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Abstract

Epigenetic Associations of Circulating Interleukin 6 among People with HIV
By Zhuyun Mao

Background

Interleukin-6 (IL-6), the proinflammatory cytokine, is a key signal transducer in response to the
viral infection. Elevated plasma levels of IL-6 were associated with mortality in people with HIV
(PWH). Inflammation and immune responses could be regulated by epigenetic modifications.
An Epigenome-Wide Association study (EWAS) was conducted to investigate

the epigenetic association with-IL-6 among PWH.

Method

Peripheral blood samples from the Veterans Aging Cohort Study (VACS) participants were
investigated for epigenome-wide DNA methylation (DNAm) levels using the lllumina Infinium
Methylation 450K (n=512) and EPIC BeadChip (n=490). An epigenome-wide discovery,
replication and meta-analysis were performed to identify the significant epigenetic associations
with IL-6 using multiple regression models adjusted for covariates and batch effects.

Results

In the meta-analysis of 1,002 male veterans with HIV, 111 DNAm sites were significantly
associated with IL-6 after correction for multiple testing. The identified IL-6-associated DNAm
site were highly concordant between the 450K and EPIC sub-cohorts. The top IL-6--associated
DNAm sites mapped to genes including VMP1, IFITM1, STAT1, and MX1, all related to innate
immune responses and antiviral response.

Discussion

The key findings of the principal genes and the pathways epigenetically related to the IL-

6 levels could help understand the chronic inflammation mechanisms of HIV infection. The
robust findings of IL-6-assocaited DNAm sites may uncover potential-therapeutic targets related
to key pathways influencing the immune recovery and chronic disease outcomes among PWH.

Conclusion

This EWAS summarized VMP1, IFITM1, STAT1, MX1 and OSAL1 genes related to IL-6
methylation among PWH. Those DNAm sites are helpful to further investigate the pathogenesis
of inflammation and can imply as a necessary accompaniment to study the chronic diseases and
survival status of HIV infection.
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Introduction
Human immunodeficiency virus (HIV) infection causes series of chronic diseases and

complications and is a major public health concern (1). About 38 million people were infected
globally with HIV in 2019 (2). Around 40,000 new cases of HIV infection were reported in the
United States in 2019 (3). Globally, 95% of people with HIVV (PWH) live in developing countries
who experience low income, social inequalities, and insufficient healthcare infrastructure (4).

No cure for HIV infection exists at the current stage. Uncontrolled HIV infection could
compromise the human immune system leading to acquired immunodeficiency syndrome
(AIDS), which was the most severe end stage of HIV infection, the life-threatening health impact
for PWH (5).

Antiretroviral treatments (ART) have demonstrated high efficacy in suppressing HIV
replication (6) to keep PWH at the stage of HIV chronic infection (7). With successful viral load
control by ART, HIV infection hardly causes AIDS and direct fatality; however, other chronic
disease complications for PWH still pose a substantial public health burden. HIV infection has
been associated with a number of comorbidities including cardiovascular diseases, diabetes,
chronic kidney diseases, cancer and hepatic diseases (e.g., chronic liver disease and Hepatitis B
and C infection) (8). HIV infection may accelerate biological aging including immunosenescence
to increase these chronic disease morbidities and mortality. Therefore, understanding chronic
inflammation and immunological recovery of PWH may hold the key for further reducing the
health burden of HIV infection.

Inflammation is crucial in the invasion of pathogens for humans (9). Chronic
inflammation symptoms could play an important role in the mechanisms of comorbidities among
PWH such diabetes, cardiovascular diseases (10). Several mechanisms linked to the chronic

inflammation among PWH were discussed during HIV infection including the direct or indirect



pathways. CD8" T cell activation would be stimulated by the adaptive immune response during
HIV infection and the increased CD8* T cells could continuously replicate the virus during HIV
chronic infection (11). Another mechanism described in Appay, V., & Sauce, D. involves with
infections by other viruses together with HIV-1 causing the depletion of CD4* T cells to favor
the viral replication. The depletion of CD4* T cells would compose mucosal barriers in the gut
preventing the translocation of the gut microbiota. Thus, the pathogens would be limited to the
lamina propria and the mesenteric lymph nodes. Lipopolysaccharide (LPS) plasma levels would
increase during HIV-1 infection to trigger the innate immune response by producing the pro-
inflammatory cytokines such as TNFa, interleukin 6 (IL-6) and IL-1p (11). The immune
activation and chronic inflammation among PWH would cause consequences of developing
chronic diseases including chronic kidney dysfunction and diabetes due to the weakened immune
systems; thus, understanding the mechanisms between the inflammation markers and the chronic
inflammation among PWH could help improve the prevention and the treatment of HIV infection
(12). Accelerated aging, chronic morbidities and mortality among PWH associated with multiple
well-studied biomarkers including 1L-6 (13).

IL-6, the proinflammatory cytokine, plays a significant role in response to the viral
infection (14). Primarily, IL-6 functions as the mediator to increase Th17 cells while the level of
IL-6 is increasing (15). The increase in Th17 differentiation can lead to the autoimmunity
chronic inflammation (16). Simultaneously, Hirano et al indicated that increased IL-6 production
would prohibit the apoptosis of cells by inhibiting the CD8 helper T cells. Many studies
throughout the years have shown the role of elevated plasma IL-6 levels in HIV infection,
morbidities and mortality among PWH (17) and ART treatment can activate the production of

IL-6 (18). Previous studies have investigated the association between the concentration of viral



load of HIV and the level of circulating IL-6 and other inflammatory cytokines (19). Many pro-
inflammatory cytokines such as interleukin 18, IL-6, tumor necrosis factors (TNF-a) or
interleukin 8 were detected higher in the blood serum samples in HIV infected patients compared
to healthy individuals in the previous study (20,21). Higher levels of plasma IL-6 levels are
related to HIV replication and low nadir CD4 cell counts (19). A study demonstrated that
elevated levels of IL-6 representing the activated inflammation was associated with multiple
clinical endpoints of HIV-associated morbidities such as the cardiovascular diseases among
HIV-positive persons (22). The association between the IL-6 concentration and HIV replication
or viral load among PWH has been confirmed and nongenetic factors were discovered linked to
HIV infection including alcohol use, smoking, obesity and education level (19,23). Genetic
changes in gene expression excluding the mutation or sequence change of the genome are
considered as epigenetic modification which includes the chemical alteration on DNA sequence
(24).

Epigenetic modification is mostly studied on the DNA methylation (DNAm) in the
population level and DNAmM has been associated with HIV infection and viremia (25). The host
genome in PWH could be integrated by epigenetic mechanisms and epigenetic changes can
reprogram the host genes in viral latency (26). Several Epigenome-wide Association Studies
(EWAS) have discovered and replicated the DNAm sites associated with HIV infection as well
as the related diseases among PWH (25). A recent study has identified 15 novel epigenetic
associations with estimated glomerular filtration rate among PWH and suggested the potential
epigenetic mechanisms of HIV-related chronic kidney diseases (CKD) risks (27). Some EWAS

related to inflammatory biomarkers such as C-reactive proteins (CRP), and interleukins were



also conducted. However, the results of the DNAm sites were not consistent across the studies
(28,29) and may not be able to represent the epigenetic associations among PWH.

Although IL-6 is a key cytokine in regulating inflammatory pathways, only a few EWAS
have investigated the DNAmMm sites associated with IL-6. A recent study has discovered a few
hypermethylation DNA sites associated with IL-6 plasma level among community-dwelling
adults (30). Another study in a community-based setting showed elevated I1L-6 serum levels
among lifetime depression patients and I1L-6 methylation was discovered as an inverse
correlation with circulating IL-6 (31). The study among women with breast cancers showed the
decreased methylation 5'-C-phosphate-G-3' (CpG) sites and lower methylation at each identified
CpG site was associated with increased IL-6 plasma levels after the chemotherapy treatment
(32). Despite of the associations of circulating IL-6 and the DNAm sites of IL-6 among other
diseased populations, no EWAS indicates the IL-6 DNAm associations among PWH. Although
the relationship between IL-6 and various aspects of HIV infection was proved to be associated,
no current EWAS is clear about the genetic and environmental factors associated with I1L-6
among PWH. Thus, in this study, EWAS approach was performed to identify the IL-6 DNA
methylation sites related to the HIV infection. Significant CpG sites were identified by meta-
analysis and replication analysis. We also examined the previously identified IL6-associated
DNAm sites in other diseases and discovered some novel CpG sites with IL6 DNAmM among

PWH.



Methods

Study sample
A prospective, observational cohort study of veterans including HIV positive and

negative patients, the Veterans Aging Cohort Study (VACYS), in care at the Department of
Veterans Affairs medical centers across the United States, was used to determine the phenotypic
and epigenetic data matching on sex, race/ethnicity and age (25). VACS dataset was approved by
the institutional research board committee at the Connecticut veteran healthcare system. HIV
positive and negative patients have been seen in eight different veteran medical centers and
general medical clinics since 1997 with electronic medical records collected for each patient.
Within the clinical records, total white blood cell counts and CD4* T cell counts were collected
at the time of peripheral blood sample collection (25).

Interleukin 6 (IL-6) was measured in blood serum using ELISA kit. The normal range of
IL-6 is between 0 to 16.4 pg/mL (33). Covariates including age, race, BMI, hepatitis B virus
(HBV) infection status, hepatitis C virus (HCV) infection status, smoking status (current
smoking vs noncurrent smoking), diabetes status, alcohol usage (hazardous vs non-hazardous
use), HIV RNA viral load (threshold of 75 copies per milliliter), ART use were described in
Table 1. The study was approved by the Veteran’s Administration Research and Development

Committee and the Institutional Review Board of Atlanta Veteran’s Administration.

DNA Methylation data processing and quality control
The epigenome-wide DNA methylation was measured from previous studies using the

[llumina Infinium HumanMethylation450 (450K) BeadChip and the Infinium MethylationEPIC
(EPIC) BeadChip, respectively (34,35). DNA methylation samples in these two chips were
measured from the peripheral blood monocellular cells (25). Quality control was performed for

data normalization and batch correction using subset-quantile within array normalization (36).



To help correct the methylation signals and to generate adjusted B-values, both 450K and EPIC
subset were processed by a quantile normalization approach in the R package “minfi” (27). After
the quality control, 412,583 autosomal chromosome sites from 450K array subset (n=512) and
846,604 autosomal chromosome sites from EPIC array subset (n=490) remained for the

epigenetic association analysis.

Statistical analysis
450K and EPIC arrays were analyzed separately for IL-6 EWAS. The linear mixed

regression model was conducted for the effect of methylation status at individual CpG sites on
IL-6 with each array. In addition to the phenotypes included in Table 1, the heterogeneity of cell
type proportions in blood and other tissues is a well-stablished confounder in epigenetic
association studies and was adjusted for in this study using calculated cell type proportions
(CD4+ T cells, CD8+ T cells, NK cells, B cells, monocytes, and granulocytes) in the blood (37).
Serum level of IL-6 was not normally distributed with extreme outliers of 206 pg/mL; thus, the
IL-6 levels were normalized using boxplot to remove the outliers which extend more than three
box-lengths (38). 49 and 41 observations were excluded from the 450K and EPIC chip subsets,
respectively. After the removal of the IL-6 outliers, the total sample size of this EWAS was 512
in 450K array and 490 in EPIC array. IL-6 levels in the unit of pg/mL were analyzed in the
association analysis without transformation.
The linear mixed model was implemented using the R nlme package to identify I1L-6

associated DNA methylation sites controlling for covariates listed below.

Model: DNAm ~IL— 6+ Age + BMI + Diabetes + alcohol use + smoking status

+ viral load level + HCV status + HBV status + Antiretroviral therapies

+ calculated cell + type proportions



The DNAm levels of each site was modeled as a dependent variable with random effect for each
chip. The random intercept was included for each chip to correct the potential correlation of
sample processing. The Bonferroni correction p-value was calculated based on the number of

CpG sites analyzed in this EWAS to adjust for multiple testing.

Replication and Meta-Analysis
For DNAmM sites measured in both the 450K and EPIC subsets, we examined the

consistency of the associations with IL-6 by bidirectional replication of the significant
associations identified in each subset (FDR g-value <0.05). We compared the directionality of
identified associations as well as the statistical significance threshold after correction of multiple
testing. Inverse-variance weighted fixed-effects meta-analysis was conducted among the
356,071 DNAm sites tested in IL-6 EWAS of both 450K and EPIC. A Bonferroni correction p-
value of 0.05 (i.e., nominal p-value of 1.4x 10~7) were calculated for this meta-analysis as the
epigenome-wide significance threshold. The epigenome-wide significant CpG sites were
reported at the threshold of p-value 1.4x 10~7 (Bonferroni p-value <0.05) after meta-analysis
among a total of 356,071 tests and the heterogeneity between two chips. The beta coefficients of
the epigenome-wide significant DNAm sites from 450K and EPIC chips were compared for
consistency. The overall correlation between the beta coefficients was calculated by Pearson

correlation.

Pathway Enrichment Analysis
Pathway enrichment analysis was performed using the online tool DAVID Functional

Annotation Bioinformatics Microarray Analysis to obtain the annotated gene information from

the epigenome-wide significant DNAm sites from meta-analysis results.



Results
Demographic and clinical characteristics were summarized in Table 1 including 490

HIV-positive patients in EPIC array and 512 HIV-positive patients in 450K array. The average
IL-6 serum level was 2.20 pg/mL in EPIC chip and was 2.40 pg/mL in 450K chip. 83.4% of the
participants in 450K chip received ART. Similarly, 83.9% of the participants in EPIC chip
received ART. All participants were males with the average age of 51.5 years old in EPIC chip
and 52.1 years old in 450K chip. The average BMI in EPIC was 26.2 kg/m? with 80.8% African
American participants and mean BMI of 25.7 kg/m? in 450K chip with 84.0% African American
participants. Among all 490 participants in EPIC array, 76.7% were current smokers and 60.0%
had the abuse alcohol use while 79.7% of the participants in 450K chip were current
smokers and 41.8% had the abuse alcohol use. The phenotypic characteristics did not differ
significantly between the EPIC chip and the 450K chip except HBV and cell type proportions
based on the t-tests and the Chi-squared tests at the significance threshold of p-value of 0.05.
Individually EWAS in EPIC and 450K chips, there were 22 and 25 DNAm sites
significantly associated with IL-6, respectively, at the threshold of Bonferroni corrected p-value
less than 0.05, identified for the methylation sites in the model adjusting age, race/ethnicity,
binary viral load, BMI, smoking status, alcohol use, ART use, diabetes status, HBV/HCV status
and cell type proportions. Manhattan and QQ plots were created with inflation factor indicating
the distribution between the expected and observed p-values for EPIC (Supplementary Figure 1)
and 450K chip (Supplementary Figure 2), respectively. The most significant site in EPIC chip
was identified to be cg05475649 (-0.022, p-value 5.32x 10719); however, this site was not
measured in 450K subset. Supplementary Table 1 summarized directionality consistency for both
EPIC and 450K chip. Among EPIC array, only 11 DNAm sites were measured in 450K chip but

all 11 DNAm sites showed consistency in directionality and 100% with nominal p-value less



than 0.05. Among 450K chip, 19 out 25 DNAm sites were replicable in EPIC chip and all
showed consistency in directionality. Among those consistent sites, 63.2% has nominal p-values
less than 0.05 significance and 21.1% were significant after multiple testing correction
(Supplementary Table 1). Supplementary Table 3 summarized the information of the DNAmM
sites significant in EPIC chip but not measured in 450K subset.

The meta-analysis of the 450K and EPIC EWAS results identified 111 DNAmMm sites
(Supplementary Table 2) significantly associated with IL-6 levels at the threshold of nominal p-
value of 1.40x 10~7 (Bonferroni corrected p-value < 0.05) among 1,002 PWH. These IL-6
associated DNAm sites span 9 genes on 20 autosomes (Figure 1). The overall inflation factor
was 1.28 (Figure 2). Hypomethylation of cg16936953 (VMPL1), was the most significantly
associated with elevated circulating levels of IL-6 (Table 2, beta coefficient -0.0194, p-value
8.89x 10~21), Total of five DNAm sites in VMP1 gene region were significantly associated with

IL-6 levels (Supplementary Table 2). Both the EPIC (-0.021, 95% CI: -0.020 to -0.023) and

450K (-0.018, 95% CI: -0.020 to -0.021) chips replicated this site. IFITM1 gene also harbored
seven DNAm sites significantly associated with IL-6 levels. Two and three significant DNAmM
sites were located in STAT1 gene and MX1 gene, respectively. The beta coefficients of these 111
DNAm sites were highly correlated (R?= 0.947) between the 450K and EPIC subsets, showing
very consistent associations from both microarray platforms (Figure 3). Among 111 IL-6
associated DNAm sites, hypomethylation of 88 DNAm sites (79.3%) were associated with
elevated IL-6 levels indicating the demethylation was linked with increased inflammation among
PWH.

The pathway enrichment analysis presented the pathways for these 81 unique genes.

Table 3 summarized the top significant pathways with genes listed at the threshold of FDR g-
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value lower than 0.05. The pathways included the type-1 interferon signaling pathway,
interferon-gamma mediated signaling pathway, defense to the virus, antiviral defense, response

to the virus, immunity, and innate immunity.

Discussion
In this EWAS of IL-6, which is an important pro-inflammatory cytokine, producing

persistently higher levels in the setting of inflammation for PWH, we identified DNAm sites and
genes associated with IL-6. Our EWAS has discovered statistically robust epigenetic associations
and could serve as the first step to understand the role of epigenetic modifications in the
pathogenesis of inflammation and potential implications for chronic diseases among PWH. This
EWAS has the strength with the combined data from two different microarrays and the sample
size from the combined data is relatively large. Also, it is essential to demonstrate the consistent
results from both subsets regardless of the sample and technical differences. Specifically, this
EWAS is focused on PWH,; thus, this EWAS provided the contribution of identification of the
genes related to the IL-6 methylation which had not been well studied previously.

Chronic inflammation and persistent immune activation have been a major challenge of
shortened life expectancy and a higher risk of developing chronic morbidities associated with
aging including cardiovascular diseases and diabetes compared to the general population with the
use of ART (39). Inflammation and immune activation involve a variety of mechanisms linked
with the pathogenesis of chronic HIV infection at the molecular level. One of the molecular
mechanisms to mediate host genes and environmental risks is epigenetics. Since epigenetic
modifications can potentially contribute to the pathological physiology among PWH, the

dynamic character of the inflammatory cytokines can also cause epigenetic changes.
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The top DNAm sites identified in the IL-6 EWAS were mapped to numerous genes,
among which, OAS3, STATL, IFIT1, IFITM1, MX1 and VMP1, are linked to inflammation and
viral infection mechanisms. These genes are significantly linked to the pathways enriched from
the DAVID test and VMP1 was the top gene in the meta-analysis and was also replicated in both
chips. The pathway enrichment analysis by DAVID (functional annotation clustering) (40)
indicated the biological pathways of antiviral defense, innate immunity and type 1 interferon
signaling as the input of 81 unique genes after meta-analysis.

STAT1, OAS3, MX1, IFIT1, and other six unique genes were involved in the type-1
interferon signaling pathway (FDR g-value 1.9x 10~11). Signal transducer and activator of
transcription 1 (STAT1), a transcription factor which can mediate with cellular responses to
interferons and other cytokines, encodes STAT1 protein (41). STAT1 can be activated by mostly
the Type-1 Interferons (IFN-a and IFN-p) binding to the receptors. Notably, IL-6 can also
activate STAT1 therefore leading STATL into the nucleus (41). Type-1 interferon and STAT1
related signaling pathways have been proved its ability of antiviral activity for the pathogenesis
of HIV controlling the synthesis of multiple pro-inflammatory cytokines including IL6 (42). In
our results of the pathway enrichment test, STAT1 was also involved in the IFN-y signaling
pathway (FDR g-value 1.3x 10~°). Moreover, previous study has identified tumor necrosis
factor alpha (TNF- a) with the activation of nuclear factor kappa B (NFxB) can cause
overexpression of IL6 and activate the STAT signaling pathways (43). There are multiple signal
transducers and activators of transcription within the STAT family acting as the intracellular
transcription factors mediated in immunity, apoptosis and proliferation. It is still plausible to
have the abnormal expression of IL6 due to the epigenetic changes in STAT1 gene expression

along with the actively induced STAT/interferon signaling pathways thus causing a vicious cycle
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among PWH. However, the evidence of the mechanisms of overexpression of IL6 and its
association with epigenetic changes in STAT1 gene still lacks. Therefore, STAT1 could be a
potential biomarker to track the expression of IL6 levels and the inflammation status among
PWH. OAS3 gene encodes the protein of 2'-5'-oligoadenylate synthase 3, an interferon-induced
antiviral enzyme, which is important in inhibition of protein synthesis and viral infection
resistance in innate immunity (44). Ribonuclease L (RNase L) could be activated by OAS3
therefore terminating viral replication or infection. OAS3 also was mediated in the IFN-y
signaling pathway (FDR g-value 1.3x 10™°) and the IL-6 increased production was induced by
the increased mediated IFN-y signaling pathway among PWH (45). OSA3 methylation only
harbored once in our EWAS meta-analysis; however, the OSA3 methylation may contribute to
the IFN-y signaling pathway against HIV infection. The Myxovirus (Influenza) Resistance 1
gene (MX1) is also an interferon-induced gene encoded the interferon-induced GTP-binding
protein MX1 which is specifically against influenza virus infection (46). However, MX1 cannot
restrict the retroviral invasion including HIV-1 infection (47). The expression of MX1 remains
high in among people with HIV inflammation especially in females as well as the IFN-a
production levels (48). Interferon-induced protein with tetratricopeptide repeat-1 (IFIT1) can
restrict HIV replication in macrophages along with other family IFIT proteins affecting the size
of HIV reservoir in macrophages (49).

The interferon-induced transmembrane protein 1 (IFITM1), strongly induced by the
interferon family (mostly IFN-a and IFN- y), encodes for the protein with the same name and is
involved in inflammation (50). In the pathway enrichment test, this gene was mediated in the
pathway of antiviral defense (FDR g-value 6.1x 10~7). IFITM1 also is essential to induce the

suppression of the growth of tumor cells along with IFN- ¥ and IFITM 1 can intermediate with
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STAT1 and p53 signaling pathways with antiproliferation (51). Moreover, a study has confirmed
the function of IFITML1 protein to inhibit the viral replication of HIV (52). These findings have
proved the function IFITM1 of inhibition of HIV replication and antiproliferation of tumor cells;
therefore, IFITM1 can potentially serve as a biomarker like STAT1 for HIV therapeutic target in
suppression or inhibition of viral replication.

Vacuole membrane protein 1 (VMP1) encodes a transmembrane protein located in the
Golgi apparatus and endoplasmic reticulum leading autophagy in cells under overexpression of
such proteins (53). Autophagy is crucial in the innate immune system isolating the microbial
pathogens with catabolic process to clear out the pathogens in the lysosome (54). The way of
stimulating autophagy-mediated lysosomal degradation can potentially strengthen the immune
response to HIV (55). Our EWAS results showed one of the VMP1 methylated site, cg16936953,
most significantly associated with circulating IL-6 levels. This site showed the association with
elevated IL-6 levels implying the demethylation is related with inflammation among PWH. The
methylation on VMP1 was also confirmed in the previous study among the patients with breast
cancers exposing to the chemotherapy or not (32). Same CpG site (cg16936953) was reported in
this study showing the decreased methylation of VMP1 among the patients who received
chemotherapy and the decreased methylation was associated with increased IL-6 plasma levels.
The decreased methylation also mediated to increase in the inflammatory biomarkers like IL-6
adjusting for multiple clinical and treatment characteristics. VMP1 methylation also has been
confirmed its association with childhood-onset Crohn's Disease (56). Although the specific
function of VMP1 impacting autophagy after epigenetics alterations remains unknown among

PWH, demethylation on VMP1 has been confirmed in this EWAS associated with IL-6 plasma
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levels among PWH. The future direction could be focused on the investigation the effect on
autophagy of IL-6 demethylation.

Based on the results of the enrichment pathway test, the most significant pathway was
identified as the type-1 interferon signaling pathway with several significant genes of OSAS3,
STATL, IFIT1, IFITMland MX1. These are the genes mediated with interferons which can induce
antiviral states and inhibit viral replication by producing restriction factors during HIV infection
(57). However, HIV developed a mechanism that can downregulate a number of interferons-
induced genes including OSA3 to cause the suppression of transcription of genes like OSA3 (58).
A recent study has revealed that the blockade interferon signaling pathways with ART treatment
can restore the immune response in HIV infection especially for the chronic inflammation (59).
VMP1 gene is involved in innate immunity pathway which was also identified as one of the most
significant pathways from the enrichment pathway test. The activation of the innate immune
pathways is linked to the stronger adaptive immune responses with the activation of T cells
during HIV infection (60). As mentioned previously, VMPL1 is associated with autophagy which
can restrict HIV infection by degrading Tat, the protein in HIV-1 virus, in lymphocytes.
Therefore, based on our EWAS findings of these methylated sites and the previous results, it
further confirms that the interferon-mediated genes can potentially serve as the biomarkers in
HIV chronic inflammation.

In our study, both 450K and EPIC arrays have replicated the top IL6-associated DNAmM
site with the most statistical significance in meta-analysis, cg16936953. However, there were
still 11 DNAm sites which were statistically significant in EPIC array but not measured in 450K

array. Therefore, for the future implications, we should expand our data resources to cover more
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replication sites in both chips thus increasing the likelihood to find more IL6-associated DNAM
sites among PWH.

There are still multiple limitations in our study. First, because two microarray platforms
were used in the two sub-cohorts, only the commonly measured DNAm sites were included in
the meta-analysis. Future replication and meta-analysis of many DNAm sites unique to the
platform could reveal additional significant associations with IL-6. Second, the current EWAS
focused on male PWH. If the DNAm sites are differentially associated with IL-6 between males
and females with HIV, our results may not be generalizable in women with HIV. Moreover,
majority of the study samples were African Americans, which may also limit the generalizability
across other racial and ethnic groups. Based on our findings, future EWAS of IL-6 can be
conducted in more diverse demographic characteristics using more comprehensive epi-typing
methods to establish a more complete catalog of IL-6-associated DNAm sites across human
genome, and to examine their roles in chronic disease progression, morbidities and mortality
among PWH. Additionally, the genes and pathways of the top methylated genes were
biologically relevant but cannot directly infer molecular function solely based on the cross-
sectional association analyses. Such hypothesis-generating process can provide probably targets
for future hypothesis-driven research using experimental approaches. Although the EPIC
BeadChip measures the methylation levels of over 850,000 DNAm sites on human genome, the
coverage can be improved by whole genome bisulfide sequencing to completely survey the
human methylome. Inspired by robust findings in present EWAS of IL-6 levels, future EWAS
can better address the role of IL-6 and other inflammatory biomarkers on chronic disease

outcomes and mortality among PWH.
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Conclusion
Our EWAS of IL-6 methylation has demonstrated statistically robust epigenetic

associations among PWH. The results would be helpful to further investigate the pathogenesis of
inflammation and can imply as a necessary accompaniment to study the chronic diseases and
survival status of HIV infection. This EWAS can also potentially inform the therapeutic targets
based on the discovered DNAm sites among PWH. Future directions from this EWAS could be
expanded to the investigation of mechanisms of the IL-6 methylation sites on these discovered
genes (VMP1, IFITM1, STAT1, MX1 and OSA1) specifically linked to the chronic inflammation

among PWH.
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Tables

Table 1. Phenotypic Characteristics of two subsets of VACS cohort in the EWAS of interleukin 6.

Variable
Race
Black, %o
Non-Black, %
Smoking, Yes, %
Virus Load, <75, %
Age, years
BMI, kg/m?
ART, Yes, %
Alcohol use, Abuse, %
Diabetes, Yes, %
HBYV, Positive, %
HCV, Positive, %
IL-6 (pg/mL)
CD4 Counts
CDA4 T cell proportion

CD8 Counts
CDS8 T cell proportion
NK Cell proportion

B Cell proportion
Monocytes proportion
Granules proportion

EPIC (n=490)

396 (80.8)
94 (19.2)
376 (76.7)
212 (43.3)
51.5 (7.7)
26.2 (5.1)
411 (83.9)
294 (60.0)
90 (18.4)
39 (8.0)
175 (35.7)
2.20 (1.20)
455 (274)
0.07 (0.05)

978 (508)
0.28 (0.09)
0.006 (0.012)

0.09 (0.04)
0.15 (0.03)
0.45 (0.10)

450K (n=512)

430 (84.0)
82 (16.0)
408 (79.7)
230 (44.9)
52.1 (7.8)
25.7 (4.8)
432 (83.4)
214 (41.8)
93 (18.2)
52 (10.2)
248 (48.4)
2.40 (1.40)
433 (280)
0.10 (0.05)

973 (526)
0.15 (0.07)
0.10 (0.05)

0.10 (0.05)
0.11 (0.04)
0.50 (0.12)

P-values
0.217

0.291
0.376
0.256
0.088
0.897
0.314
0.999
0.452
<5.43x 10713
0.174
0.218
2.61x 10713

0.882
<2.20x 10716
<2.20x 10716

6.06x 10~*
<2.20x 10716
5.26x 10714

*abbreviation: HBV: Hepatitis B virus; HCV: Hepatitis C virus; ART: Antiretroviral Therapy; IL6: Interleukin 6.



Table 2. Summary statistics of top 20 DNAm sites from the meta-analysis of IL-6 EWAS.

22

Chromosome location Annotated Meta-analysis 450K dataset EPIC (850K) dataset

Gene Name
CPGID CHR Base pair Beta SE P-value Beta SE P-value Beta SE P-value
cg16936953 17 57915665 VMP1 -1.92x 1072 2.12x107%  8.83x 102! -2.06x 102 2.75x 1073 4.90x 10713 -1.77x 1072 3.15x 1073 4.14x 1078
cg23570810 11 315102 IFITM1 -2.01x 1072 2.45x 1073 2.01x 1078 -2.01x 1072 3.13x 1073 3.94x 10710 -2.19x 1072 3.68x 1073 7.13x107°
cg01971407 11 313624 IFITM1 -1.33x 1072 1.60x 1073 5.03x 107'8 -1.33x 1072 2.18x 1073 3.05% 107° -1.38x 1072 2.23x 1073 2.22x 107°
cg18942579 17 57915773 VMP1 -1.36x 1072 1.60x 1073  9.90x 10~'7 -1.34x 1072 1.98x 1072 5.55x 10! -1.37x 1072 2.84x 1073 2.15x 107°
cg03038262 11 315262 IFITM1 -1.61x 1072 2.02x 1073 4.43x107'¢ -1.66x 1072 2.69%x 1073 1.80x 107° -1.68x 1072 2.99x 1072 2.32x 1077
cg10552523 11 313478 IFITM1 -1.52x 1072 1.92x 1073  1.22x107'° -1.49x 1072 2.61x 1073 2.17x 1078 -1.57x 1072 2.81x 1073 4.92x 1078
cg07839457 16 57023022 NA -2.39x 1072 3.10x 1073 7.26x 107%° -2.23x 1072 4.26x 1073 2.69%x 1077 -2.55x 1072 4.42x 1073 1.88x 1078
cg08122652 3 122281939 PARP9; -2.41x 1072 3.10x 1072 1.21x 1074 -2.20% 1072 4.06x 1073 1.07x 1077 -2.72x 1072 4.90x 1073 6.12x 1078

DTX3L
cg01409343 17 57915740 VMP1 -0.01 1.30x 102  1.70x 1074 -1.13x 1072 1.70x 1072 1.13x 10712 -8.20x 107%  2.03x 1073 7.31x 1075
€g26470501 19 45252955 BCL3 -7.20x 1073 9.00x 10™*  1.98x 10~'* -7.30x 1073 1.29x 1073 2.79x 1078 -7.10x 107 1.39x 1073 5.06x% 1077
€g22930808 3 122281881 PARPY9; -2.90%x 1072 3.90x 1073 8.26x 1071 -2.1x 1072 5.26x 1073 6.22x 107° -3.47x 1072 5.74x 1073 4.13%x 107°

DTX3L
cg08818207 6 32820355 TAP1 -1.38x 1072 1.80x 1072  8.37x 1074 -1.25x 1073 2.50x 1073 8.50% 1077 -1.53x 1072 2.74x 1073 5.06x 10~°
cg00533183 6 32810742 PSMB8-AS1 -6.6x 1073 9.00x 10™*  3.04x 10712 -5.89x 1073 1.15x 1073 4.06x 1077 -8.00x 107 1.67x 1073 2.39x 107°
cg00676801 2 191876673 STATL -7.70x 1073 1.10x 1072 3.81x 10712 -6.58x 1073 1.36x 1073 1.83x 10~° -1.00x 1072 1.93x 1073 4.12x 1077
cg08099136 6 32811251 PSMB8-AS1 -1.08x 1072 1.60x 1072  5.81x 10712 -7.66x 1073 2.07x 1073 2.24x 107 -1.49% 1072 2.40x 1073 1.60x 10~°
cg01082299 6 31431969 HCP5 -1.27x 1072 1.80x 1073  5.86x 107'2 -9.59x 1073 2.40x 1073 7.62x 1075 -1.71x 1072 2.88x 1073 7.31x 107°
cg12054453 17 57915717 VMP1 -1.54x 1072 2.20x 1073  6.77x 1072 -1.67x 1072 3.04x 1073 7.57x 1078 -1.38x 1072 3.32x 1073 3.98x 10~°
€g22862003 21 42797588 MX1 -2.10x 1072 3.10x 107 1.65x 10~'* -1.62x 1072 4.12x 1072 9.96%x 107° -2.75X 1072 4.78x 1073 2.14x 1078
cg08998192 6 32805570 TAP2 -8.20x 1072 1.20x 1073  2.97x 107! -7.17x 1073 1.69%x 1072 2.78x 1075 -9.20x 1073 1.78x 1073 3.87x 1077
cg06981309 3 146260954 PLSCR1 -1.78x 1072 2.70x 1073 4.16x 10! -1.66x 1072 3.52x 1073 3.57x 107° -1.95x 1072 4.18x 1073 4.81x 107°

*SE: standard error; NA: Not applicable



Table 3. Summary of Top Significant Biological Pathways of the 81 unique genes from Meta-Analysis from Pathway
Enrichment Analysis by DAVID test.

Biological Process (with Benjamini p-value) Gene list

OAS3
MX1
IFI27
IFIT1
Type-1 Interferon Signaling Pathway IRF1
(p-value=1.9x 10~11) HLA-A
HLA-B
HLA-E
HLA-F
STAT1
OAS3
DDX60
MX1
IFI144L
Antiviral Defense IFIT1
(p-value=6.1x 10~7) IFITM1
IRF7
PLSCR1
STAT1
OAS3
BCL3
DDX60
MX1
Response to Virus IF144
(p-value=2.0x 107°) IFIT1
IFITM1
IRF7
ODC1
OAS3
DDX60
MX1
AlM2
IFIT1
Immunity (p-value=5.4x 10~°) IFITM1
IRF7
HLA-A




Antigen Processing and Presentation of Peptide Antigen via MHC Class |
(p-value=1.3x 1075)

Interferon-Gamma (IFN-y) Mediated Signaling Pathway
(p-value=3.2x 107°)

Defense Response to Virus
(p-value=2.7x 10~%)

Negative Regulation of Viral Genome Replication
(p-value=9.8x 10~%)

Innate Immunity (p-value=7.7x 10~3)

HLA-B
HLA-E
HLA-F
TAP1
TAP2
HLA-A
HLA-B
HLA-E
HLA-F
TAP1
TAP2
OAS3
IRF7
HLA-A
HLA-B
HLA-E
HLA-F
STAT1

OAS3
DDX60
MX1
IF144L
IFIT1
IFITM1
PLSCR4
STAT1
OAS3
MX1
IFITM1
IFITM1
PLSCR4

OAS3
DDX60
MX1
AIM2
IFIT1
IFITM1
IRF7

24
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Figures

Figure 1. Manhattan plot of the meta-analysis of IL-6 EWAS using 356,071 autosomal DNA methylation sites. The DNA methylation
sites are ordered by chromosomal base-pair positions. The horizontal line indicates Bonferroni corrected p-value of 0.05 (nominal p-

value of 1.40x107).
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Figure 2. Quantile-quantile (Q-Q) plot of the meta-analysis of IL-6 EWAS using 356,071 autosomal DNA methylation sites.
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Figure 3. Comparison of effect sizes between 450K and EPIC subsets among 111 CpG sites significantly associated with IL-6 levels in the Meta-

analysis
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Supplementary Figures

Supplementary Figure 1A. Manhattan plot of EPIC EWAS
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Supplementary Figure 1B. quantile-quantile plot of EPIC EWAS
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Supplementary Figure 2A. Manhattan plot of 450K EWAS
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Supplementary Figure 2B. quantile-quantile plot of 450K EWAS
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Supplementary Tables

Supplementary Table 1. Comparison of significant circulating 1L6 associations between EPIC and 450K EWAS.

Measurement of significant EPIC EWAS in 450K subset

Total number of significant DNAm sites in EPIC EWAS 22

Total number of significant DNAm sites measured in 450K 11 (50%)
Consistent direction of beta coefficients 11 (100 %)
Nominal p<0.05 in 450K 11 (100 %)
Bonferroni corrected p<0.05 in 450K 5 (45.5 %)

Measurement of significant 450K EWAS in EPIC subset

Total number of significant DNAm sites in 450K EWAS 25

Total number of significant DNAm sites measured in EPIC 19 (76%)
Consistent direction in beta coefficient 19 (100 %)
Nominal p<0.05 in EPIC 12 (63.2 %)

Bonferroni corrected p<0.05 in EPIC 4 (21.1 %)
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Supplementary Table 2. Summary statistics of top 20 IL6-associated DNAm sites from the meta-analysis of EPIC and 450K

EWAS
Chromosome location Annotated Gene Name Meta-analysis 450K dataset EPIC dataset
CPGID CHR Base pair Beta SE P- Beta SE P-value Beta SE P-value
value

€g16936953 17 57915665 VMP1 -1.92x  2.12x  8.83x -2.06x 2.75% 1073 4.90% 10713 -1.77x 1072 3.15x 1073 4.14x 1078
1072 1073 107# 1072

€g23570810 11 315102 IFITM1 -2.01x  245x  2.01x -2.01x 3.13x 1073 3.94% 10710 -2.19x 1072 3.68x 1073 7.13x107°
1072 1073 1078 1072

cg01971407 11 313624 IFITM1 -1.33x  1.60x  5.03x -1.33x 2.18x 1073 3.05x 107° -1.38x 1072 2.23x 1073 2.22x107°
1072 1073 1078 1072

cg18942579 17 57915773 VMP1 -1.36x  1.60x  9.90x -1.34x 1.98x 1072 5.55x 107! -1.37x 1072 2.84x 1073 2.15%x 107
1072 1073 107 1072

cg03038262 11 315262 IFITM1 -1.61x  2.02x  4.43x -1.66x 2.69%x 1073 1.80x 107° -1.68x 1072 2.99%x 1072 2.32x 1077
1072 1073 1071 1072

cg10552523 11 313478 IFITM1 -1.52x  1.92x 1.22x -1.49x 2.61x 1073 2.17x 1078 -1.57%x 1072 2.81x 1073 4.92x 1078
1072 1073 10715 1072

cg07839457 16 57023022 NA -2.39x  3.10x  7.26x -2.23x 4.26x 1073 2.69% 1077 -2.55% 1072 4.42x 1073 1.88x 1078
1072 1073 10715 1072

cg08122652 3 122281939 PARP9;DTX3L -241x  3.10x 1.21x -2.20x 4.06%x 1073 1.07x 1077 -2.72x 1072 4.90%x 1073 6.12x 1078
1072 1072 10~ 1072

cg01409343 17 57915740 VMP1 -0.01 1.30x 1.70x -1.13x 1.70x 1073 1.13x 10712 -8.20x 1073 2.03x 1073 7.31x 1075

1072 10~ 1072

€g26470501 19 45252955 BCL3 -7.20x  9.00x 1.98x -7.30x 1.29x 1072 2.79x 1078 -7.10x 1073 1.39x 1072 5.06%x 1077
1073 107* 10~ 1073

€g22930808 3 122281881 PARP9;DTX3L -2.90x  3.90x 8.26x -2.1x 5.26x 1073 6.22%x 107° -3.47x 1072 5.74x 1073 4.13x 107°
1072 1073 10~ 1072

cg08818207 6 32820355 TAP1 -1.38x  1.80x 8.37x -1.25x 2.50x 1073 8.50% 1077 -1.53x 1072 2.74x 1073 5.06x 1078
1072 1072 107+ 1073

cg00533183 6 32810742 PSMB8-AS1 -6.6x 9.00x  3.04x -5.89% 1.15x 1073 4.06x 1077 -8.00x 1073 1.67x 1073 2.39x 107
1073 107* 10712 1073

cg00676801 2 191876673 STAT1 -7.70x  1.10x  3.81x -6.58% 1.36x 1073 1.83x 107 -1.00x 1072 1.93x 1073 4.12x 1077
1073 1072 10712 1073

cg08099136 6 32811251 PSMB8-AS1 -1.08x  1.60x  5.81x -7.66% 2.07x 1073 2.24x107* -1.49x 1072 2.40x 1073 1.60x 107°
1072 1073 10712 1073

cg01082299 6 31431969 HCP5 -1.27x  1.80x  5.86x -9.59x 2.40%x 1073 7.62x 107° -1.71x 1072 2.88x 1073 7.31x107°
1072 1073 10712 1073

€g12054453 17 57915717 VMP1 -1.54x  2.20x  6.77x -1.67x 3.04x 1073 7.57%x 1078 -1.38x 1072 3.32x 1073 3.98x 107°
1072 1073 10712 1072

€g22862003 21 42797588 MX1 -2.10x  3.10x 1.65x -1.62x 4.12x 1073 9.96x 107° -2.75x 1072 4.78x 1073 2.14x 1078
1072 1073 10~ 1072

cg08998192 6 32805570 TAP2 -8.20x  1.20x  2.97x -7.17x 1.69x 1073 2.78x 107° -9.20%x 1073 1.78x 1073 3.87x 1077
1072 103 1071 1073

cg06981309 3 146260954 PLSCR1 -1.78x  2.70x  4.16x -1.66x 3.52x 1073 3.57x 107 -1.95% 1072 4.18x 1073 4.81x 107°
1072 103 1071 1072

€g14951497 2 191875807 STAT1 -7.60x  1.20x  4.95x -6.29x 1.38x 1073 6.94% 107¢ -1.05% 1072 2.08x 1073 8.82x 1077
1073 1073 10711 1073

cg01309328 6 32811253 PSMB8-AS1 - 0.0015 6.01x - 0.00185 2.24x 1075 -0.0122 0.00238 4.88x 1077
0.0095 1074 0.00793
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cg09026253 11 313267 IFITM1 -9.60x  1.50x 8.16x -8.04x 1.90x 1073 2.96x 107° =1.19x107*  2.33x 1073 6.08x 1077
1073 1073 107 1073

©g14293575 22 18635460 USP18 -1.71x  2.60x 9.60x -1.50x 3.36x 1073 1.08x 107° -2.06x 1072 4.30x 1073 2.44% 107
1072 1073 1071 1072

€g22940798 6 32805554 TAP2 8.10x 1.30x 1.94x -7.05x 1.53x 1073 5.66x 107° -1.03x 1072 2.26x 1073 7.69% 107
1073 1072 10710 1073

cg02782634 17 57916643 VMP1 7.80%x 1.20x 2.41x - 1.64x 1073 2.16x 1077 -6.72x 1073 1.88x 1073 4.08x 107*
1073 1073 10710 0.00865

cg01079652 1 79118191 IFI44 -1.88x  3.00x 2.52x -01.88x  4.00x 1073 3.76x 107 -1.87x 1072 4.42x 1073 2.96x 107°
1072 1073 10710 1072

cg05883128 4 169239131 DDX60 -1.66x  2.60x 2.53x -1.37x 3.29x 1073 4.67x 1075 -2.17x 1072 4.32x 1073 8.29 x 1077
1072 1073 10710 1072

cg05432003 11 312518 IFITM1 -1.05x  1.70x 2.66x -8.50% 2.16x 1073 9.67x 107° -1.33x 1072 2.59%x 1073 4.86x 1077
1072 1073 10710 1073

cg05552874 10 91153143 IFIT1 -1.66x  2.60x 2.96x -1.38x 3.40%x 1073 6.27x 107° -2.08x 1072 4.15x 1073 9.56x 1077
1072 1073 10710 1072

cg14392283 8 144103587 LYGE -1.24x  2.00x 3.11x -1.17x 2.52x 1073 4.93x 107° -1.35% 1072 3.16x 1073 2.50%x 107°
1072 1073 10710 1072

cg14750551 3 122401343 PARP14 -8.10x  1.30x 3.19x - 1.62x 1073 6.03x 1077 -7.80x 1073 2.10x 1073 2.43%x 107*
1073 1073 10710 0.00824

cg00598235 4 17580680 LAP3 -5.80x  9.00x 4.67x -5.42x 1.14x 1073 2.87x 107 -6.51x 1073 1.60x 1073 6.06x 107°
1073 107 107 1073

€g26709300 16 30106682 YPEL3 5.80x 9.0x 5.41x 5.34x 1.23x 1073 1.78x 107° 6.35x 1073 1.42x 1073 1.15x 107
1073 10~* 10710 1073

cg18181703 17 76354621 SOCS3 -7.80x  1.30x 6.12x -8.27x 1.66x 1073 9.85%x 1077 -7.22x 1073 1.95x 1073 2.61x 107*
1073 1073 10710 1073

cgl7114584 11 613792 IRF7 -1.17x  1.90x 6.51x -1.22x 2.49% 1073 1.41x 107 -1.11x 1072 2.95%x 1073 2.00x 107*
1072 1073 10710 1072

cg01190666 20 62204908 HELZ2 -8.10x  0.0013 6.87x -7.04x 1.77x 1073 8.45%x 1075 -0.00951 0.00198 2.36x 107
1073 10710 1073

cg01028142 2 7004578 CMPK2 -1.59x  0.0026 8.89x -1.14x 3.32x 1073 3.00%x 1075 -1.91x 1072 4.20x 1073 8.00x 10~°
1072 10710 1072

cg17825130 4 82283507 NA 5.10x 8.0x 9.24x 6.43x 9.94x 107* 3.18x 10710 1.97x 1073 1.51x 1073 0.191
1073 107* 10710 1073

€g26312951 21 42797847 MX1 -1.61x  2.60x 9.91x -1.47x 3.99x 1073 2.63%x 107* -1.73% 1072 3.53x 1073 1.56x 107°
1072 1073 10710 1072

€g21549285 21 42799141 MX1 -2.78x  4.60x 1.22x -2.25% 6.18x 1073 3.18x 107* -3.44%x 1072 6.83x 1073 8.23x 1077
1072 1073 107° 1072

cg06473288 6 32820102 TAP1 -4.40 7.0x 1.24x -4.34 x  8.49%x107* 5.04x 1077 -4.58% 1073 1.40x 1073 1.20 x 10773
x1073  107* 107° 1073

cg06188083 10 91093005 IFIT3 -1.70x  2.80x 1.30x -1.60x 3.75x 1073 2.65% 1075 -1.83%x 1072 4.22x 1073 1.98x 10°°
1072 1073 107° 1072

€g24898914 6 32810706 PSMB8-AS1 -4.30x  7.00x 1.30x -4.01x 8.79x 107* 6.77x 107 -5.00%x 1073 1.24x 1073 6.95x 1075
1073 10~* 10~° 1073

€g16363586 19 17516329 BST2; 1.00x 1.90x -9.60x 1.29x 1073 1.54x 1077 -4.83x 1073 1.67x1073 4.12x 1073

MVB12A, -6.10x 1073 107° 103
BISPR 1073

cg13304609 1 79085162 NA -1.59x  2.60x 1.94x -1.46x 3.31x 1073 1.33x107° -1.81x 1072 4.39x 1073 4.93% 107°
1072 1073 10~° 1072

cg03607951 1 79085586 IFI44L -1.72x  2.90x 2.37x -1.56x 3.87x 1073 6.94% 1075 -1.92x 1072 4.31x 1073 1.14x 107
1073 1073 107° 1073
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cg03110996 2 191883483 NA -6.70x  1.10x 2.52x -5.36x 1.38x 1073 1.30x 107* -9.20x 1073 1.91x 1073 2.30x 107
1073 1073 10710 1073
cg03084350 3 38065265 PLCD1 4.60x 8.00x 2.67x 4.33% 1.00x 1073 2.03x 107° 4.90x 1073 1.19x 1073 5.05x 107°
1073 10~* 10~° 1073
€g22488164 12 14716910 PLBD1 4.40x 7.00x 2.70x 5.65% 9.82x 107* 1.84x 1078 2.79x 1073 1.15x 1073 1.62x 1072
1073 10~* 10~° 1073
cg11694510 11 313354 IFITM1 -6.00x  1.00x 2.85x -5.79% 1.28x 1073 9.28x 107¢ -6.38x 1073 1.64x 1073 1.22x 107*
1073 1073 10~° 1073
cgl0778971 14 94577101 IFI27 -6.80x  1.20x 3.20x -5.25x% 1.39x 1073 1.92x 107* -1.02x 1072 2.04x 1073 1.01x 107
1073 1073 10~° 1073
€g24681499 1 42706997 FOXJ3 3.50x 6.00x 4.11x 3.49%x 6.80x 107* 4.71x 1077 3.44%x 1073 1.20x 1073 4.35x 1073
1073 10~* 10~° 1073
cgl6736826 1 41951512 EDN2 -5.10x  9.00x 4.35x% -9.96x 1.22x 1073 2.24x 1078 -3.15x 1073 1.22x 1073 1.06x 1072
1073 10~* 10~° 1073
cg19459791 15 65363022 NA 4.30x 7.00x 4.73x 3.87x 8.91x 107* 1.834x 107° 5.26x 1073 1.31x 1073 7.04x 107°
1073 10~* 10~° 1073
€g26250129 17 79239903 SLC38A10 5.20x 9.00x 4.98x 5.23x 1.10x 1073 3.17x 107 5.17x 1073 1.50x 1073 6.74x 107*
1073 107* 10~° 1073
cg16324306 14 93786330 BTBD7 6.30x 1.10x 5.92x 6.65% 1.29x 1073 3.97x 107 5.42x 1073 1.99x 1073 6.69% 1073
1073 1073 10~° 1073
cg05309505 11 612837 IRF7 -1.90x  3.00x 6.45x -1.71x 4.12x107* 4.41x107° -2.23x 1073 5.58x 107* 3.93x 107
1073 107 107° 1073
€g23892836 6 29692085 HLA-F -7.10x  1.20x 8.43x -6.73x 1.67x 1073 6.55% 1075 -7.44%x 1073 1.81x 1073 4.92x 107°
1073 1073 107° 1073
cg01381586 2 10587627 SNORAB8OB; -7.70x  1.30x 9.62x -7.88x 1.85x 1073 2.61x 1075 -7.49% 1073 1.95x 1073 1.45x 107*
ODC1 1073 1073 107° 1073
€g24925163 2 128458248 SFT2D3 3.40x 6.00x 9.67x 3.75x 6.75x 107* 5.9%x 1078 2.26x 1073 1.30x 1073 8.30%x 1072
1073 107* 107° 1073
cg00813162 14 69443362 ACTN1 3.60x 6.00x 1.07x 3.05x 8.41x 107* 3.88x 1075 3.83x 1073 9.76x 107* 1.05x 107*
1073 10~* 10°¢ 1073
cg05799596 13 114909333 NA 4.80x 8.00x 1.07x 5.76x 1.11x 1073 3.65% 1077 3.57%x 1073 1.30x 1073 6.54% 1073
1073 10~* 1078 1073
cgl11393173 1 116369577 NA -5.00x  9.00x 1.07x -5.41x 1.07x 1073 7.49% 1077 -4.24x 1073 1.52x 1073 5.74x 1073
1073 107* 1078 1073
cg01721555 3 122401300 PARP14 -6.00x  1.00x 1.08x -5.63%x 1.27x 1073 1.27x 107 -6.74x 1073 1.84x 1073 3.01x 107*
1073 1073 1078 1073
cg02297838 13 92002454 MIR17HG; MIR17; 1.20x 1.11x -6.55x% 1.41x 1073 4.45x 107° -7.01x 1073 2.12x 1073 1.04x 1073
MIR18A; MIR19A, 1073 1078 1073
MIR20A; MIR19B1; -6.70x
MIR92A1 1073
cg15331332 6 29692111 HLA-F -7.00x  1.20x 1.13x -6.44% 1.53x 1073 3.32x 1075 -8.03x 1073 2.05%x 1073 1.11x 107*
1073 1073 1078 1073
€g24002003 15 101668143 NA -6.70x  1.20x 1.4x -6.94x 1.55%x 1073 1.023%x 107° -6.38x 1073 1.81x 1073 4.78x 107*
1073 1073 1078 1073
905622438 3 51419127 DOCK3 4.10x 7.00x 1.35%x 4.35x 8.82x 107* 1.26x 107 3.51x 1073 1.22x 1073 4.30x 1073
1073 107* 1078 1073
cg05696877 1 79088769 IFI44L -2.39x  4.20x 1.47x -2.20x 5.49% 1073 7.36%x 1075 -2.65x 1072 6.66% 1073 6.934x 107*
1072 1073 1078 1072
cg02247863 22 50983415 NA -5.40x  1.00x 1.50x -4.90x 1.21x 1073 6.27%x 1075 -6.21x 1075 1.55x 1073 7.51x 1075
1073 1073 1078 1073
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cg09130674 6 39195019 KCNK5 -5.60x  1.00x 1.501x | -5.20x 1.36x 1073 1.64x 107* -6.09x 1073 1.45%x 1073 3.31x 107
1073 1073 1078 1073

€g20408505 6 29911494 HLA-A -8.10x  1.40x 1.88x -7.21x 1.91x 1073 1.82x 107* -9.28x 1073 2.20x 1073 3.17x 107
1073 1073 1077 1073

€g27333269 1 15739283 EFHD2 3.70x 7.00x 2.06x 3.26X 7.58x 107* 2.19x 107°% 5.03x 1073 1.33x 1073 1.88x 107*
1073 10~* 1078 1073

cgl1187245 6 31323397 HLA-B;MIR6891 -7.60x  1.40x 2.07x -7.37% 1.76x 1073 3.44x 107° -7.89x 1073 2.12x 1073 2.32x107*
1073 1073 1078 1073

cgl17052170 8 144099482 LYG6E;LOC100133669 -1.55x  2.80x 2.12x -1.39% 4.13x 1073 8.13x 107* -1.68x 1072 3.74x 1073 9.57%x 107¢
1072 1073 1078 1072

cg13007871 6 30458519 HLA-E -7.20x  1.30x 2.23x -6.22x 1.64x 1073 1.77x 107* -8.85x 1073 2.09x 1073 3.03x 107°%
1073 1073 1078 1073

cg01281718 6 71376634 SMAP1 4.10x 7.00x 2.26x 5.14x 8.57x 107* 4.87x107° 1.32x 1073 1.36x 1073 0.332
1073 10~* 1078 1073

cg12686273 16 3085867 LOC100128770;,CCDC64B | -6.40x  1.20x 2.67x -6.56x 1.50x 1073 1.57x 107 -6.24x 1073 1.82x 1073 6.78x 107*
1073 1073 1078 1073

cg00490406 1 159046773  AlM2 -1.11x  2.00x 2.68x -1.35x% 2.62x 1073 7.655% 1077 -8.10x 1073 2.97x 1073 6.80x 1073
1072 1073 1078 1072

cg00546932 16 1947055 NA -3.90x  7.00x 2.76x -5.17x 9.79x 107* 2.21x 1077 -2.56%x 1073 1.01x 1073 1.18x 1072
1073 107* 1078 1073

cgl1702942 8 144102584 LYGE -7.00x  1.30x 2.81x -6.28x 1.56x 1073 1.64x 107° -7.50% 1073 2.18x 1073 6.63x 107*
1073 1073 1078 1073

€g26987613 6 33219410 HCG25; -4.30x  8.00x 2.94x -4.06x 8.97x 1078 8.32x 107 -5.20x 1073 1.59x 1073 1.19x 1073

VPS52 1073 10~* 107° 1073

cg02650017 17 47301614 PHOSPHO1 -3.70x  7.09x 3.00x -3.95x 8.32x 107* 2.98x 107 -3.32x 1073 1.15x 1073 4.11x 3
1073 10~* 1078 1073

€g23580000 16 50322156 ADCY7 5.70x 1.01x 3.16x 6.75% 1.31x 1073 4.30x 1077 3.96x 1073 1.63x 1073 1.56x 1072
1073 1073 1078 1073

cg08926253 11 614761 IRF7 -1.04x  1.92x 3.32x -9.21x 2.38x 1073 1.31x 107* -1.22x 1072 3.03x 1073 7.26x 1075
1072 1073 1078 1073

€g18533225 22 50986813 KLHDC7B -1.01x  1.84x 3.31x -8.96x 2.64%x 1073 7.76x 107* -1.11x 1072 2.53%x 1073 1.48x 10°°
1072 1073 1078 1073

€g25800166 12 113375896 OAS3 -7.80x  1.40x 3.49x -6.01x 1.79%x 1073 8.96x 107* -1.06x 1072 2.23x 1073 4.64x 107°
1073 1073 107° 1073

cg03590328 7 2684462 TTYH3 4.00x 7.0x 3.98x 5.12x 9.60x 107* 1.68x 1077 2.50%x 1073 1.14x 1073 2.96x 1072
1073 107*7 1078 1073

cg07461273 7 99697172 MCM7 3.80x 7.01x 4.11x 3.51x 8.58x 107* 5.25% 1075 4.17x 1073 1.13x 1073 2.76x 107*
1073 107* 1078 1073

€g26234900 6 32820214 TAP1 -3.80x  7.00x 4.20x -4.24% 8.22x 107* 4.25% 1077 -2.71x 1073 1.27x 1073 3.42x 1072
1073 107* 107° 1073

cg09304968 7 76977748 GSAP 2.20x 4.02x 4.22x 2.05x 4.49% 1075 7.03x 107 3.21x 1073 9.96x 107* 1.39x 1073
1073 107* 1078 1073

cg03963853 16 4732369 MGRN1 5.10x 9.08x 4.34x 5.16x 1.08x 1073 2.76x 107 4.96x 1073 1.83x 1073 7.14x 1073
1073 10~* 1078 1073

cg03149958 6 36326677 ETV7 -5.50x  1.03x 4.86x -4.55x% 1.27x 1073 3.83x107* -7.12x 1073 1.66x 1073 2.33x 107
1073 1073 1078 1073

€g26227957 1 19547285 EMC1 4.70% 9.03x 5.05x 5.62x 1.09x 1073 3.85x 1077 3.14x 1073 1.42x 1073 2.77%x 1072
1073 10~* 1078 1073

€g22505006 1 154981829 ZBTB7B 4.20x 8.05x 6.23x 4.94% 9.61x 107* 4.54x 1077 2.79x 1073 1.29x 1073 3.09%x 1072
1073 107* 1078 1073
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cg00007076 8 67342600 RRS1-AS1 -7.10x  1.35x  6.33x -7.31x 1.58x 1073 5.31x 107 -6.51x 1073 2.30x 1073 5.00x 1073
1073 1073 1078 1073

cg14864167 8 66751182 PDE7A -1.82x  3.44x 7.02x -1.84x 4.41x 1073 3.85x 1075 -1.80x 1072 5.27x 1073 7.00x 107*
1072 1073 108 1073

cg16411857 16 57023191 NA -7.60x  1.47x 7.77x -6.46x 1.98x 1073 1.24x 1073 -8.66x 1073 1.99x 1073 1.87x 1075
1073 1073 108 1073

cg01153613 6 139928856 NA 4.30x 8.01x 8.02x 5.43%x 9.82x 1073 6.24x 1078 2.05x 1073 1.40x 1073 0.143
1073 107* 108 1073

cgl12854186 6 32805398 TAP2 -6.30x  1.20x 8.52x -5.08x 1.50x 1073 7.82x 107* -8.16x 1073 1.88x 1073 1.91x 107
1073 1073 10°8 1073

€g25630380 1 156784869 NTRK1; SH2D2A -3.20x  6.09x 9.45x -4.00x 7.91x 107* 6.85x 1077 -2.14x 1073 9.37x 107* 2.28x 1072
1073 10~* 10°8 1073

cgl1791770 11 611791 PHRF1 -3.90x  7.02x 9.56x -3.49x 9.01x 107* 1.27x107* -4.85x 1073 1.29x 1073 1.97x 107*
1073 10~* 10°8 1073

cg18006990 6 43594962 GTPBP2 -3.40x  6.05x 1.03x -3.84x 8.28x 107* 4.96x 107° -2.70x 1073 9.78x 107* 6.07x 1073
1073 107* 1077 1073

cg00417304 11 45124456 PRDM11 -5.10x  1.06x 1.02x -5.90x 0.1.19x 1073 1.01x 107® -3.57x 1073 1.62x 1073 2.80x 1072
1073 1073 1077 1073

cg26077811 11 119232263 USP2 -4.90x  9.00x 1.10x -5.50x 1.20x 1073 6.27x 107° -4.07x 1073 1.46x% 1073 5.67x 1073
1073 107* 1077 1073

cgl11601443 12 113415930 OAS2 -3.90x  7.00x 1.10x -3.17x 9.07x 107* 5.37x 107* -5.13x 1073 1.22x 1073 3.5x 1075
1073 107 1077 1073

cg15844711 11 59435407 PATL1 -5.90x  1.12x 1.11x -5.50x 1.30x 1073 2.94x 1075 -6.88x 1073 2.12x 1073 1.32x 1073
1073 1073 1077 1073

cg18125510 14 100841768 WARS; WDR25 -6.30x  1.25x 1.23x -6.39x 1.56x 1073 5.12x 1075 -6.22x 1073 1.86x 1072 9.11x 107*
1073 1073 1077 1073

cg0612808 2 113404678 SLC20A1 -6.00x  1.81x 1.25x% -5.37x 151x 1073 4.10x 10™* -6.82x 1073 1.73x 1073 9.60x 1075
1073 1073 1077 1073

cg08289839 13 111318640 CARS2 4.00x 8.90x 1.32x 4.66x 9.45x 107* 1.26x 10°° 2.81x 1073 1.26x 1073 2.68 x 1072
1073 107* 1077 1073

SE: standard error of beta coefficient; NA: not available.



Supplementary Table 3. Summary of Significant CpG sites in EPIC chip, but Not replicable 450K chip
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CpG Site Chr Beta P-value in EPIC subset Annotated Gene name Bonferroni P-value Fdr g-value
cg05475649 15 -0.0222 5.32x 10710 B2M 0.000450 0.000264
€g12828896 15 -0.0265 8.15%x 10710 B2M 0.000690 0.000264
€g27537252 15 -0.0256 9.89x 10710 B2M 0.000837 0.000264
cg07815522 3 -0.0323 1.25% 107° PARP9; DTX3L 0.00106 0.000264
€g01082299 6 -0.0171 7.31x 107° HCP5 0.00619 0.000669
cg03425812 15 -0.0255 7.91x 107° B2M 0.00669 0.000669
€g21979287 15 -0.0151 9.35% 107° B2M 0.00792 0.000792
€g00272009 3 -0.0170 1.33x 1078 PARP14 0.0113 0.000939
cg08888522 2 -0.0182 5.10x 1078 IFIH1 0.0432 0.00225
€g06716655 1 -0.0145 5.31x 1078 ADAR 0.0449 0.00225
€g18387107 12 -0.0142 5.79x 1078 PARP11 0.0490 0.00233
cg04880620 12 -0.00983 6.53% 1078 OAS2 0.0452 0.00240
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