiles, we inves-
tigated whether the genes associated with the sex-specific
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Fig. 3 Male-female differences in DNA methylation and gene expression observed in autosomal genes. In the boxplots, unadjusted DNA
methylation values () were plotted on the y axis against the CpG sites on the x axis, and genomic positions of the CpG sites were plotted below
the respective plots. The overlap of CpG sites across the tissues is shown in the Venn diagrams. In the violin plots, expression was quantified as
log2 normalized values for nasal epithelia (GEO) and for the lung data set (GTEx), expression was measured as transcript counts. A Boxplots of
the three robust CpG sites (cg02758552, cg07816873, cg07852945) which were differentially methylated by sex across the infection relevant
tissues. Specifically, at these CpG sites, males exhibited a decreased DNA methylation profile compared to the females. B, C Boxplots of CpG sites
that showed a similar male-female differential DNA methylation pattern in at least two of the infection relevant tissues. D Violin plots of NLRP2
expression differences between males and females in nasal epithelia and lung, respectively

differentially methylated CpG sites also showed male— above and identified NLRP2 as the only gene which
female differences in gene expression. To that end, we  exhibited male—female differences in both expression and
took advantage of our gene expression analysis described =~ DNA methylation in nasal epithelia and lung (Fig. 3D).
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Given that fatality and disease severity to COVID-
19 is increased in older adults, we stratified our data by
age (0-20 years, 20-30 years, 30—40 years, 40-50 years,
50+ years) and tested whether CpG sites showing sex-
biased DNA methylation also exhibited age associated
differences. Because information on age was not avail-
able for the lung data set, this analysis was performed
only on nasal epithelia and airway epithelia. While the
distribution of samples across different age groups was
not uniform (Additional file 2: Fig. S5), the CpG sites
(GPX1, ERCI, and TLE1) which consistently displayed a
sex-biased differential DNA methylation pattern across
all the investigated tissues also exhibited similar male—
female differences in DNA methylation across all age
groups (Additional file 2: Fig. S6).

X-linked loci

DNA methylation p values of the X-linked CpG sites in
females represent the composite DNA methylation signal
that captures both the female active (lowly methylated)
and the inactive X chromosomes (highly methylated),
so in females X-linked CpG sites measured by array
have higher methylation beta values than males [50].
Therefore, to compare male and female X-linked DNA
methylation measured by the array requires alternate
methods, as direct male—female comparisons identify
widespread higher female DNA methylation across the
X chromosome, due to X chromosome inactivation [54].
Sex-specific phenotypes related to the X chromosome
can arise when genes escape from X inactivation and are,
therefore, expressed biallelically in females [55], one such
alternate method of investigation is the use of X-linked
promoter DNA methylation to predict the X chromo-
some inactivation status in females [50, 54]. To estimate
DNA methylation levels specific to the female inactive X
chromosome, we evaluated the XCI status (as described
in the methods section) [49] for 15 of the 24 candidate
X-linked genes which were located proximal to high-
density (HC) or intermediate-density (IC) CpG island
promoters, as required for accurate X inactivation status
estimation [54]. Differential DNA methylation analysis
was conducted for all CpG sites associated with these
genes (Additional file 1: Table S5).

X-linked genes that show higher promoter DNA meth-
ylation on the female inactive X compared to the male
X tend to be effectively silenced by, or “subject” to, XCI,
whereas genes with similar inactive X promoter DNA
methylation in females compared to male X are likely
to escape from XCI and be expressed from the inactive
X. Of the HC or IC promoter genes inspected, the DNA
methylation profiles of six genes (APT6API, ERCC6L,
GRIPAP1, POLAI, RBM41, and NKRF) suggested that
they would be subject to silencing by XCI in the three
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COVID-19 infection-relevant tissues (Exemplified by
NKRF in Fig. 4A), which was replicated in blood as well.
These six genes have been previously reported to be sub-
ject to XCI in blood and cell culture experiments [56].
The remaining nine genes with an HC or IC promoter
were predicted to escape XCI and are likely expressed
from both the inactive and active X, based on low inac-
tive X promoter DNA methylation similar to male X pro-
moter DNA methylation levels. These genes were found
to escape XCI in the three infection-relevant tissues, and
showing concordance in blood samples: CASBB EIFIAX,
FUNDCI, RPS4X, UBA1, USP9X, ZFX, and ZRSR2, and
DDX3X (Exemplified by DDX3X in Fig. 4B).

Genes that did not have HC or IC promoters were
evaluated for differential DNA methylation between the
male X and female inactive X chromosome by linear
modelling. Of the nine genes considered, eight contained
CpG sites that demonstrated sex associated differences
at multiple CpG sites across the gene body and/or asso-
ciated regulatory regions in at least one tissue. Five of
these genes contained 27 differentially methylated CpG
sites across the three infection-relevant respiratory tis-
sues. Differential DNA methylation at the same CpG sites
validated in blood as well: ACE2, CA5B, HS6ST2, TLRS,
and XIST. Two of these, including CA5B and HS6ST2
also showed male—female differences in gene expression
in the GTEx data (Exemplified by CA5B in Fig. 4C, D).
While ACE2, the cell entry receptor for SARS-CoV-2
did not show sex-biased mRNA expression differences,
we observed increased DNA methylation on the female
inactive X when compared to the male X at multiple CpG
sites across the respiratory tissues and blood. An X inac-
tivation evaluation was not made for ACE2 with DNA
methylation data as it lacked a suitable HC/IC promoter
for this method, and therefore, sex-biased DNA methyla-
tion should be interpreted for this gene in the context of
gene expression evidence, which suggested it was not dif-
ferentially expressed in these tissues in relation to sex.

Interrogation of SARS-CoV-2 relevant gene DNA
methylation revealed an association with chronic
respiratory diagnosis in COMT

Because pre-existing chronic respiratory conditions,
such as asthma and COPD, may affect COVID-19 sus-
ceptibility and mortality [3], we tested whether altered
DNA methylation patterns were observed at COVID-
19 relevant genes in asthmatic and COPD patients.
Utilizing the information on asthma diagnosis, we first
investigated the controlled human exposure data set
and examined the relationship between DNA methyla-
tion and asthma in three infection-relevant respiratory
tissues (bronchoalveolar lavage: n =12, nasal epithelia:
n =11, and bronchial airway epithelia: #=13). A similar



Konwar et al. Epigenetics & Chromatin (2021) 14:54

Page 10 of 18

A 1.00 B 1.00-
0.75 0.75-
3
B 0.501 0.50- :
m
0.251 ! 0.25- :
I ! | : .
0.001 | | i il 0004 = ¢ ’ — | 1
118739750 118740000 118740250 118740500 41192400 41192800 41193200 41193600
X Chromosome Coordinates (NKRF) D X Chromosome Coordinates (DDX3X)
C1ooq : i p-value < 0.05 - CA5B
: o 1.25
I z : I
0.75 ' 5 100 @ Airway EpitheliaQ
%) ; i S M Airway EpitheliaC
© . -
o 0501 ! I ! B o7 L LuingQ
om ! . [*X0} @ Lungd
0.951 1 q S 050 [C Nasal Epithelia Q
2 U : = [ Nasal Epitheliald
A Al i 0.25
0.004 " ¢ !
15690000 15710000 15730000 15750000 15770000 Q g
X Chromosome Coordinates (CA5B)
Fig. 4 Male—female differences in DNA methylation and gene expression in X-linked genes. Scatter plot of DNA methylation values (3) on the y
axis and genomic distances to the most proximal transcription start site are on the x axis. The lines indicate the average DNA methylation values ()
in males and on the female inactive X across the infection relevant tissues. A NKRF, an example of a gene subjected to X chromosome inactivation
showed significantly higher DNA methylation levels in females compared to males. B DDX3X, an example of a gene with a high-density CpG island
promoter was predicted to escape X chromosome inactivation and thus, the inactive X promoter DNA methylation levels in females were as low
as male X promoter DNA methylation levels. C CA5B, an example of a gene that did not possess a high-density or an intermediate-density CpG
island promoter and hence, the X chromosome inactivation status could not be reliably estimated. However, linear modeling between the male
X and female inactive X showed that the female inactive X was more methylated across the 5'untranslated region and along the gene body. D
Correspondingly, CA58 gene demonstrated significantly higher expression in females relative to males.

study design utilized for the controlled human expo-
sure data set is described by the authors in a previous
publication [39]. We fitted linear mixed effect models
on M values using the R /me4 package, with participant
id included as a random effect and exposure, sex, and
age considered as fixed effects. Perhaps, owing to the
relatively low prevalence rate of asthma in this data set,
we did not observe significant DNA methylation differ-
ences associated with an asthma diagnosis at the candi-
date CpG sites.

Using a publicly available GEO data set (GSE111396),
we next tested whether CpG sites associated with the
COVID-19 candidate genes were altered in COPD
patients compared to controls in airway (#=15) and
lung parenchymal fibroblasts (n =46). We found no dif-
ferentially methylated CpG sites associated with COPD
diagnosis in airway fibroblasts; however, one CpG
site (cgl8773129; COMT) in parenchymal fibroblasts
showed increased DNA methylation in COPD patients
compared to healthy controls (FDR<0.2, AS>0.05)

(Fig. 5).

DNA methylation patterns were associated
with environmental exposures in bronchoalveolar lavage
Given the emerging literature on exposure to environ-
mental pollutants and SARS-CoV-2 infection [32, 33],
we analyzed DNA methylation profiles of our candi-
date genes in response to air pollutant exposures in our
controlled human exposure data set (bronchoalveolar
lavage, nasal epithelia, and bronchial airway epithelia).
Individuals in this data set were exposed to each of these
four conditions, in a randomised order: filtered air with
saline (FA+S), filtered air with allergen (FA+ A), diesel
exhaust with allergen (DE + A) and particle-depleted die-
sel exhaust with allergen (PDDE + A) [39]. Linear mixed
effect models using the R /me4 package were fitted on
individual CpG sites associated with our 374 autosomal
candidate genes. Participant id was included as a random
effect and exposure, sex, asthma, and age were consid-
ered as the fixed effects.

For the autosomal CpG sites, we found no signifi-
cant DNA methylation differences in response to pol-
lutant and allergen exposures in nasal and bronchial
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Fig. 5 Difference in DNA methylation between COPD patients

and non-COPD controls in lung parenchymal fibroblasts. For COMT
associated CpG site (cg18773129), unadjusted DNA methylation
values () were plotted on the y axis and the genomic location of the
CpG site is shown below the boxplot

airway epithelia; however, two CpG sites (cg26413528,
cg10411339) in bronchoalveolar lavage showed altered
DNA methylation profiles in the PDDE+ A exposed
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group compared to the FA+S controls (FDR<O0.1;
AB>0.025) (Additional file 1: Table S6). Since individu-
als were subjected to a 2 min inhaled allergen challenge
after being exposed to a pollutant for 2 h, it was impor-
tant to determine whether the observed DNA meth-
ylation patterns were reflective of the pollutant or the
allergen. We performed Tukey tests using R multcomp
package and identified the specific exposure group/s
which showed DNA methylation differences at the two
CpG sites mentioned above. Significant DNA meth-
ylation differences between the PDDE + A exposed and
the FA+ S controls were observed for both CpG sites
(FDR <0.05), although, the magnitude of DNA methyla-
tion difference was relatively small (Af<0.05), perhaps
not surprising given the short exposure times employed
in these experiments (Fig. 6). Specifically, cg26413528
(PRIM?2) showed decreased DNA methylation in the
FA + A group compared to the controls; the same DNA
methylation pattern was observed in the PDDE+A
individuals (Fig. 6A). However, at ¢gl0411339
(TATDN1), no significant DNA methylation differences
between the allergen exposed group (FA+ A) and the
control group (FA+S) were noted (Fig. 6B). In addi-
tion, given our sample size in the controlled human
exposure data set, we could not perform reliably pow-
ered sex-stratified analyses on the X-linked CpG sites.
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Fig. 6 DNA methylation patterns in response to environmental exposure to pollutants in bronchoalveolar lavage. Box plots of unadjusted DNA
methylation values () on the y axis against the exposure groups on the x axis. A At cg26413528, both the allergen exposed group (FA+ A) and
the particle-depleted diesel exhaust (PDDE 4 A) group showed a decreased DNA methylation profile compared to the control group (corrected
p value <0.05). B At cg10411339, only the particle-depleted diesel exhaust (PDDE + A) group showed an increased DNA methylation profile
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DNA methylation sex differences at COVID-19 relevant
genes recapitulate in SARS-CoV-2 infected blood samples
To begin exploring whether our computational predic-
tions were reflective of the real-world data related to
SARS-CoV-2 infections, we took advantage of a DNA
methylation COVID-19 data set (GSE174818) that
became publicly available during the revision of our man-
uscript. The nature of this data set allowed us to examine
the concordance between the CpG sites that we identified
as differentially methylated in association with sex, and
their empirical patterns in the context of actual SARS-
CoV-2 infection. Focusing on our set of CpG sites iden-
tified as being differentially methylated by sex in at least
two of the infection-relevant respiratory tissues and fur-
ther validated in our large control blood data set (n-237),
we performed a sex-stratified analysis in COVID-19
positive cases versus COVID-19 negative controls. Using
similar statistical approaches as the ones used in our pre-
viously described data sets, we first validated the sex-spe-
cific patterns of the identified sex-biased CpG sites from
our previous analyses. Second, we tested for potential
associations with SARS-CoV-2 infection status in both
autosomal regions and on sex chromosomes.

For autosomal loci, we found that our set of identi-
fied sex-biased CpG sites also showed differential DNA
methylation patterns by sex in the COVID-19 data set
(p value 0.05). Furthermore, one CpG site in NLRP2
(cg20995778; p value <0.05 and AP >0.05) was differen-
tially methylated in males when COVID-19 positive cases
were compared to COVID-19 negative controls (Fig. 7A).
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Females showed the same trend without reaching sta-
tistical significance, likely connected to having an over-
all much smaller biological effect size (AS<0.02). Next,
when examining X-linked candidate loci, we found that
one CpG site in ACE2 (cg21598868, p value <0.05) was
differentially methylated by COVID-19 status in both
sexes, although females (Afp=0.061), had a larger effect
size than males (A =0.037) (Fig. 7B). In addition, in our
sex-stratified analysis and at a p value <0.05, cg24735671
(TLR7, AB=0.043) and cg20981403 (TLRS, AB=0.036)
showed differential DNA methylation by COVID-19
status only in males, whereas cgl9782749 (HS6ST2,
AB=0.045) and cg00741717 (TLRS, A =0.042) were dif-
ferentially methylated in females (Additional file 2: Fig.
S7).

Discussion

Understanding the molecular basis of variation in risk
factor disparities for SARS-CoV-2 infection may provide
valuable information needed to understand biological
processes affected during the infection. To gain deduc-
tive insights into the disease, we examined gene expres-
sion and DNA methylation patterns in disease relevant
tissues at biologically informed candidate genes rel-
evant in SARS-CoV-2 infection and provided evidence
for molecular differences between the sexes, those with
pre-existing respiratory conditions, and in response to
air pollutants.. First, we tested sex differences in DNA
methylation and gene expression and identified con-
sistent effects at several immune-related genes across
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Fig. 7 Sex differences in DNA methylation stratified by COVID-19 status. Box plots of Unadjusted DNA methylation values (0) plotted on the y axis
and the box plots are colored by COVID-19 status. A Box plots of cg20995778 in NLRP2 which is differentially methylated by COVID-19 status in only
males. B Box plots of cg21598868 in ACE2 differentially methylated by COVID-19 status in both males and females; and females (AB=0.061) show a
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multiple tissues. We found that a subset of the sex-biased
molecular differences also exhibited differential DNA
methylation patterns by COVID-19 status in an empiri-
cal human data set, thus supporting the relevance of our
computational predictions for DNA methylation patterns
associated with actual SARS-COV-2 infection. Second,
we identified differential DNA methylation of a CpG
loci within the COMT gene in lung parenchymal fibro-
blasts associated with COPD, a risk factor in COVID-19.
Third, our candidate analysis detected environmental
exposure-related DNA methylation patterns, which may
also contribute to differences in SARS-CoV-2 infected
individuals.

In the context of molecular sex differences, NLRP2
showed sex-specific differences in both DNA methyla-
tion and gene expression across multiple infection-rel-
evant tissues. NLRP2 belongs to the NOD-like receptor
family, which functions as a pattern recognition recep-
tor (PRR) to identify pathogen associated molecular pat-
terns in infectious agents. Upon recognition, these PRRs
activate inflammatory responses in the host to eliminate
the pathogen. NLRP2 functions as a suppressor of pro-
inflammatory responses by inhibiting type 1 interferon
responses and the nuclear factor-kB pathway, a signaling
cascade implicated in SARS-CoV-2 infection [57-59].
Thus, NLRP2 participates in a negative feedback loop to
suppress a hyperactive immune response, which is often
observed in COVID-19 patients [60—62].

While the role of NLRP2 is not specifically character-
ized in SARS-CoV-2 infection, NLRP2 has shown sex-
biased expression in influenza infection [63], and another
member of the same NOD-like receptor family, NLRP3,
is involved in inducing pulmonary inflammation in
COVID-19 [64]. In general agreement with our findings,
a few studies have previously confirmed the sex-specific
expression profile of NLRP2, with decreased expression
observed in males relative to females [65, 66]. Expand-
ing beyond these situations and integrating our compu-
tational predictions with empirical data on SARS-COV-2
infection in human whole blood, we found a CpG site
in NLRP2 that was not only differentially methylated in
COVID-19 positive males compared to COVID-19 nega-
tive males, but also displayed a relatively larger magni-
tude of DNA methylation difference by COVID-19 status
in males relative to females. Based on the observed asso-
ciations and the ability of NLRP2 to inhibit proinflamma-
tory responses, it is tempting to speculate that males may
be more likely to manifest an NLRP2-mediated hyper-
active inflammatory phenotype in response to SARS-
CoV-2 infection. Like NLRP2, other immune-related
genes exhibited similar sex-biased differential DNA
methylation patterns, such as ARRB2, TLEI, and GPX1,
also inhibitors of the nuclear factor-xB pathway [67, 68].
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Moreover, TLEI also regulates several target genes in the
Wnt pathway [69], a signaling pathway important for sex
differentiation [70, 71] and viral replication [72]. Interest-
ingly, in a recent investigation, members of this pathway
were identified as potential biomarkers for prognosis and
treatment of SARS-CoV-2 infected patients with acute
respiratory distress syndrome [73]. In addition to TLEI,
a CpG site in the 5’UTR of GPX1, a selenium-dependent
antioxidant, which interacts with the main protease of
SARS-CoV-2, consistently showed male—female DNA
methylation differences across all the tissues investi-
gated in the current study. During a viral infection, such
as in the case of SARS-CoV-2, the increased production
of reactive oxygen species such as hydrogen peroxide is
counterbalanced by antioxidants, namely, GPX1, which
catalyzes hydrogen peroxide to water. Of note, hydrogen
peroxide has been shown to stimulate nuclear factor-xB
signaling pathway [74], which activates several proin-
flammatory cytokines in the innate immune response
network. Collectively, these findings suggested nuclear
factor-«xB signaling pathway as an additional important
pathway in understanding sex differences in COVID-19
susceptibility and severity.

Among the X-linked genes, ACE2, the host cell recep-
tor which binds to SARS-CoV-2, showed increased DNA
methylation on the female inactive X as compared to the
male X. The same direction of sex-biased DNA methyla-
tion pattern in ACE2 was observed in a recent publication
[75], although the authors did not specifically investigate
the inactive X; together, our results suggested that ACE2
was more methylated at both female X chromosomes
than the male X. Perhaps most reassuringly for the valid-
ity of our approach, we also identified cg21598868 in
ACE2 as being differentially methylated by COVID-19
status consistently in both males and females. We note
that females displayed a relatively larger methylation dif-
ference at this particular CpG site, potentially pointing
towards a molecular association that may explain some
of the sex-associated differences in SARS-CoV-2 infected
individuals. While we did not detect significant differen-
tial mRNA expression of ACE2 between the sexes in our
tissues, other studies have, in fact, also reported incon-
sistent results on the association of ACE2 expression with
sex [76—79]. Some of these inconsistencies may be attrib-
utable to differences in tissue type, sample size, age, and
population. Intriguingly, in a recent preprint [80], regu-
latory elements within ACE2 have altered the expression
of neighboring X-linked genes, such as CA5B, which in
the current study also exhibited sex differences in both
DNA methylation and mRNA expression. These find-
ings suggested that ACE2 may regulate transcription of
key genes involved in interactions of the host with SARS-
CoV-2 and thus, may indirectly contribute to some of the
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molecular differences between sexes that can influence
the risk to COVID-19. Taken together, these molecular
sex differences in SARS-CoV-2 candidates suggest sex is
an important consideration in COVID-19 research with
implications for understanding disease pathophysiol-
ogy. Although women have been fairly represented in the
published randomized-controlled trials of COVID-19,
these trials did not perform sex-specific analyses [81],
which may have adverse consequences on screening and
medical interventions for COVID-19, given that there are
male—female differences in molecular processes of genes
relevant in COVID-19 biology.

Beyond molecular sex differences, pre-existing respira-
tory conditions might confer an increased risk to SARS-
CoV-2 infection. Utilizing molecular data on two such
respiratory conditions, asthma or COPD, we investigated
DNA methylation effects associated with an asthma
and COPD diagnosis for our set of candidate genes. No
detectable DNA methylation differences associated with
asthma were observed, indicating either there were no
DNA methylation alterations at the candidate CpG sites,
or the sample size was too small to detect them. Infor-
matively, a comprehensive study [82] on the prevalence
of asthma in COVID-19 patients, with data collected
from several countries across the world, pointed towards
an unclear association between asthma and COVID-
19 susceptibility as well as severity. In contrast, at our
moderately stringent analytical threshold, we identi-
fied one CpG site that was differentially methylated in
COPD patients compared to controls, this CpG site was
in COMT, a gene implicated in nicotine dependence
and cigarette smoking. Of note, COPD patients in this
study were either current or former smokers, whereas
the healthy controls were non-smokers. Therefore, DNA
methylation patterns observed at this site may either
represent a true association with the primary variable
“COPD’; with the confounding variable “smoking’; or may
even reflect a compounded effect of both known risk var-
iables in COVID-19.

In addition to risk factors such as sex and pre-existing
respiratory conditions, exposure to air pollutants corre-
lated with increased susceptibility, severity and COVID-
19 mortality [83, 84]. While both population-based and
controlled exposure studies have reported the effects
of air pollutants on molecular processes [38], the influ-
ence of such pollutants on genes relevant to COVID-19
biology have not been extensively studied in the con-
text of DNA methylation. Here, we found altered DNA
methylation at two CpG sites associated with exposure
to particle-depleted diesel exhaust and allergen. Specifi-
cally, cg26413528 showed decreased DNA methylation
levels that were observed in both the allergen and the
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particle-depleted diesel exhaust group and this CpG site
has previously been associated with respiratory condi-
tion in another independent study [85]. At the other CpG
site (cgl0411339), we did not observe any significant
differences between the allergen exposed and the con-
trols, suggesting that the altered DNA methylation pro-
file likely reflects exposure changes that are only related
to particle-depleted diesel exhaust and not the allergen
itself. We note that particulate-depleting technologies
minimize the adverse effects of air pollutants by filtering
PM, s (particulate matter <2.5 pm in aerodynamic diam-
eter). However, in the process of particle depletion, the
gaseous composition is altered such that an increase in
NO, levels is often reported. In this context, it is inter-
esting that exposure to high NO, levels has been recently
identified as a potent contributor to COVID-19 infection
and also mortality [86, 87]. We thus speculate that the
exposure associated DNA methylation patterns observed
in the study, which captured differences in NO, levels,
may underlie molecular variation in COVID-19 suscep-
tibility [39]. Notably, these findings were observed only
in bronchoalveolar lavage, a tissue not routinely collected
and tested for COVID-19, although the diagnostic accu-
racy of bronchoalveolar lavage specimens in detecting
SARS-COV-2 infection is high [88, 89]. In addition to
tissue-specific DNA methylation, the magnitude of DNA
methylation changes between exposed and non-exposed
groups were relatively small, which is expected, given
that the individuals in these experiments were subjected
to short exposure timeframes. However, these small
molecular effects may still represent meaningful changes
that may explain some of the differences following SARS-
CoV-2 infection [90]. In addition, it has been documented
that molecular sex differences in both DNA methylation
and gene expression tend to be small to moderate [91,
92], thus generally showing similar magnitude of differ-
ences to the ones reported in our associations.

Although the findings presented here offer risk-focused
molecular insights into COVID-19, this study has inher-
ent limitations that should be acknowledged. First, the
findings described in this study reflect an association
of molecular differences in human host genes relevant
in COVID-19 and do not establish any causal mecha-
nisms linked with the disease. While in our analysis we
did indeed observe some of the sex-biased DNA meth-
ylation differences in an empirical COVID-19 data set
from blood, it will be imperative to not only expand this
to additional human data sets and tissues, but to also
determine the functional relevance of these candidates,
if any, using model organisms or an in vitro system. Sec-
ond, our analysis of sex differences in DNA methylation
and gene expression patterns relied exclusively on a sex



Konwar et al. Epigenetics & Chromatin (2021) 14:54

chromosome complement definition of sex; however,
we acknowledge both the existence of intersex individu-
als and the many other aspects of sex, including sec-
ondary sex characteristics and fluctuating sex hormone
levels [93]. In addition, in our analyses, sex cannot be
disentangled from gender identity and gendered experi-
ences, especially in regard to sex and gender differences
in COVID-19 outcomes and health care [94, 95] events.
Third, except for a few of our candidates, such as NLRP2
and CASB, we observed unique changes in distinct genes
associated with the two molecular processes. It is impor-
tant to note that the correlation between DNA methyla-
tion and gene expression is not straightforward [96, 97]
and is dependent on genomic context and temporal stage.
Furthermore, genetic variation, which is not measured
in this study, impacts both DNA methylation and gene
expression; in fact, both DNA methylation and genetic
variation may sometimes work in tandem to influence
gene expression [98]. Finally, our sample size was rela-
tively small, especially for the controlled human exposure
data set and comprised of ethnically less diverse individu-
als; therefore, these findings might provide an important
starting point for confirmatory studies in larger popula-
tions with diverse ancestries. Finally, an important limita-
tion of the candidate gene approach adopted in this study
is the inability to discover novel associations beyond
those genes chosen as putative candidates.

Conclusion

Together these data provide evidence for the importance
of molecular differences at the level of DNA methylation
and gene expression in understanding SARS-CoV-2 sus-
ceptibility and development, especially regarding molec-
ular sex differences, pre-existing respiratory conditions,
and air pollutant exposure. Further investigation into the
implications of these differences could be integral for a
better understanding of disease susceptibility and out-
comes of COVID-19. This work lays a foundation to build
upon in our collective effort to combat this worldwide
pandemic and improve outcomes for all.

Abbreviations

BMIQ: Beta mixture quantile dilation; COPD: Chronic obstructive pulmonary
disease; COVID-19: Coronavirus disease 2019; DE + A: Diesel exhaust with
allergen; FA + A: Filtered air with allergen; FA + S: Filtered air with saline; FDR:
False discovery rate; GEO: Gene Expression Omnibus; GTEx: Genotype-Tissue
Expression; HC: High-density; IC: Intermediate-density; NO2: Nitrogen dioxide;
PDDE + A: Particle-depleted diesel exhaust with allergen; PM2.5: Particulate
matter < 2.5 um in aerodynamic diameter; PRR: Pattern recognition receptor;
SARS-CoV-2: Severe acute respiratory syndrome coronavirus 2; XCl: X chromo-
some inactivation; 850 K array: lllumina Infinium Human MethylationEPIC
BeadChip platform; 450 K array: lllumina Infinium Human Methylation450
BeadChip platform.

Page 150f 18

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/513072-021-00428-1.

Additional file 1: Table S1. List of candidate genes examined in the
current study. Table S2. Results obtained from the sex-based expres-

sion analysis performed on the autosomal genes (segregated by tissues).
Table S3. Results obtained from the sex-based expression analysis per-
formed on the X-linked genes (segregated by tissues). Table S4. Results
obtained from the sex-based DNA methylation analysis performed on the
autosomal genes (segregated by tissues). Table S5. Results obtained from
the sex-based DNA methylation analysis performed on the X-linked genes
(segregated by tissues). Table S6. Results obtained from the exposure-
based DNA methylation analysis performed on the autosomal genes
(segregated by tissues).

Additional file 2: Fig S1. Violin plots of sex-biased gene expression in
NLRP2. Expression in blood was quantified as transcript counts (GTEX).
Fig S2. Violin plots of sex-biased gene expression in XIST. (A)Expression in
nasal epithelia was measured as log2 normalized values (GEQ). (B)Expres-
sion in lung was quantified as transcript counts (GTEx). (C)Expression in
blood was quantified as transcript counts (GTEx). Fig $3. Box plots of the
three validated CpG sites (GPX1, ERC1 and TLE1) differentially methylated
by sex in three tissues from the repeated exposure data set. Unadjusted
DNA methylation values () were plotted on the y axis with CpG sites on
the x axis. Genomic positions of the CpG sites are indicated below the
respective plots. Fig S4. Box plots of the three validated CpG sites (GPX1,
ERC1 and TLE1) differentially methylated by sex in blood. Unadjusted DNA
methylation values () were plotted on the y axis against the CpG sites
on the x axis, with genomic locations of the CpG sites plotted below the
respective plots. Fig S5. Bar plots of age distributions in airway epithelia
and nasal epithelia. Age group in years is indicated on the y axis while the
X axis represents the number of males and females. Fig S6. Box plots of
the three validated CpG sites (GPX1, ERC1 and TLE1) differentially methyl-
ated by sex across the age groups in airway epithelia and nasal epithelia.
Unadjusted DNA methylation values (B) were plotted on the x axis with
age groups in years on the y axis. Genomic positions of the CpG sites are
represented below the respective plots. Fig S7. Box plots of the CpG sites
that are differentially methylated by COVID-19 status in males (A) and in
females (B). Unadjusted DNA methylation values () were plotted on the y
axis and the box plots are colored by COVID-19 status.

Acknowledgements

We are extremely grateful to the authors of the publicly accessible data sets
(GEO and GTEx) which were analyzed in this study. We would like to sincerely
thank the participants and Carlsten lab staff (https://pollutionlab.com/)

who completed the repeated exposure study. Finally, we are thankful to Lea
Separovic, Fizza Fatima, and Dr. Kim Schmidt (BC Children’s Hospital Research
Institute, Vancouver) for their insightful comments on this manuscript.

Authors’ contributions

Conceptualization: MSK and CK Data curation: CK, RA, SMM, GLN, MJA, CC, CFR
and MSK Biological data generation: JLM, MSK, CC and CFR DNA methylation
analysis: CK, RA, AMI and SMM Gene expression analysis: GLN, MJA and CK
Result interpretation: CK, RA, AMI and SMM Figures/visualization: RA and CK
Manuscript composition and review: CK, RA, SMM, AMI, GLN, MJA, MSK, CC,
CFR and JLM. All authors read and approved the final manuscript.

Funding

The controlled human air pollution study component was funded by Cana-
dian Institutes of Health Research Grant MOP 123319, WorkSafe BC Grant
RG2011-0G07, and AllerGen National Centre for Excellence grant GxE4.

Availability of data and materials

Accession numbers for the publicly available data sets utilized in the study are
mentioned in the methods section. Data needed to evaluate the paper are
either presented in the manuscript and/or the Supplementary Materials. The
controlled human exposure data set utilized in the current study is available
on the KoborLab Github repository (https://github.com/kobor-lab/Data).


https://doi.org/10.1186/s13072-021-00428-1
https://doi.org/10.1186/s13072-021-00428-1
https://pollutionlab.com/
https://github.com/kobor-lab/Data

Konwar et al. Epigenetics & Chromatin (2021) 14:54

Additional relevant data, if required is available on request. Data preprocessing
R scripts are available on the Koborlab Github repository (https://github.com/
kobor-lab/Public-Scripts/tree/master/COVID-19).

Declarations

Ethics approval and consent to participate

Largely, data sets were downloaded from two publicly available repositories:
Gene Expression Omnibus, GEO, and Genotype-Tissue Expression, GTEx. In
addition, research related to the controlled human exposure study presented
in this manuscript is in compliance with local, state and national regulations
for the ethical treatment of human subjects and ethics approval was obtained
from the Research Ethics Board at the University of British Columbia.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details

'BC Children’s Hospital Research Institute (BCCHRY), 950 West 28th Avenue,
Vancouver, BC VV5Z 4H4, Canada. “Centre for Molecular Medicine and Thera-
peutics, Vancouver, BC V6H 0B3, Canada. >Canada’s Michael Smith Genome
Sciences Centre, BC Cancer, Vancouver, BCV5Z 113, Canada. “The Department
of Ecology and Evolutionary Biology, University of Toronto, Toronto, ON M5S
3B2, Canada. *Department of Biology, Queen’ University, Kingston, ON K7L
3N6, Canada. ®Program in Child and Brain Development, CIFAR, MaRS Centre,
661 University Ave, Toronto, ON M5G 1M1, Canada. "The Department of Medi-
cal Genetics, University of British Columbia, Vancouver, BCV6T 173, Canada.
5The Department of Respiratory Medicine, University of British Columbia,
Vancouver, BCV5Z TM9, Canada.

Received: 31 July 2021 Accepted: 26 November 2021
Published online: 11 December 2021

References

1. Gupta S, Hayek SS, Wang W, Chan L, Mathews KS, Melamed ML, et al. Fac-
tors associated with death in critically ill patients with coronavirus disease
2019 in the US. JAMA Intern Med. 2020;180(11):1436.

2. Grasselli G, Greco M, Zanella A, Albano G, Antonelli M, Bellani G, et al. Risk
factors associated with mortality among patients with COVID-19 in inten-
sive care units in Lombardy, Italy. JAMA Intern Med. 2020;180(10):1345.

3. Williamson EJ, Walker AJ, Bhaskaran K, Bacon S, Bates C, Morton CE, et al.
Factors associated with COVID-19-related death using OpenSAFELY.
Nature. 2020,584(7821):430-6.

4. Clark A, Jit M, Warren-Gash C, Guthrie B, Wang HHX, Mercer SW, et al.
Global, regional, and national estimates of the population at increased
risk of severe COVID-19 due to underlying health conditions in 2020: a
modelling study. Lancet Glob Health. 2020;8(8):e1003-17.

5. Rabbani G, Shariful Islam SM, Rahman MA, Amin N, Marzan B, Robin RC,
et al. Pre-existing COPD is associated with an increased risk of mortality
and severity in COVID-19: a rapid systematic review and meta-analysis.
Expert Rev Respir Med. 2021;1:12.

6. Karlberg J. Do men have a higher case fatality rate of severe acute respira-
tory syndrome than women do? Am J Epidemiol. 2004;159(3):229-31.

7. Global Health 50/50. The sex, gender and COVID-19 project. 2020. https://
globalhealth5050.0rg/the-sex-gender-and-covid-19-project/. Accessed
12 Jan 2021.

8. Scully EP, Haverfield J, Ursin RL, Tannenbaum C, Klein SL. Considering how
biological sex impacts immune responses and COVID-19 outcomes. Nat
Rev Immunol. 2020;20(7):442-7.

9. Chen N, Zhou M, Dong X, Qu J, Gong F, Han Y, et al. Epidemiological and
clinical characteristics of 99 cases of 2019 novel coronavirus pneumonia
in Wuhan, China: a descriptive study. Lancet. 2020;395(10223):507-13.

10. GuanW, NiZ, Hu, Liang W, Ou C, He J, et al. Clinical characteristics of
coronavirus disease 2019 in China. N Engl J Med. 2020;382(18):1708-20.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

w

33

Page 16 of 18

. NYC Health. COVID-19: Data. 2020. https://www1.nyc.gov/site/doh/

covid/covid-19-data.page. Accessed 2 Feb 2021.

Gebhard C, Regitz-Zagrosek V, Neuhauser HK, Morgan R, Klein SL. Impact
of sex and gender on COVID-19 outcomes in Europe. Biol Sex Differ.
2020;11(1):29.

Hannah MF, Bajic VB, Klein SL. Sex differences in the recognition of and
innate antiviral responses to Seoul virus in Norway rats. Brain, Behav
Immun. 2008;22(4):503-16.

Klein SL, Flanagan KL. Sex differences in immune responses. Nat Rev
Immunol. 2016;16(10):626-38.

Yale IMPACT Research Team, Takahashi T, Ellingson MK, Wong P, Israelow
B, Lucas C, et al. Sex differences in immune responses that underlie
COVID-19 disease outcomes. Nature. 2020;588(7837):315-20.

Wallner S, Schroder C, Leitdo E, Berulava T, Haak C, BeiBer D, et al. Epige-
netic dynamics of monocyte-to-macrophage differentiation. Epigenetics
Chromatin. 2016;9(1):33.

de la Calle-Fabregat C, Morante-Palacios O, Ballestar E. Understanding the
relevance of DNA methylation changes in immune differentiation and
disease. Genes. 2020;11(1):110.

Balaton BP, Brown CJ. Escape artists of the x chromosome. Trends Genet.
2016;32(6):348-59.

Peeters SB, Cotton AM, Brown CJ. Variable escape from X-chromosome
inactivation: Identifying factors that tip the scales towards expression.
BioEssays. 2014;36(8):746-56.

Carrel L, Willard HF. X-inactivation profile reveals extensive variability in
X-linked gene expression in females. Nature. 2005;434(7031):400-4.
Bianchil, Lleo A, Gershwin ME, Invernizzi P. The X chromosome and
immune associated genes. J Autoimmun. 2012;38(2-3):J187-92.

Liva SM, Voskuhl RR. Testosterone Acts Directly on CD4 * T Lymphocytes
to Increase IL-10 Production. J Immunol. 2001;167(4):2060-7.

Arathimos R, Sharp GC, Granell R, Tilling K, Relton CL. Associations of sex
hormone-binding globulin and testosterone with genome-wide DNA
methylation. BMC Genet. 2018;19(1):113.

Singmann P, Shem-Tov D, Wahl S, Grallert H, Fiorito G, Shin S-Y, et al. Char-
acterization of whole-genome autosomal differences of DNA methyla-
tion between men and women. Epigenetics Chromatin. 2015;8(1):43.
Mamrut S, Avidan N, Staun-Ram E, Ginzburg E, Truffault F, Berrih-Aknin

S, et al. Integrative analysis of methylome and transcriptome in human
blood identifies extensive sex- and immune cell-specific differentially
methylated regions. Epigenetics. 2015;10(10):943-57.

Marquez EJ, Chung C, Marches R, Rossi RJ, Nehar-Belaid D, Eroglu A, et al.
Sexual-dimorphism in human immune system aging. Nat Commun.
2020;11(1):751.

Simpson JL, Carroll M, Yang IA, Reynolds PN, Hodge S, James AL, et al.
Reduced Antiviral Interferon Production in Poorly Controlled Asthma

Is Associated With Neutrophilic Inflammation and High-Dose Inhaled
Corticosteroids. Chest. 2016;149(3):704-13.

Lee N, Allen Chan KC, Hui DS, Ng EKO, Wu A, Chiu RWK, et al. Effects of
early corticosteroid treatment on plasma SARS-associated Coronavirus
RNA concentrations in adult patients. J Clin Virol. 2004;31(4):304-9.
Chhiba KD, Patel GB, Vu THT, Chen MM, Guo A, Kudlaty E, et al. Prevalence
and characterization of asthma in hospitalized and nonhospitalized
patients with COVID-19. J Allergy Clin Immunol. 2020;146(2):307-314.e4.
Clifford RL, Fishbane N, Patel J, Maclsaac JL, McEwen LM, Fisher AJ, et al.
Altered DNA methylation is associated with aberrant gene expression

in parenchymal but not airway fibroblasts isolated from individuals with
COPD. Clin Epigenet. 2018;10(1):32.

. Yang IV, Pedersen BS, Liu A, O'Connor GT, Teach SJ, Kattan M, et al. DNA

methylation and childhood asthma in the inner city. J Allergy Clin Immu-
nol. 2015;136(1):69-80.

Wu X, Nethery RC, Sabath MB, Braun D, Dominici F. Air pollution and
COVID-19 mortality in the United States: Strengths and limitations of an
ecological regression analysis. Sci Adv. 2020;6(45):eabd4049.

Andrée BPJ. Incidence of COVID-19 and connections with air pollution
exposure: evidence from the Netherlands. http://medrxiv.org/lookup/
doi/https://doi.org/10.1101/2020.04.27.20081562 (2020). Accessed 23
Mar 2021.

Conticini E, Frediani B, Caro D. Can atmospheric pollution be considered
a co-factor in extremely high level of SARS-CoV-2 lethality in Northern
Italy? Environ Pollut. 2020;261:114465.


https://github.com/kobor-lab/Public-Scripts/tree/master/COVID-19
https://github.com/kobor-lab/Public-Scripts/tree/master/COVID-19
https://globalhealth5050.org/the-sex-gender-and-covid-19-project/
https://globalhealth5050.org/the-sex-gender-and-covid-19-project/
https://www1.nyc.gov/site/doh/covid/covid-19-data.page
https://www1.nyc.gov/site/doh/covid/covid-19-data.page
https://doi.org/10.1101/2020.04.27.20081562

Konwar et al. Epigenetics & Chromatin

35.

36.

37.

38.

39.

40.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

(2021) 14:54

Travaglio M, Yu'Y, Popovic R, Selley L, Leal NS, Martins LM. Links between
air pollution and COVID-19 in England. Environ Pollut. 2021;268:115859.
Clifford RL, Jones MJ, Maclsaac JL, McEwen LM, Goodman SJ, Mostafavi
S, et al. Inhalation of diesel exhaust and allergen alters human bronchial
epithelium DNA methylation. J Allergy Clin Immunol. 2017;139(1):112-21.
Plusquin M, Guida F, Polidoro S, Vermeulen R, Raaschou-Nielsen O, Cam-
panella G, et al. DNA methylation and exposure to ambient air pollution
in two prospective cohorts. Environ Int. 2017;108:127-36.

Rider CF, Carlsten C. Air pollution and DNA methylation: effects of expo-
sure in humans. Clin Epigenet. 2019;11(1):131.

Wooding DJ, Ryu MH, Huls A, Lee AD, Lin DTS, Rider CF, et al. Particle
depletion does not remediate acute effects of traffic-related air pollution
and allergen. A randomized, double-blind crossover study. Am J Respir
Crit Care Med. 2019;200(5):565-74.

Zhou P, Yang X-L, Wang X-G, Hu B, Zhang L, Zhang W, et al. A pneumo-
nia outbreak associated with a new coronavirus of probable bat origin.
Nature. 2020;579(7798):270-3.

. Hoffmann M, Kleine-Weber H, Schroeder S, Kriiger N, Herrler T, Erichsen S,

et al. SARS-CoV-2 cell entry depends on ACE2 and TMPRSS2 and is blocked
by a clinically proven protease inhibitor. Cell. 2020;181(2):271-280.e8.

Ou X, LiuY, Lei X, Li P, Mi D, Ren L, et al. Characterization of spike glyco-
protein of SARS-CoV-2 on virus entry and its immune cross-reactivity with
SARS-CoV. Nat Commun. 2020;11(1):1620.

Palau V, Riera M, Soler MJ. ADAM17 inhibition may exert a protective
effect on COVID-19. Nephrol Dial Transplant. 2020;35(6):1071-2.
Padmanabhan P, Desikan R, Dixit NM. Targeting TMPRSS2 and Cathepsin
B/L together may be synergistic against SARS-CoV-2 infection. PLoS
Comput Biol. 2020;16(12):e1008461.

Channappanavar R, Fett C, Mack M, Ten Eyck PP, Meyerholz DK, Perlman
S. Sex-based differences in susceptibility to severe acute respiratory
syndrome coronavirus infection. JI. 2017;198(10):4046-53.
Moreno-Eutimio MA, Lépez-Macias C, Pastelin-Palacios R. Bioinformatic
analysis and identification of single-stranded RNA sequences recog-
nized by TLR7/8 in the SARS-CoV-2, SARS-CoV, and MERS-CoV genomes.
Microbes Infect. 2020;22(4-5):226-9.

Gordon DE, Jang GM, Bouhaddou M, Xu J, Obernier K, White KM, et al. A
SARS-CoV-2 protein interaction map reveals targets for drug repurposing.
Nature. 2020;583(7816):459-68.

Lieberman NAP, Peddu V, Xie H, Shrestha L, Huang M-L, Mears MC, et al.
In vivo antiviral host transcriptional response to SARS-CoV-2 by viral load,
sex, and age. PLoS Biol. 2020;18(9):23000849.

Cotton AM, Avila L, Penaherrera MS, Affleck JG, Robinson WP, Brown CJ.
Inactive X chromosome-specific reduction in placental DNA methylation.
Hum Mol Genet. 2009;18(19):3544-52.

Cotton AM, Lam L, Affleck JG, Wilson IM, Pefaherrera MS, McFadden

DE, et al. Chromosome-wide DNA methylation analysis predicts human
tissue-specific X inactivation. Hum Genet. 2011;130(2):187-201.

Piasecka B, Duffy D, Urrutia A, Quach H, Patin E, Posseme C, et al. Distinc-
tive roles of age, sex, and genetics in shaping transcriptional variation of
human immune responses to microbial challenges. Proc Natl Acad Sci
USA. 2018;115(3):E488-97.

Pacis A, Tailleux L, Morin AM, Lambourne J, Maclsaac JL, Yotova V, et al.
Bacterial infection remodels the DNA methylation landscape of human
dendritic cells. Genome Res. 2015;25(12):1801-11.

Paludan SR. Activation and Regulation of DNA-Driven Immune
Responses. Microbiol Mol Biol Rev. 2015;79(2):225-41.

Cotton AM, Price EM, Jones MJ, Balaton BP, Kobor MS, Brown CJ. Land-
scape of DNA methylation on the X chromosome reflects CpG density,
functional chromatin state and X-chromosome inactivation. Hum Mol
Genet. 2015;24(6):1528-39.

Navarro-Cobos MJ, Balaton BP, Brown CJ. Genes that escape from X-chro-
mosome inactivation: Potential contributors to Klinefelter syndrome. Am
J Med Genet. 2020;184(2):226-38.

Balaton BP, Cotton AM, Brown CJ. Derivation of consensus inactivation
status for X-linked genes from genome-wide studies. Biol Sex Differ.
2015;6(1):35.

Yang Y, Lang X, Sun S, Gao C, Hu J, Ding S, et al. NLRP2 negatively
regulates antiviral immunity by interacting with TBK1. Eur J Immunol.
2018;48(11):1817-25.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71

72.

73.

74.

75.

76.

77.

78.

Page 17 of 18

Tilburgs T, Meissner TB, Ferreira LMR, Mulder A, Musunuru K, Ye J, et al.
NLRP2 is a suppressor of NF-kB signaling and HLA-C expression in human
trophoblastst F. Biol Reprod. 2017,96(4):831-42.

Bruey JM, Bruey-Sedano N, Newman R, Chandler S, Stehlik C, Reed

JC. PAN1/NALP2/PYPAF2, an inducible inflammatory mediator that
regulates NF-kB and caspase-1 activation in macrophages. J Biol Chem.
2004;279(50):51897-907.

Zhou Z,Ren L, Zhang L, Zhong J, Xiao Y, Jia Z, et al. Heightened innate
immune responses in the respiratory tract of COVID-19 patients. Cell Host
Microbe. 2020;27(6):883-890.e2.

Huang C, Wang Y, Li X, Ren L, Zhao J, Hu Y, et al. Clinical features of
patients infected with 2019 novel coronavirus in Wuhan. China Lancet.
2020;395(10223):497-506.

Coperchini F, Chiovato L, Croce L, Magri F, Rotondi M. The cytokine
storm in COVID-19: An overview of the involvement of the chemokine/
chemokine-receptor system. Cytokine Growth Factor Rev. 2020;53:25-32.
Bongen E, Lucian H, Khatri A, Fragiadakis GK, Bjornson ZB, Nolan GP, et al.
Sex differences in the blood transcriptome identify robust changes in
immune cell proportions with aging and influenza infection. Cell Rep.
2019;29(7):1961-1973.e4.

Chang Y-S, Ko B-H, Ju J-C, Chang H-H, Huang S-H, Lin C-W. SARS Unique
Domain (SUD) of severe acute respiratory syndrome coronavirus induces
NLRP3 inflammasome-dependent CXCL10-mediated pulmonary inflam-
mation. IJMS. 2020;21(9):3179.

Yang CX, Shi H, Ding |, Milne S, Hernandez Cordero Al, Yang CWT, et al.
Widespread sexual dimorphism in the transcriptome of human airway
epithelium in response to smoking. Sci Rep. 2019;9(1):17600.

Y. Hachim 1, Y. Hachim M, Talaat IM, Lopez-Ozuna VM, Saheb Sharif-Askari
N, Halwani R, et al. The molecular basis of gender variations in mortality
rates associated with the novel coronavirus (COVID-19) outbreak. https://
www.preprints.org/manuscript/202005.0364/v1 (2020). Accessed 26 Mar
2021,

Ramasamy S, Saez B, Mukhopadhyay S, Ding D, Ahmed AM, Chen X,

et al. Tle1 tumor suppressor negatively regulates inflammation in vivo
and modulates NF-kB inflammatory pathway. Proc Natl Acad Sci USA.
2016;113(7):1871-6.

Brigelius-Flohé R, Friedrichs B, Maurer S, Schultz M, Streicher R. Interleu-
kin-1-induced nuclear factor kB activation is inhibited by overexpression
of phospholipid hydroperoxide glutathione peroxidase in a human
endothelial cell line. Biochem Journal. 1997;328(1):199-203.
Chodaparambil JV, Pate KT, Hepler MRD, Tsai BF, Muthurajan UM, Luger K,
et al. Molecular functions of the TLE tetramerization domain in Wnt target
gene repression. EMBO J. 2014;33(7):719-31.

Chassot A-A, Ranc F, Gregoire EP, Roepers-Gajadien HL, Taketo MM, Cam-
erino G, et al. Activation of -catenin signaling by Rspo1 controls differen-
tiation of the mammalian ovary. Hum Mol Genet. 2008;17(9):1264-77.
Jordan BK, Mohammed M, Ching ST, Délot E, Chen X-N, Dewing P, et al.
Up-regulation of WNT-4 signaling and dosage-sensitive sex reversal in
humans. Am J Hum Genet. 2001,68(5):1102-9.

More S, Yang X, Zhu Z, Bamunuarachchi G, Guo 'Y, Huang C, et al. Regula-
tion of influenza virus replication by Wnt/B-catenin signaling. PLoS ONE.
2018;13(1):0191010.

Choi EY, Park HH, Kim H, Kim HN, Kim I, Jeon S, et al. Wnt5a and Wnt11 as
acute respiratory distress syndrome biomarkers for severe acute respira-
tory syndrome coronavirus 2 patients. Eur Respir J. 2020;56(5):2001531.
Takada Y, Mukhopadhyay A, Kundu GC, Mahabeleshwar GH, Singh S,
Aggarwal BB. Hydrogen peroxide activates NF-kB through tyrosine
phosphorylation of IkBa and serine phosphorylation of p65. J Biol Chem.
2003;278(26):24233-41.

Pruimboom L. Methylation pathways and SARS-CoV-2 lung infiltration
and cell membrane-virus fusion are both subject to epigenetics. Front
Cell Infect Microbiol. 2020;10:290.

Li M-Y, Li L, Zhang Y, Wang X-S. Expression of the SARS-CoV-2 cell recep-
tor gene ACE2 in a wide variety of human tissues. Infect Dis Poverty.
2020;9(1):45.

Sward P, Edsfeldt A, Reepalu A, Jehpsson L, Rosengren BE, Karlsson MK.
Age and sex differences in soluble ACE2 may give insights for COVID-19.
Crit Care. 2020;24(1):221.

LiY, Xu Q Ma L, Wu D, Gao J, Chen G, et al. Systematic profiling of ACE2
expression in diverse physiological and pathological conditions for
COVID-19/SARS-CoV-2. J Cell Mol Med. 2020;24(16):9478-82.


https://www.preprints.org/manuscript/202005.0364/v1
https://www.preprints.org/manuscript/202005.0364/v1

Konwar et al. Epigenetics & Chromatin (2021) 14:54

79. ChenJ, Jiang Q, Xia X, Liu K, Yu Z, Tao W, et al. Individual variation of the
SARS-CoV-2 receptor ACE2 gene expression and regulation. Aging Cell.
2020;19(7):13168.

80. FadasonT, Gokuladhas S, Golovina E, Ho D, Farrow S, Nyaga D, et al. A
transcription regulatory network within the ACE2 locus may promote a
pro-viral environment for SARS-CoV-2 by modulating expression of host
factors. http://biorxiv.org/lookup/doi/https://doi.org/10.1101/2020.04.14.
042002 (2020). Accessed 13 Feb 2021.

81. Brady E, Nielsen MW, Andersen JP, Oertelt-Prigione S. Lack of considera-
tion of sex and gender in clinical trials for COVID-19. Nat Commun.
2021;12:20.

82. Skevaki C, Karsonova A, Karaulov A, Xie M, Renz H. Asthma-associated risk
for COVID-19 development. J Allergy Clin Immun. 2020;146(6):1295-301.

83. Pansini R, Fornacca D. COVID-19 Higher mortality in Chinese regions with
chronic exposure to lower air quality. Front Public Health. 2021;8:597753.

84. Pansini R, Fornacca D. Early evidence of a higher incidence of COVID-19
in the air-polluted regions of eight severely affected countries. http://
medrxiv.org/lookup/doi/https://doi.org/10.1101/2020.04.30.20086496
(2020). Accessed 25 Feb 2021.

85. Nicodemus-Johnson J, Myers RA, Sakabe NJ, Sobreira DR, Hogarth DK,
Naureckas ET, et al. DNA methylation in lung cells is associated with
asthma endotypes and genetic risk. JCI Insight. 2016;1(20):290151.

86. Ogen Y. Assessing nitrogen dioxide (NO2) levels as a contributing factor
to coronavirus (COVID-19) fatality. Sci Total Environ. 2020;726:138605.

87. ZhuY, Xie J, Huang F, Cao L. Association between short-term exposure
to air pollution and COVID-19 infection: Evidence from China. Sci Total
Environ. 2020;727:138704.

88. Loeffelholz MJ, Tang Y-W. Laboratory diagnosis of emerging human
coronavirus infections - the state of the art. Emerg Microbes Infect.
2020;9(1):747-56.

89. Mathuria JP, Yadav R, Rajkumar B. Laboratory diagnosis of SARS-CoV-2 - A
review of current methods. J Infect Public Health. 2020;13(7):901-5.

90. Breton CV, Marsit CJ, Faustman E, Nadeau K, Goodrich JM, Dolinoy DC,
et al. Small-magnitude effect sizes in epigenetic end points are important
in children’s environmental health studies: the children’s environmental
health and disease prevention research center’s epigenetics working
group. Environ Health Perspect. 2017;125(4):511-26.

91. Gatev E, Inkster AM, Negri GL, Konwar C, Lussier AA, Skakkebaek A, et al.
Autosomal sex-associated co-methylated regions predict biological sex
from DNA methylation. Nucleic Acids Res. 2021;49(16):9097-116.

92. Oliva M, Mufoz-Aguirre M, Kim-Hellmuth S, Wucher V, Gewirtz AD, Cotter
DJ, et al. The impact of sex on gene expression across human tissues.
Science. 2020;369(6509):3066.

93. Legato MJ. What determines biological sex? In: The Plasticity of Sex.
Elsevier; 2020. p. 1-23.

94. Spagnolo PA, Manson JE, Joffe H. Sex and gender differences in health:
what the COVID-19 pandemic can teach us. Ann of Intern Med.
2020;173(5):385-6.

95. Tadiri CP, Gisinger T, Kautzky-Willer A, Kublickiene K, Herrero MT, Raparelli
V, et al. The influence of sex and gender domains on COVID-19 cases and
mortality. CMAJ. 2020;192(36):E1041-5.

96. Lam LL, Emberly E, Fraser HB, Neumann SM, Chen E, Miller GE, et al.
Factors underlying variable DNA methylation in a human community
cohort. Proc Natl Acad Sci USA. 2012;109(Supplement_2):17253-60.

97. Ford E, Grimmer MR, Stolzenburg S, Bogdanovic O, Mendoza A de,
Farnham PJ, et al. Frequent lack of repressive capacity of promoter DNA
methylation identified through genome-wide epigenomic manipulation.
http://biorxiv.org/lookup/doi/https://doi.org/10.1101/170506 (2017).
Accessed 26 Feb 2021.

98. Jones MJ, Fejes AP, Kobor MS. DNA methylation, genotype and gene
expression: who is driving and who is along for the ride? Genome Biol.
2013;14(7):126.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 18 of 18

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions . BMC



https://doi.org/10.1101/2020.04.14.042002
https://doi.org/10.1101/2020.04.14.042002
https://doi.org/10.1101/2020.04.30.20086496
https://doi.org/10.1101/170506

	Risk-focused differences in molecular processes implicated in SARS-CoV-2 infection: corollaries in DNA methylation and gene expression
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusion: 

	Background
	Materials and methods
	Data sets
	Candidate gene selection
	DNA methylation data preprocessing
	Gene expression analysis
	DNA methylation analysis: autosomal loci
	X chromosome inactivation and DNA methylation analysis: X chromosomal loci

	Results
	Consistent male–female differences in gene expression were observed at SARS-CoV-2 relevant genes
	Autosomal loci
	X-linked loci

	Consistent male–female differences in DNA methylation were observed at SARS-CoV-2 relevant genes
	Autosomal loci
	X-linked loci
	Interrogation of SARS-CoV-2 relevant gene DNA methylation revealed an association with chronic respiratory diagnosis in COMT
	DNA methylation patterns were associated with environmental exposures in bronchoalveolar lavage
	DNA methylation sex differences at COVID-19 relevant genes recapitulate in SARS-CoV-2 infected blood samples

	Discussion
	Conclusion
	Acknowledgements
	References




