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Abstract 27 

Background 28 

Understanding the molecular basis of susceptibility factors to the severe acute respiratory 29 

syndrome coronavirus 2 (SARS-CoV-2) infection is a global health imperative. It is well-30 

established that males are more likely to acquire SARS-CoV-2 infection and exhibit more severe 31 

outcomes. Similarly, exposure to air pollutants and pre-existing respiratory chronic conditions 32 

like asthma and chronic obstructive respiratory disease (COPD) confer an increased risk to 33 

coronavirus disease 2019 (COVID-19).  34 

Methods  35 

We investigated molecular patterns associated with risk factors in 398 candidate genes relevant 36 

to COVID-19 biology. To accomplish this, we downloaded DNA methylation and gene 37 

expression datasets from publicly available repositories (GEO and GTEx portal) and utilized data 38 

from our unpublished controlled human exposure study. 39 

Results 40 

First, we observed sex-biased DNA methylation patterns in autosomal immune genes such as 41 

NLRP2, TLE1, GPX1, and ARRB2 (FDR <0.05, magnitude of DNA methylation difference Δβ 42 

>0.05). Second, our analysis on the X-linked genes identified sex associated DNA methylation 43 

profiles in genes such as ACE2, CA5B, and HS6ST2 (FDR <0.05, Δβ >0.05). These associations 44 

were observed across multiple respiratory tissues (lung, nasal epithelia, airway epithelia, and 45 

bronchoalveolar lavage) and in whole blood. Some of these genes, like NLRP2 and CA5B, also 46 

exhibited sex-biased expression patterns. Third, we identified modest DNA methylation changes 47 

in CpGs associated with PRIM2 and TATDN1 (FDR <0.1, Δβ >0.05) in response to particle-48 
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depleted diesel exhaust in bronchoalveolar lavage. Finally, we captured a DNA methylation 49 

signature associated with COPD diagnosis in a gene involved in nicotine dependence (COMT) 50 

(FDR <0.1, Δβ >0.05).  51 

Conclusion 52 

Our findings on sex differences are of clinical relevance given they potentially point to an 53 

exaggerated immune response in males. We also found tissue-specific DNA methylation 54 

differences in response to particulate exposure potentially capturing an NO2 effect – a 55 

contributor to COVID-19 susceptibility. While we identified a molecular signature associated 56 

with COPD, all COPD-affected individuals were smokers, which may either reflect an 57 

association with the disease, smoking, or may highlight a compounded effect of these two risk 58 

factors in COVID-19. Overall, the findings point towards the molecular basis of variation in 59 

susceptibility factors that may partly explain disparities in SARS-CoV-2 infection. 60 

 61 
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Background 72 

Coronavirus disease 2019 (COVID-19), caused by the severe acute respiratory syndrome 73 

coronavirus 2 (SARS-CoV-2), erupted in late 2019 and spread quickly across the globe, 74 

culminating in a pandemic claiming more than 4,000,000 lives worldwide as of July 2021. This 75 

pandemic has led to an unprecedented burden on health care systems, resource supply chains, 76 

and economies worldwide. While populations everywhere are affected by COVID-19, there are 77 

inequalities in its impact associated with individual patient characteristics (1–5). Utilizing data 78 

from 17 million case records, a comprehensive study in the United Kingdom demonstrated the 79 

association of several patient-level variables with COVID-19 related deaths (3). Demographic 80 

variables including sex, age, ethnicity, and pre-existing respiratory illnesses, such as asthma and 81 

chronic obstructive pulmonary disease (COPD), were identified as risk factors for COVID-19 82 

mortality. Smaller studies from the United States and Italy have identified similar demographic 83 

variables and additional clinical conditions, such as coronary artery disease and hypertension, as 84 

risk factors for mortality in critically ill COVID-19 patients (1,2).  85 

Among these risk factors, males were independently and consistently found to have increased 86 

risk for COVID-19 fatality. COVID-19 is not unique in its sex bias, in fact, the SARS outbreak 87 

of 2003 also revealed increased mortality among males compared to females (6). Despite reports 88 

of roughly equal numbers of COVID-19 infections in males and females, the Global Health 89 

50/50 research initiative (7) found increased male mortality in sex-disaggregated data from 38 90 

countries (8), findings corroborated by data from China (9,10), the United Kingdom (3) and the 91 

United States (11). The results of a European study suggest increased disease incidence in males, 92 

particularly those over 60 years, followed by increased rates of hospital admission and fatality in 93 

affected males (12). These findings underscore the importance of investigating biological 94 
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differences between the sexes and how they may contribute to sex-specific risks associated with 95 

COVID-19. 96 

Sex influences many aspects of the innate and adaptive immune responses, including the 97 

response against viral infections (13,14). In the context of SARS-CoV-2 infection, sex 98 

differences in immune responses have been reported, and these differences may reflect baseline 99 

disparities in immune responses between sexes (15). For example, T cell responses in female 100 

COVID-19 patients were more abundant and robustly activated compared to male COVID-19 101 

patients (15). Sex differences in immune response to SARS-CoV-2 may be the result of several 102 

molecular underpinnings, including established differences in the effects of epigenetic processes 103 

on immune responses (16,17). A commonly interrogated epigenetic process is DNA methylation, 104 

which involves the addition of a methyl group to the cytosine of the 5’ carbon, typically at 105 

cytosine–phosphate–guanine (CpG) dinucleotides. This epigenetic mark is changeable by 106 

environmental exposures and has the potential to regulate gene expression, although this 107 

interaction is dependent on genomic context and temporal stage. Amongst other processes, DNA 108 

methylation is inherently associated with sex through X chromosome inactivation (XCI), by 109 

which DNA methylation coats and transcriptionally silences one of the female X chromosomes 110 

to equalize the dosage of X-linked genes between the sexes. However, at least 15% of X linked 111 

genes completely escape the process of XCI and an additional proportion show variable 112 

inactivation status between tissues and individuals (18–20). Therefore, epigenetic silencing of 113 

the inactive X chromosome is a complex molecular process which may contribute to the sex bias 114 

observed in COVID-19 susceptibility, especially because a large number of immune-related 115 

genes are encoded by the X chromosome and thus, may be more highly expressed in females 116 

(21). Furthermore, sex hormones such as testosterone and estradiol also contribute to sex 117 
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differences. Specifically, testosterone reduces immune cell activity by increasing the production 118 

of the immunosuppressive cytokine, IL-10 (22) and has been associated with DNA methylation 119 

at several CpG sites (23). 120 

Aside from the sex chromosome, sex differences in DNA methylation patterns on the autosomes 121 

have also been identified, indicating the epigenetic consequences of sex reach beyond the sex 122 

chromosomes (24). For example, sex-specific differentially methylated regions were identified in 123 

immune cell types, including monocytes, T cells and B cells, with a majority of differentially 124 

methylated sites located on the autosomes and enriched in immune-related molecules (25), such 125 

as immunoglobulin M and lymphocyte-specific protein 1. Further, aging-related epigenetic 126 

changes in immune cell types were different between males and females, over 65 years of age 127 

suggesting a plausible role of sex in immune system aging (26), which may contribute to the sex 128 

differences observed in immune responses against viral infections.  129 

While the role of sex in influencing susceptibility to SARS-CoV-2 infection is increasingly 130 

appreciated (15), there is an additional concern that underlying pre-existing chronic respiratory 131 

conditions, such as asthma or COPD, may predispose to COVID-19. Interestingly, inhaled 132 

corticosteroids administered to severe asthmatic patients may impact SARS-CoV-2 infection by 133 

impairing anti-viral immune responses (27) and delaying viral clearance as previously observed 134 

in SARS infection (28). However, no association was reported between asthma diagnosis or 135 

inhaled corticosteroids usage and the risk of hospitalization in COVID-19 infected patients (29). 136 

These conflicting findings necessitate more studies to test whether a consistent association might 137 

indeed exist. In the context of COPD, a higher risk of developing a severe SARS-CoV-2 138 

infection was reported and COVID-19 infected males with pre-existing COPD showed increased 139 

mortality compared to females (5). However, epigenetic alterations such as differences in DNA 140 
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methylation that have been reported in COPD and asthmatic patients and associated with 141 

functionally-relevant gene expression changes (30,31) remain currently unexplored in the 142 

context of SARS-CoV-2 infection.  143 

In addition to demographic factors and pre-existing chronic conditions, individual responses to 144 

the environment may also influence risk to COVID-19 and modulate disease severity. Emerging 145 

evidence indicates that long-term exposure to air pollutants, including fine particulate matter, 146 

sulphur dioxide, and nitrogen dioxide (NO2), may worsen disease severity and increase COVID-147 

19 mortality. Several independent international studies have shown that modest increases in 148 

traffic-related air pollution are associated with increased COVID-19 morbidity and mortality 149 

(32–35). Most recently, NO2 has been shown to be of particular concern in this regard. There is 150 

also extensive literature on the association of DNA methylation patterns and air pollutant 151 

exposures (36–38). Such exposures altered DNA methylation at several CpG sites, a subset of 152 

which are associated with functionally relevant gene expression changes (37). Together these 153 

findings suggest the importance of investigating air pollution-related DNA methylation as a 154 

potential contributor to differences in COVID-19 susceptibility and infection outcomes.  155 

Here, focusing on the molecular underpinnings of risk factors associated with COVID-19, we 156 

tested whether human host genes relevant in SARS-CoV-2 infection exhibited sex differences in 157 

DNA methylation and/or gene expression. Additionally, we investigated whether the molecular 158 

profiles of these genes were altered in pre-existing respiratory conditions, such as asthma and 159 

COPD. Finally, we tested whether these genes exhibited DNA methylation differences in 160 

response to environmental exposures, such as diesel exhaust, particle-depleted diesel exhaust, 161 

and allergens.  162 

 163 
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Materials and Methods 164 

Datasets  165 

DNA methylation IDATs for nasal epithelia (GSE101641, GSE104471, GSE65163), airway 166 

epithelia (GSE85568, GSE137716), blood (GSE111629), airway and lung parenchymal 167 

fibroblasts (GSE111396) were downloaded from a publicly available data repository, GEO. 168 

Although IDAT files were unavailable for lung samples, we downloaded raw unnormalized 169 

methylation intensities from GEO (GSE52401) along with log-transformed normalized gene 170 

expression data (GSE65205) for the matched nasal epithelia dataset. In addition, normalized lung 171 

and whole blood gene expression data was obtained from the GTEx portal (version 8). While the 172 

GTEx samples were profiled using RNA-sequencing, gene expression data for nasal epithelia 173 

was obtained from the Agilent Human Gene Expression Microarray. DNA methylation for the 174 

above-mentioned GEO datasets was quantified using the Illumina Infinium 175 

HumanMethylation450 BeadChip platform (450K array).  176 

Utilizing data from a controlled human exposure study (unpublished), conducted at the Air 177 

Pollution Exposure Laboratory (Vancouver, Canada), DNA methylation in non-smoking atopic 178 

adult participants was measured in three tissues: bronchoalveolar lavage, nasal epithelia, and 179 

bronchial airway epithelia. Participants in this study were each exposed to the following 180 

conditions, in a randomised order: filtered air with saline (FA+S), filtered air with allergen 181 

(FA+A), diesel exhaust with allergen (DE+A) and particle-depleted diesel exhaust with allergen 182 

(PDDE+A) (39). Each exposure was approximately 2 hours in duration followed by a 2 minute 183 

inhaled allergen challenge. This dataset also contained samples from asthmatic patients which 184 

allowed us to investigate DNA methylation changes in our chosen candidates in relation to an 185 

asthma diagnosis. Further, each exposure was separated by a 4-week washout period.  186 
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While samples obtained from the controlled human exposure study were profiled with the 187 

Illumina Infinium Human MethylationEPIC BeadChip platform (850K array), DNA methylation 188 

in all the other datasets mentioned above was quantified with the earlier Illumina Infinium 189 

Human Methylation450 BeadChip platform (450K array). Therefore, to enable cross-cohort 190 

comparisons, we subsetted to probes that overlapped between the two platforms. The DNA 191 

methylation level for each CpG site measured on the arrays was represented as a β value or as a 192 

logit-transformed β value (M-value) for statistical analyses. 193 

Candidate gene selection 194 

We used a data-informed candidate gene approach to identify differentially expressed genes and 195 

differentially methylated CpG sites associated with sex, air pollutant exposure, and asthma. 196 

Using Illumina’s annotation, CpG sites from the 450K array that mapped to the genes of interest 197 

were identified (374 autosomal genes, 24 X linked genes (Table S1)). Candidate genes were 198 

chosen based on the following criteria: 199 

1. Genes involved in SARS-CoV-2 cell entry: 200 

ACE2, TMPRSS2, ADAM17, CTSB, CTSL (40–44) 201 

2. Genes that exhibited sex-specific mRNA levels after SARS-CoV challenge:  202 

IL6, CCL2 and CXCL1 (45) 203 

3. 37 validated genes that showed sex-specific expression in blood associated with influenza 204 

infection, sex log fold change |>0.4| (54) 205 

4. Genes involved in ssRNA viral recognition, including SARS-CoV-2 206 

TLR7 and TLR8 (46) 207 

5. 332 high confidence host interacting proteins with SARS-CoV-2 (47)  208 

6. 19 sex-specific genes associated with SARS-CoV-2 (48) 209 
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DNA methylation data preprocessing   210 

Aside from the controlled human exposure study (unpublished), where the three tissue types 211 

were randomized across the chips, data preprocessing was performed independently within all 212 

samples of each tissue type. Extensive quality control checks were conducted to identify poorly 213 

performing samples in all the datasets. Functions in the R ewastools package were implemented 214 

to evaluate 17 control metrics such as array staining, extension, hybridization, specificity, target 215 

removal and bisulfite conversion. Unsupervised hierarchical clustering on the DNA methylation 216 

values of the X and Y chromosomes was used to perform sex checks. The detectOutlier() 217 

function in the R lumi package was also used to identify outliers. The detectionP() and the 218 

beadcount() functions in the R minfi package identified samples that showed bad detection p-219 

values in >1% of their probes and samples that had >1% of the probes with <3 beads 220 

contributing to the DNA methylation signal. Within tissue sample-to-sample correlation was also 221 

performed to assess sample quality. 222 

Subsequently, background correction was performed using preprocessNoob() in the R minfi 223 

package followed by beta mixture quantile dilation (BMIQ) normalization using the R 224 

wateRmelon package to correct for probe-type bias on the array. Thereafter, SNP probes, 225 

polymorphic probes, cross-hybridizing probes, poorly performing probes (bad detection p-value 226 

>0.01 in 5% of samples), probes with missing bead count (<3 beads) were eliminated. Batch 227 

effects were corrected using ComBat() in the R sva package. XY probes were subset from 228 

normalized, batch corrected datasets to perform subsequent analyses on the X-linked genes. For 229 

the controlled human exposure dataset, samples from all three tissues (bronchoalveolar lavage, 230 

bronchial airway epithelia, and nasal epithelia) were preprocessed together and analogous sample 231 
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quality checks, probe filtering, normalization, and batch correction methods were utilized as 232 

described above. 233 

Gene expression analysis  234 

Normalized gene expression data for nasal epithelia, lung and whole blood was obtained from 235 

GEO and the GTEx portal. Male-female differences in gene expression were assessed using a 236 

Welch t-test followed by FDR multiple test correction. FDR adjusted p-values <0.05 were 237 

considered significant. 238 

DNA methylation analysis: Autosomal loci 239 

To investigate sex associated DNA methylation differences in our candidate genes, we first 240 

focused on the infection-relevant respiratory tissues (lung, nasal epithelia, and airway epithelia) 241 

and applied a linear model on M-values for each CpG site using the R limma package. Sex was 242 

included as the main effect and age and disease status as the covariates. To account for multiple 243 

tests, p-values were adjusted using the FDR method. DNA methylation differences (Δβ) between 244 

the sexes was then calculated by subtracting the average β of females from the average β of 245 

males on an individual CpG site basis. Differentially methylated CpG sites were identified based 246 

on statistical (FDR <0.05) and biological thresholds (Δβ >0.05). We also investigated the sex-247 

specific DNA methylation profiles of these CpG sites in a blood dataset.  248 

Next, we explored an as of yet unpublished controlled human exposure dataset to identify if there 249 

were DNA methylation differences associated with asthma diagnosis or in response to an 250 

allergen and/or air pollutant exposure. To account for within-sample correlation, we fitted a 251 

linear mixed effect model using the R lme4 package. Participant identity was considered a 252 

random effect, whereas exposure, sex, asthma, and age were treated as fixed effects. First, we 253 

investigated whether altered DNA methylation patterns were observed in asthmatic patients. 254 
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Second, we sought to determine whether the candidate CpG sites showed exposure-specific 255 

(DE+A, PDDE+A, FA+A) DNA methylation differences compared to the control group (FA+S). 256 

Resulting p-values were obtained using likelihood ratio tests of the full model compared against 257 

the model without the main effect in question. Tukey’s test using the R multcomp package was 258 

performed to identify which specific exposure group showed a significant difference compared 259 

to the controls.  260 

X chromosome inactivation and DNA methylation analysis: X chromosomal loci 261 

X-linked β values in females obtained from the 450K/850K arrays represent the composite DNA 262 

methylation signal of the female active and the inactive X chromosomes. Therefore, we used a 263 

previously published (49) method to estimate DNA methylation specific to the female inactive 264 

X. As described in Cotton et al. (49) this method enabled approximation of β values at each X-265 

linked CpG site for all female samples; these values were rounded to fall within the range of 0-1. 266 

To evaluate the inactivation status of the 24 X-linked candidates, the tissue datasets were filtered 267 

to only include 271 CpG sites associated with these genes in the Illumina annotation. Differential 268 

DNA methylation between the male X and female inactive X at these CpG sites was evaluated 269 

by linear modelling as performed for the autosomal CpG sites. Δβ was calculated by subtracting 270 

average male X β from the average female inactive X β at each CpG site. P-values were adjusted 271 

using the FDR method, significance was defined as FDR<0.05 and Δβ >0.10.  272 

X chromosome inactivation status could be reliably estimated for genes that had high (HC) or 273 

intermediate (IC) density CpG island promoters (50). Genes were classified as escaping XCI if 274 

CpG sites in their HC or IC promoters showed average β <15% in both males and females, had 275 

overlapping ranges of β values in both sexes, or if the β value ranges did not overlap, the 276 

absolute Δβ between the sexes was <10%. Genes were classified as being subject to/silenced by 277 
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XCI if CpG island promoter probes exhibited Δβ >10% between the sexes and were significantly 278 

differentially methylated (FDR<0.05) (50). For the 15 X-linked candidate genes without an HC 279 

or IC promoter, XCI status could not be confidently predicted. In these cases, linear modelling 280 

was conducted to identify differential DNA methylation between the male X and female inactive 281 

X, and the DNA methylation results were compared to differential expression results to yield 282 

insights into possible DNA methylation-expression relationships. CpG sites mapping to these 283 

genes were considered significantly differentially methylated by sex if they satisfied the criteria 284 

of FDR <0.05 and Δβ >10%. 285 

Results  286 

Using biologically-informed selection criteria (see Materials & Methods), we identified 374 287 

autosomal and 24 X-linked candidate genes relevant to COVID-19 biology (Table S1) and 288 

examined if they showed molecular differences in DNA methylation and gene expression related 289 

to known COVID-19 risk factors: sex, asthma, COPD and air pollutant exposures (Fig. 1). We 290 

downloaded DNA methylation and gene expression datasets from publicly available data 291 

repositories, Gene Expression Omnibus (GEO) and Genotype-Tissue Expression (GTEx). 292 

Additionally, we utilized as of yet unpublished DNA methylation data from a controlled human 293 

exposure study, using a cross-over design performed at the Air Pollution Exposure Laboratory, 294 

Vancouver, Canada (https://pollutionlab.com/).  295 

Consistent male-female differences in gene expression were observed at SARS-CoV-2 296 

relevant genes  297 

Given that sex influences the transcriptional response to viral infection (51) and is a strong risk 298 

factor for COVID-19, we tested whether the genes we selected to be relevant for COVID-19 299 

biology showed male-female differences in mRNA levels in tissues relevant to  SARS-CoV-2 300 

https://pollutionlab.com/
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infection. To this end, we downloaded normalized lung (596M, 271F) and whole blood (2166M, 301 

1122F) gene expression data from GTEx as well as a nasal epithelia mRNA dataset (34M,35F) 302 

from GEO (GSE65205) to assess male-female differences in gene expression. Mirroring the 303 

natural course of SARS-CoV-2 infection in our in-silico analysis, we first investigated molecular 304 

differences in tissues of the respiratory system: lung and nasal epithelia and then tested for 305 

concordance in blood, a tissue highly relevant to COVID-19 biology due to its central role in 306 

mediating host immune responses. 307 

i) Autosomal loci  308 

Using the R stats package, Welch’s t-tests were conducted on normalized expression values of 309 

each candidate gene to identify genes differentially expressed by sex. The Benjamini-Hochberg 310 

false discovery rate (FDR) method was used to correct for multiple tests. Using an FDR threshold 311 

of <0.05, we found seven autosomal genes (NLRP2, REEP6, CEACAM6, CIT, CRTC3, SRP54, 312 

and PLAT) in the lung dataset that showed significant differences in gene expression between sexes 313 

(Fig. 2A, Table S2). Five out of the seven genes (NLRP2, REEP6, CEACAM6, CIT, and SRP54) 314 

showed decreased expression in males compared to females. Owing to a relatively small sample 315 

size in the nasal epithelia dataset, we adopted a more lenient FDR threshold of <0.20 to identify 316 

significantly differentially expressed genes associated with sex. Based on this cut-off, 13 317 

autosomal genes displayed male-female expression differences in nasal epithelia (Table S2), three 318 

of which also showed sex-biased expression in the lung. These three genes (NLRP2, REEP6, and 319 

CEACAM6) showed the same direction of sex-biased expression in nasal epithelia and lung 320 

samples. Further, male-female expression differences in NLRP2 were also validated in blood (Fig. 321 

S1) highlighting that NLRP2 displayed a consistent sex-biased expression pattern across multiple 322 

tissues relevant in COVID-19 biology.  323 
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ii) X-linked loci 324 

We applied similar FDR thresholds (<0.05 for lung; <0.2 for nasal epithelia) to the 24 X-linked 325 

genes and identified 13 X-linked genes differentially expressed by sex in lung, and seven of 326 

these genes also had significant sex-biased gene expression in the nasal epithelia (Fig. 2B, Table 327 

S3). These seven genes (XIST, SMC1A, ZRSR2, EIF1AX, FUNDC1, UBA1, and RPS4X) showed 328 

the same direction of male-female differences in both lung and nasal epithelia. Among these, 329 

XIST, a long non-coding RNA, showed the largest fold change in gene expression by sex in both 330 

tissues (lung and nasal epithelia) and in blood, with females showing increased expression 331 

compared to males (Fig. S2).  332 

Consistent male-female differences in DNA methylation were observed at SARS-CoV-2 333 

relevant genes 334 

Considering that infection induces functional changes in the host DNA methylome (52)  and 335 

activation of immune responses is influenced by DNA methylation (53), we first investigated 336 

DNA methylation differences in the context of sex within our 398 SARS-CoV-2 candidate 337 

genes, in three infection-relevant tissues of the respiratory system: nasal epithelia (78M, 66F) 338 

(GSE101641, GSE104471, GSE65163), lung (36F, 208M) (GSE52401), and airway epithelia 339 

(45M, 86F) (GSE85568, GSE137716). We validated these findings in our smaller unique 340 

controlled human exposure dataset that comprises of: bronchoalveolar lavage (7M, 5M), nasal 341 

epithelia (5M, 6F), and bronchial airway epithelia (7M, 6F). Consistent with our overall strategy, 342 

and the central of blood in the immune response to viral infections, we also tested for 343 

concordance of the findings in an independent blood dataset (125M, 112F) (GSE111629). 344 

 345 

 346 
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i) Autosomal loci 347 

Using the R limma package, we applied a linear model on M-values (logit-transformed β value) 348 

for each CpG site associated with the 374 candidate autosomal genes. Resulting p-values were 349 

adjusted using the Benjamini-Hochberg FDR method. The magnitude of DNA methylation 350 

difference (Δβ) between the sexes was calculated by subtracting the average β of females from 351 

the average β of males per CpG site. Based on statistical (FDR <0.05) and biological (Δβ >0.05) 352 

thresholds, we identified multiple CpG sites that showed male-female differences in DNA 353 

methylation in the three infection-relevant respiratory tissues (Table S4), many of which showed 354 

consistent male-female differences across several tissues. Importantly, three CpG sites 355 

representing GPX1, ERC1 and TLE1 genes were differentially methylated by sex in all three 356 

respiratory tissues (nasal epithelia, lung, and airway epithelia) with males showing significantly 357 

less DNA methylation compared to females (Fig. 3A). We also found similar sex-biased 358 

differential DNA methylation patterns in the smaller controlled human exposure dataset 359 

(bronchoalveolar lavage, nasal epithelia, and bronchial airway epithelia) (Fig. S3). This DNA 360 

methylation pattern was consistent in an independent blood dataset as well (Fig. S4).  361 

CpG sites associated with NLRP2, NEK9, and ARRB2 exhibited similar differential DNA 362 

methylation patterns by sex in at least two of the infection-relevant respiratory tissues (FDR 363 

<0.05, Δβ >0.05) (Fig. 3, B and C). Interestingly, based on genomic location, the two CpG sites 364 

(cg20995778 -intron; cg24307499 - exon) in NLRP2 showed male-female DNA methylation 365 

differences in the opposite direction. Because DNA methylation patterns are associated with 366 

gene transcription profiles, we investigated whether the genes associated with the sex-specific 367 

differentially methylated CpG sites also showed male-female differences in gene expression. To 368 

that end, we took advantage of our gene expression analysis described above and identified 369 
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NLRP2 as the only gene which exhibited male-female differences in both expression and DNA 370 

methylation in nasal epithelia and lung (Fig. 3D).  371 

Given that fatality and disease severity to COVID-19 is increased in older adults, we stratified 372 

our data by age (0-20 years, 20-30 years, 30-40 years, 40-50 years, 50+ years) and tested whether 373 

CpG sites showing sex-biased DNA methylation also exhibited age associated differences. 374 

Because information on age was not available for the lung dataset, this analysis was performed 375 

only on nasal epithelia and airway epithelia. While the distribution of samples across different 376 

age groups was not uniform (Fig. S5), the CpG sites (GPX1, ERC1, and TLE1) which 377 

consistently displayed a sex-biased differential DNA methylation pattern across all the 378 

investigated tissues also exhibited similar male-female differences in DNA methylation across 379 

all age groups (Fig. S6). 380 

ii) X-linked loci 381 

DNA methylation β values of the X-linked CpG sites in females represent the composite DNA 382 

methylation signal that captures both the female active (lowly-methylated) and the inactive X 383 

chromosomes (highly-methylated), so in females X-linked CpG sites measured by array have 384 

higher methylation beta values than males (50). Therefore, to compare male and female X-linked 385 

DNA methylation measured by the array requires alternate methods, as direct male-female 386 

comparisons identify widespread higher female DNA methylation across the X chromosome, due 387 

to X chromosome inactivation (54). Sex-specific phenotypes related to the X chromosome can 388 

arise when genes escape from X inactivation and are therefore expressed biallelically in females 389 

(55), one such alternate method of investigation is the use of X-linked promoter DNA 390 

methylation to predict the X chromosome inactivation status in females (50,54). To estimate 391 

DNA methylation levels specific to the female inactive X chromosome, we evaluated the XCI 392 
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status (as described in the methods section) (49) for 15 of the 24 candidate X-linked genes which 393 

were located proximal to high-density (HC) or intermediate-density (IC) CpG island promoters, 394 

as required for accurate X inactivation status estimation (54). Differential DNA methylation 395 

analysis was conducted for all CpG sites associated with these genes (Table S5).  396 

X-linked genes that show higher promoter DNA methylation on the female inactive X compared 397 

to the male X tend to be effectively silenced by, or “subject” to, XCI, whereas genes with similar 398 

inactive X promoter DNA methylation in females compared to male X are likely to escape from 399 

XCI and be expressed from the inactive X. Of the HC or IC promoter genes inspected, the DNA 400 

methylation profiles of six genes (APT6AP1, ERCC6L, GRIPAP1, POLA1, RBM41, and NKRF) 401 

suggested that they would be subject to silencing by XCI in the three COVID-19 infection-402 

relevant tissues (Exemplified by NKRF in Fig. 4A), which was replicated in blood as well. 403 

These six genes have been previously reported to be subject to XCI in blood and cell culture 404 

experiments (56). The remaining nine genes with an HC or IC promoter were predicted to escape 405 

XCI and are likely expressed from both the inactive and active X, based on low inactive X 406 

promoter DNA methylation similar to male X promoter DNA methylation levels. These genes 407 

were found to escape XCI in the three infection-relevant tissues, and showing concordance in 408 

blood samples: CA5BP, E1F1AX, FUNDC1, RPS4X, UBA1, USP9X, ZFX, and ZRSR2, and 409 

DDX3X (Exemplified by DDX3X in Fig. 4B). 410 

Genes that did not have HC or IC promoters were evaluated for differential DNA methylation 411 

between the male X and female inactive X chromosome by linear modelling. Of the nine genes 412 

considered, eight contained CpG sites that demonstrated sex associated differences at multiple 413 

CpG sites across the gene body and/or associated regulatory regions in at least one tissue. Five of 414 

these genes contained 27 differentially methylated CpG sites across the three infection-relevant 415 
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respiratory tissues. Differential DNA methylation at the same CpG sites validated in blood as 416 

well: ACE2, CA5B, HS6ST2, TLR8, and XIST. Two of these, including CA5B and HS6ST2 also 417 

showed male-female differences in gene expression in the GTEx data (Exemplified by CA5B in 418 

Fig. 4, C and D). While ACE2, the cell entry receptor for SARS-CoV-2 did not show sex-biased 419 

mRNA expression differences, we observed increased DNA methylation on the female inactive 420 

X when compared to the male X at multiple CpG sites across the respiratory tissues and blood. 421 

An X inactivation evaluation was not made for ACE2 with DNA methylation data as it lacked a 422 

suitable HC/IC promoter for this method, and therefore sex-biased DNA methylation should be 423 

interpreted for this gene in the context of gene expression evidence, which suggested it was not 424 

differentially expressed in these tissues in relation to sex. 425 

Interrogation of SARS-CoV-2 relevant gene DNA methylation revealed an association with 426 

chronic respiratory diagnosis in COMT 427 

Because pre-existing chronic respiratory conditions, such as asthma and COPD, may affect 428 

COVID-19 susceptibility and mortality (3), we tested whether altered DNA methylation patterns 429 

were observed at COVID-19 relevant genes in asthmatic and COPD patients. Utilizing the 430 

information on asthma diagnosis, we first investigated the controlled human exposure dataset 431 

and examined the relationship between DNA methylation and asthma in three infection-relevant 432 

respiratory tissues (bronchoalveolar lavage: n=12, nasal epithelia: n=11, and bronchial airway 433 

epithelia: n=13). While the DNA methylation data for this cohort is unpublished, a similar study 434 

design is described by the authors in a previous publication (39). We fitted linear mixed effect 435 

models on M-values using the R lme4 package, with participant id included as a random effect 436 

and exposure, sex, and age considered as fixed effects. Perhaps owing to the relatively low 437 
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prevalence rate of asthma in this dataset, we did not observe significant DNA methylation 438 

differences associated with an asthma diagnosis at the candidate CpG sites. 439 

Using a publicly available GEO dataset (GSE111396), we next tested whether CpG sites 440 

associated with the COVID-19 candidate genes were altered in COPD patients compared to 441 

controls in airway (n=15) and lung parenchymal fibroblasts (n=46). We found no differentially 442 

methylated CpG sites associated with COPD diagnosis in airway fibroblasts; however, one CpG 443 

site (cg18773129; COMT) in parenchymal fibroblasts showed increased DNA methylation in 444 

COPD patients compared to healthy controls (FDR<0.2, Δβ >0.05) (Fig. 5).  445 

DNA methylation patterns were associated with environmental exposures in 446 

bronchoalveolar lavage 447 

Given the emerging literature on exposure to environmental pollutants and SARS-CoV-2 448 

infection  (32,33), we analyzed DNA methylation profiles of our candidate genes in response to 449 

air pollutant exposures in our controlled human exposure dataset (bronchoalveolar lavage, nasal 450 

epithelia, and bronchial airway epithelia). Individuals in this dataset were exposed to each of 451 

these four conditions, in a randomised order: filtered air with saline (FA+S), filtered air with 452 

allergen (FA+A), diesel exhaust with allergen (DE+A) and particle-depleted diesel exhaust with 453 

allergen (PDDE+A) (39). Linear mixed effect models using the R lme4 package were fitted on 454 

individual CpG sites associated with our 374 autosomal candidate genes. Participant id was 455 

included as a random effect and exposure, sex, asthma, and age were considered as the fixed 456 

effects.  457 

For the autosomal CpG sites, we found no significant DNA methylation differences in response 458 

to pollutant and allergen exposures in nasal and bronchial airway epithelia; however, two CpG 459 

sites (cg26413528, cg10411339) in bronchoalveolar lavage showed altered DNA methylation 460 
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profiles in the PDDE+A exposed group compared to the FA+S controls (FDR <0.1; Δβ >0.025) 461 

(Table S6). Since individuals were subjected to a 2 minute inhaled allergen challenge after being 462 

exposed to a pollutant for 2 hours, it was important to determine whether the observed DNA 463 

methylation patterns were reflective of the pollutant or the allergen. We performed Tukey tests 464 

using R multcomp package and identified the specific exposure group/s which showed DNA 465 

methylation differences at the two CpG sites mentioned above. Significant DNA methylation 466 

differences between the PDDE+A exposed and the FA+S controls were observed for both CpG 467 

sites (FDR <0.05), although, the magnitude of DNA methylation difference was relatively small 468 

(Δβ <0.05), perhaps not surprising given the short exposure times employed in these experiments 469 

(Fig. 6). Specifically, cg26413528 (PRIM2) showed decreased DNA methylation in the FA+A 470 

group compared to the controls; the same DNA methylation pattern was observed in the 471 

PDDE+A individuals (Fig. 6A). However, at cg10411339 (TATDN1), no significant DNA 472 

methylation differences between the allergen exposed group (FA+A) and the control group 473 

(FA+S) were noted (Fig. 6B). Additionally, given our sample size in the controlled human 474 

exposure dataset, we could not perform reliably powered sex-stratified analyses on the X-linked 475 

CpG sites.  476 

Discussion  477 

Understanding the molecular basis of variation in risk factors disparities for SARS-CoV-2 478 

infection may provide valuable information needed to understand biological processes affected 479 

during the infection. To gain deductive insights into the disease, we examined gene expression 480 

and DNA methylation patterns in disease relevant tissues at biologically-informed candidate 481 

genes relevant in SARS-CoV-2 infection and provided evidence for molecular differences 482 

between the sexes, those with pre-existing respiratory conditions, and in response to air 483 
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pollutants. First, we tested sex differences in DNA methylation and gene expression and 484 

identified consistent effects at several immune-related genes across multiple tissues. Second, we 485 

identified differential DNA methylation of a CpG loci within the COMT gene in lung 486 

parenchymal fibroblasts associated with COPD, a risk factor in COVID-19. Third, our candidate 487 

analysis detected environmental exposure-related DNA methylation patterns, which may also 488 

contribute to differences in SARS-CoV-2 infected individuals. 489 

In the context of molecular sex differences, NLRP2 showed sex-specific differences in both 490 

DNA methylation and gene expression across multiple infection-relevant tissues. NLRP2 belongs 491 

to the NOD-like receptor family, which functions as a pattern recognition receptor (PRR) to 492 

identify pathogen associated molecular patterns in infectious agents. Upon recognition, these 493 

PRRs activate inflammatory responses in the host to eliminate the pathogen. NLRP2 functions as 494 

a suppressor of proinflammatory responses by inhibiting type 1 interferon responses and the 495 

nuclear factor-κB pathway, a signaling cascade implicated in SARS-CoV-2 infection (57–59). 496 

Thus, NLRP2 participates in a negative feedback loop to suppress a hyperactive immune 497 

response, which is often observed in COVID-19 patients (60–62).  498 

While the role of NLRP2 is not specifically characterized in SARS-CoV-2 infection, NLRP2 has 499 

showed sex-biased expression in influenza infection (63), and another member of the same 500 

NOD-like receptor family, NLRP3, is involved in inducing pulmonary inflammation in COVID-501 

19 (64). In alignment with our findings, a few studies have previously confirmed the sex-specific 502 

expression profile of NLRP2, with decreased expression observed in males relative to females 503 

(65,66). Based on the observed associations and the ability of NLRP2 to inhibit proinflammatory 504 

responses, it is tempting to speculate that males may be more likely to manifest an NLRP2-505 

mediated hyperactive inflammatory phenotype in response to SARS-CoV-2 infection. Like 506 
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NLRP2, other immune-related genes exhibited similar sex-biased differential DNA methylation 507 

patterns like ARRB2, TLE1, and GPX1, also inhibitors of the nuclear factor-κB pathway (67,68). 508 

Moreover, TLE1 also regulates several target genes in the Wnt pathway (69), a signaling 509 

pathway important for sex differentiation (70,71) and viral replication (72). Interestingly, in a 510 

recent investigation, members of this pathway were identified as potential biomarkers for 511 

prognosis and treatment of SARS-CoV-2 infected patients with acute respiratory distress 512 

syndrome (73). In addition to TLE1, a CpG site in the 5’UTR of GPX1, a selenium-dependent 513 

antioxidant, which interacts with the main protease of SARS-CoV-2, consistently showed male-514 

female DNA methylation differences across all the tissues investigated in the current study. 515 

During a viral infection, such as in the case of SARS-CoV-2, the increased production of 516 

reactive oxygen species like hydrogen peroxide is counterbalanced by antioxidants, namely 517 

GPX1, which catalyzes hydrogen peroxide to water. Of note, hydrogen peroxide has been shown 518 

to stimulate nuclear factor-κB signaling pathway (74), which activates several proinflammatory 519 

cytokines in the innate immune response network. Collectively, these findings suggested nuclear 520 

factor-κB signaling pathway as an additional important pathway in understanding sex differences 521 

in COVID-19 susceptibility and severity.  522 

Among the X-linked genes, ACE2, the host cell receptor which binds to SARS-CoV-2, showed 523 

increased DNA methylation on the female inactive X as compared to the male X. The same 524 

direction of sex-biased DNA methylation pattern in ACE2 was observed in a recent publication 525 

(75), although the authors did not specifically investigate the inactive X; together, our results 526 

suggested that ACE2 was more methylated at both female X chromosomes than the male X. 527 

While we did not detect significant differential mRNA expression of ACE2 between the sexes in 528 

our tissues, other studies have, in fact, also reported inconsistent results on the association of 529 
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ACE2 expression with sex (76–79). Some of these inconsistencies may be attributable to 530 

differences in tissue type, sample size, age, and population. Intriguingly, in a recent preprint (80), 531 

regulatory elements within ACE2 have altered the expression of neighboring X-linked genes, 532 

such as CA5B, which in the current study also exhibited sex differences in both DNA 533 

methylation and mRNA expression. These findings suggested that ACE2 may regulate 534 

transcription of key genes involved in interactions of the host with SARS-CoV-2 and thus, may 535 

indirectly contribute to some of the molecular differences between sexes that can influence the 536 

risk to COVID-19. Taken together, these molecular sex differences in SARS-CoV-2 candidates 537 

suggest sex is an important consideration in COVID-19 research with implications for 538 

understanding disease pathophysiology. Although women have been fairly represented in the 539 

published randomized-controlled trials of COVID-19, these trials did not perform sex-specific 540 

analyses (81), which may have adverse consequences on screening and medical interventions for 541 

COVID-19, given that there are male-female differences in molecular processes of genes 542 

relevant in COVID-19 biology. 543 

Beyond molecular sex differences, pre-existing respiratory conditions might confer an increased 544 

risk of to SARS-CoV-2 infection. Utilizing molecular data on two such respiratory conditions, 545 

asthma or COPD, we investigated DNA methylation effects associated with an asthma and 546 

COPD diagnosis for our set of candidate genes. No detectable DNA methylation differences 547 

associated with asthma were observed, indicating either there were no DNA methylation 548 

alterations at the candidate CpG sites, or the sample size was too small to detect them. 549 

Informatively, a comprehensive study (82) on the prevalence of asthma in COVID-19 patients, 550 

with data collected from several countries across the world, pointed towards an unclear 551 

association between asthma and COVID-19 susceptibility as well as severity. In contrast, at our 552 
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moderately stringent analytical threshold, we identified one CpG site that was differentially 553 

methylated in COPD patients compared to controls, this CpG site was in COMT, a gene 554 

implicated in nicotine dependence and cigarette smoking. Of note, COPD patients in this study 555 

were either current or former smokers, whereas the healthy controls were non-smokers. 556 

Therefore, DNA methylation patterns observed at this site may either represent a true association 557 

with the primary variable “COPD”, with the confounding variable “smoking”, or may even 558 

reflect a compounded effect of both known risk variables in COVID-19.  559 

In addition to risk factors such as sex and pre-existing respiratory conditions, exposure to air 560 

pollutants correlated with increased susceptibility, severity and COVID-19 mortality (83,84). 561 

While both population-based and controlled exposure studies have reported the effects of air 562 

pollutants on molecular processes (38), the influence of such pollutants on genes relevant to 563 

COVID-19 biology have not been extensively studied in the context of DNA methylation. Here, 564 

we found altered DNA methylation at two CpG sites associated with exposure to particle-565 

depleted diesel exhaust and allergen. Specifically, cg26413528 showed decreased DNA 566 

methylation levels that were observed in both the allergen and the particle-depleted diesel 567 

exhaust group and this CpG site has previously been associated with respiratory condition in 568 

another independent study (85). At the other CpG site (cg10411339), we did not observe any 569 

significant differences between the allergen exposed and the controls, suggesting that the altered 570 

DNA methylation profile likely reflects exposure changes that are only related to particle-571 

depleted diesel exhaust and not the allergen itself. We note that particulate depleting 572 

technologies minimize the adverse effects of air pollutants by filtering PM2.5 (particulate matter 573 

≤2.5 μm in aerodynamic diameter). However, in the process of particle depletion, the gaseous 574 

composition is altered such that an increase in NO2 levels is often reported. In this context, it is 575 
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interesting that exposure to high NO2 levels has been recently identified as a potent contributor 576 

to COVID-19 infection and also mortality (86,87). We thus speculate that the exposure 577 

associated DNA methylation patterns observed in the study, which captured differences in NO2 578 

levels, may underlie molecular variation in COVID-19 susceptibility (39). Notably, these 579 

findings were observed only in bronchoalveolar lavage, a tissue not routinely collected and tested 580 

for COVID-19, although the diagnostic accuracy of bronchoalveolar lavage specimens in 581 

detecting SARS-COV-2 infection is high (88,89). In addition to tissue-specific DNA 582 

methylation, the magnitude of DNA methylation changes between exposed and non-exposed 583 

groups were relatively small, which is expected, given that the individuals in these experiments 584 

were subjected to short exposure timeframes. However, these small molecular effects may still 585 

represent meaningful changes that may explain some of the differences following SARS-CoV-2 586 

infection (90).  587 

Although the findings presented here offer risk-focused molecular insights into COVID-19, this 588 

study has inherent limitations that should be acknowledged. First, the findings described in this 589 

study reflect an association of molecular differences in human host genes relevant in COVID-19 590 

and do not establish any causal mechanisms linked with the disease. It is imperative to confirm 591 

the identified molecular signatures in SARS-CoV-2 infected samples and determine the 592 

functional relevance of these candidates, if any, using model organisms or an in vitro system. 593 

Second, our analysis of sex differences in DNA methylation and gene expression patterns relied 594 

exclusively on a sex chromosome complement definition of sex; however, we acknowledge both 595 

the existence of intersex individuals and the many other aspects of sex, including secondary sex 596 

characteristics and fluctuating sex hormone levels (91). Additionally, in our analyses, sex cannot 597 

be disentangled from gender identity and gendered experiences, especially in regard to sex and 598 
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gender differences in COVID-19 outcomes and health care (92,93) events. Third, except for a 599 

few of our candidates, such as NLRP2 and CA5B, we observed unique changes in distinct genes 600 

associated with the two molecular processes. It is important to note that the correlation between 601 

DNA methylation and gene expression is not straightforward (94,95) and is dependent on 602 

genomic context and temporal stage. Further, genetic variation, which is not measured in this 603 

study, impacts both DNA methylation and gene expression; in fact, both DNA methylation and 604 

genetic variation may sometimes work in tandem to influence gene transcription (96). Finally, 605 

our sample size was relatively small, especially for the controlled human exposure dataset and 606 

comprised of ethnically less diverse individuals; therefore, these findings might provide an 607 

important starting point for confirmatory studies in larger populations with diverse ancestries. 608 

Finally, an important limitation of the candidate gene approach adopted in this study is the 609 

inability to discover novel associations beyond those chosen as putative candidates.  610 

Conclusion 611 

Together these data provide evidence for the importance of molecular differences at the level of 612 

DNA methylation and gene expression in understanding SARS-CoV-2 susceptibility and 613 

development, especially regarding molecular sex differences, pre-existing respiratory conditions, 614 

and air pollutant exposure. Further investigation into the implications of these differences could 615 

be integral for a better understanding of disease susceptibility and outcomes of COVID-19. This 616 

work lays a foundation to build upon in our collective effort to combat this worldwide pandemic 617 

and improve outcomes for all. 618 

 619 

 620 

 621 
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List of abbreviations 622 

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 μm in aerodynamic diameter 

PRR Pattern recognition receptor 

SARS-CoV-2    Severe acute respiratory syndrome coronavirus 2  

XCI X chromosome inactivation 

850K array Illumina Infinium Human MethylationEPIC BeadChip platform 

450K array Illumina Infinium Human Methylation450 BeadChip platform 
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Figures

Figure 1

Schematic representation of the methodological approach to the study



Figure 2

Male-female differences in expression observed in autosomal and X-linked genes. (A) Volcano plot of the
differential expression analysis between males and females in autosomal genes (lung). For each gene, p-
values obtained from the Welch t-tests are plotted on the y-axis, and the log fold change in gene
expression between sexes is plotted on the x-axis. Genes that met the statistical cut-off of FDR <0.05 are
labeled. Among the �ve statistically signi�cant genes (NLRP2, REEP6, CEACAM6, CIT, and SRP54) which
showed decreased expression in males compared to the females, NLRP2 exhibited the highest change in
expression. (B) Bar plot of log fold changes for X-linked genes which were differentially expressed
between the sexes in the nasal epithelia and lung. An overlap of �ve sex-speci�c genes was observed
between the two tissues, of which, XIST showed the highest log fold change in expression in females
compared to males.



Figure 3

Male-female differences in DNA methylation and gene expression observed in autosomal genes. In the
boxplots, unadjusted DNA methylation values (β) 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 quanti�ed
as log2 normalized values for nasal epithelia (GEO) and for the lung dataset (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.
Speci�cally, at these CpG sites, males exhibited a decreased DNA methylation pro�le compared to the
females. (B and 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.

Figure 4

Male-female differences in DNA methylation and gene expression in X-linked genes. Scatter plot of DNA
methylation values (β) 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 (β) 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 signi�cantly 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, CA5B gene demonstrated signi�cantly higher
expression in females relative to males.



Figure 5

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

Figure 6



DNA methylation patterns in response to environmental exposure to pollutants in bronchoalveolar lavage.
Box plots of unadjusted DNA methylation values (β) 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+A) group showed a decreased DNA methylation pro�le 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 pro�le compared to the control group (corrected p-value <0.05).
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