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Sepsis, a complex multisystem disorder, is among the top causes of hospitalization
and mortality in older adults. However, the mechanisms underlying the disproportionate
susceptibility to sepsis and worse outcomes in the elderly are not well understood.
Recently, changes in DNA methylation have been shown to be linked to aging processes
and age-related diseases. Thus, we postulated that age-related changes in DNA
methylation may play a role in the onset and prognosis of sepsis in elderly patients. Here,
we performed genome-wide methylation profiling of peripheral blood from patients with
sepsis and controls. Among the CpG sites whose methylation changes may contribute
to an increase in sepsis susceptibility or mortality, 241 sites that possessed age-related
changes in DNA methylation in controls may partly explain the increased risk of sepsis in
older adults, and 161 sites whose methylation significantly correlated with age in sepsis
group may be the potential mechanisms underlying the worse outcomes of elderly septic
patients. Finally, an independent cohort was used to validate our findings. Together, our
study demonstrates that age-related changes in DNA methylation may explain in part the
disproportionate susceptibility and worse outcomes of sepsis in older adults.

Keywords: sepsis, DNA methylation, aging, susceptibility, outcomes

INTRODUCTION

Sepsis, a life-threatening organ dysfunction characterized by a dysregulated host response to
infection, is a leading cause of morbidity and mortality among critically ill patients (1). The
incidence of sepsis is expected to increase, likely due to the aging of our population (2, 3). More than
60% of sepsis occur in patients aged >65 years, and about 60% of in-hospital mortality from sepsis
occur in this age group (4, 5). Aging has been recognized as the primary risk factor for developing
sepsis (6). However, the underlying mechanisms of the disproportionate susceptibility to sepsis and
worse outcomes in older adults are not yet fully understood.
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DNA Methylation Changes in Sepsis

Epigenetic  alterations, especially changes in DNA
methylation, have been found to be associated with a variety of
diseases, including sepsis (7-9). Several studies have revealed
differential methylation profiles which were correlated with
sepsis status both in adults and neonates (10-12). Recently,
we found that inhibiting DNA methylation by Decitabine can
mitigate the effects of sepsis and improve survival of mice by
attenuating the activation of NF-kB signaling pathway and
down-regulating inflammatory cytokine levels. (13). In addition,
changes in DNA methylation also have emerged as a biomarker
of aging (14). Approximately 2-14% of the CpG sites show age-
associated changes, either hypermethylation or hypomethylation
with increasing age (15). Interestingly, age-related changes in
DNA methylation have been linked to various diseases, such
as diabetes (16), kidney diseases (17), and cancer (18-20).
Nevertheless, age-related DNA methylation changes have not
been studied in the context of sepsis.

In this study, we analyzed genome-wide methylation profiling
in peripheral blood from sepsis patients and controls to
explore sepsis and outcome-related CpG sites. Furthermore, we
investigated DNA methylation patterns associated with subject
age, and found some age-related DNA methylation changes
which may explain in part the increase in sepsis incidence and
mortality with age.

MATERIALS AND METHODS

Patients and Samples Collection

All the patients included were from the First Affiliated Hospital,
College of Medicine, Zhejiang University. Patients diagnosed
of sepsis during the intensive care unit (ICU) period were
enrolled in the study. Sepsis was defined according to the
Third International Consensus Definitions for Sepsis and Septic
Shock (Sepsis-3) (21). Detailed information of the selected
patients was further inspected by a clinician. Controls were age-
matched healthy volunteers. The hospital’s Institutional Review
Committee on Human Research approved the study protocol and
all of the patients provided written informed consent.

Follow-up blood samples were obtained within the first 24h
after admission. Peripheral blood was collected into EDTA-
containing tubes. DNA was extracted using QIAamp® DNA
Mini and Blood Mini kits (AXYGEN).

DNA Preparation and Genome-Wide

Methylation Profiling

The extracted DNA was bisulfite converted by Epitect Bisulfite kit
(Qiagen, Germany) according to the manufacturer’s instruction,
1-2 ug of genomic DNA was incubated with the bisulfite
reactions in a thermocycler following the procedure of
recommended bisulfite conversion thermal cycler conditions.
The converted DNA could be combined to the column, washed,
incubated with a desulfonation buffer, washed again and finally
eluted with 20 ] of elution buffer. The quality and purity of the
converted DNA was tested by Nanodrop.

Genome-wide methylation profiling was performed using
Infinium HumanMethylation 450 BeadChip array (Illumina, San
Diego, CA, USA). After whole-genome amplification with 200 ng
of input bisulfite-converted DNA, the product was fragmented,

purified and applied to the BeadChips using Illumina-supplied
reagents and conditions. After extension, the array was stained
fluorescently, and scanned with an iSan System (Illumina).
Data were analyzed by GenomeStudio Methylation Module V1.8
Software (Illumina). A CpG site was considered to be informative
if the sum of the signals for methylated and unmethylated
sequence at the CpG site was significantly higher (detection p-
value < 0.01) than signals of the negative control probes on the
same array. For each CpG site, the f value reflects the methylation
level, which was computed by f = (max (M, 0))/(|U| + |[M|+100).
A B value of 0-1.0 indicates the percent methylation from 0 to
100%, respectively.

Pyrosequencing

The genomic DNA was bisulfite converted from unmethylated
cytosine to uracil by using the Epitect Bisulfite kit (Qiagen).
Primers were designed by the PyroMark Assay Design 2.0.
PCR was performed with the following cycling conditions:
initial denaturation step: 95°C for 3 min; 40 cycles of PCR
in denaturation step: 94°C for 30s; annealing step: Tm of
primer; extension step: 72°C for 1 min and final extension: 72°C
for 7min. Subsequently, streptavidin coated sepharose beads,
PyroMark Gold reagents (Qiagen), Pyrosequencing Vacuum Prep
Tool and PyroMark Q96 software (Qiagen) were used for the
determination and analysis of DNA methylation according to the
manufacturers’ instructions.

Statistical Analyses

All statistical analyses were done using R (http://www.r-project.
org/) and GraphPad Prism 8.0 (GraphPad Software, CA, USA).
For methylation variable positions (MVPs) identification, we
used the R limma package to establish a linear model and
calculated the p-value. The Benjamini & Hochberg method was
used to correct for multiple testing, and false discovery rate
[FDR] < 0.05 was considered significant Sepsis outcome-related
CpG sites were identified using the R limma package, and p-
value < 0.05 was considered statistically significant. Functional
enrichment analyses were performed by R package missMethyl
(22) and Metascape (https://metascape.org/). The cutoff criteria
was set at p-value < 0.05. We used default function Im() in R to
construct the linear regression model, which was fitted by least-
squares to DNA methylation of CpG sites and age. An association
was considered significant where p-value < 0.05. Student’s ¢-test
was used for the comparison between groups in the validation
cohort, and p-value < 0.05 was considered statistically significant.

RESULTS

Sepsis-Associated Methylation Variable

Positions

To investigate the epigenetic changes in sepsis, genome-
wide methylation profiling was performed in peripheral blood
from 24 sepsis patients aged 16-88 years, and 12 healthy
controls aged 22-84 years (patient characteristics are shown in
Supplementary Table 1). After quality control, batch correction,
and normalization, a total of 8,437 CpG sites which significantly
differentially methylated between sepsis and control group
were identified as methylation variable positions (MVPs)
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FIGURE 1 | Sepsis-associated methylation variable positions. (A) Heatmap of top 100 methylation variable positions (MVPs) based on AB in sepsis patients and
controls (FDR < 0.05). (B) Volcano plot of 8,437 MVPs. (C) The top 15 significant gene ontology (GO) biological process terms of sepsis-associated MVPs.
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(Supplementary Table 2). The top 100 MVPs are shown as an
expression heatmap (Figure 1A). Principal component analysis
(PCA) using the methylation data of all MVPs showed
samples from sepsis patients and controls separated along
the first principal component (Supplementary Figure1). In
all MVPs, 3,042 CpG sites (36.1%) were hypermethylated in
sepsis patients, while 5,395 (63.9%) sites were hypomethylated
(Figure 1B). However, only a small part of MVPs have
relatively large AP (JAB|> 0.2), and focusing on those with
large AP, we found that 6 of 26 differentially methylated
genes (23.1%) were previously associated with sepsis in
the literature (Supplementary Table 3), including ALK, ZEB2,
MNDA, AIM2, TLR5, and JUNB. These genes are involved
in various stages of sepsis, from immune response, to
acute inflammation, to the regulation of apoptosis. More

—-

-+

importantly, they have also been found to be implicated in
aging process.

In addition, in order to unravel the potential biological
function of all sepsis-associated MVPs, we performed Gene
Ontology (GO) enrichment analysis (Figure 1C). The results
demonstrated that they were mainly enriched in phagocytosis,
immune response, and mitochondria, which are highly associated
with sepsis (23-25).

Role of Age-Related CpG Sites in the
Disproportionate Susceptibility to Sepsis in
the Elderly

Considering that sepsis disproportionally affects the elderly,
we next divided sepsis patients and controls into two age
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FIGURE 2 | Age-related methylation changes in controls. (A) Correlation between age and methylation of two CpG sites with the most significant correlations with age
in controls as analyzed by linear regression analysis (n = 12). (B) Venn diagram showing the intersection of the sets of hypermethylated sites with increasing age in
controls and hypermethylated sites in sepsis. (C) Venn diagram showing the intersection of the sets of hypomethylated sites with increasing age in controls and
hypomethylated sites in sepsis. (D) Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis of 227 genes distributed by 241 age-related
CpG sites.

groups, younger than 50 years and older than 50 years. sepsis. Then, we tested to determine whether methylation
Of note, 5,87 of 84,37 CpG sites (69.8%) were differentially  of sepsis-associated MVPs are correlated with age. Then, we
methylated between sepsis patients and controls under 50 years,  performed linear regression analysis and found that methylation
while 8,012 of 8,437 CpG sites (95.0%) were differentially  of 366 sepsis-associated CpG sites were significantly associated
methylated between sepsis patients and controls over 50 years,  with age in control group (Supplementary Table 4). The most
supporting that aging is the primary risk factor for developing  significant correlations between DNA methylation and age are
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presented in Figure 2A. Next, we wondered whether sepsis-
associated CpG sites were enriched in age-related CpG sites
and performed Fishers exact test. However, there was no
statistical significance (p = 0.097, Supplementary Table 5).
Of the 366 age-related CpG sites, 199 sites (54.4%) were
hypermethylated with increasing age, and 167 sites (45.6%)
were hypomethylated (Supplementary Figure 2). Moreover, we
observed that 118 of 199 sites (59.3%) hypermethylated with age
in control group exhibited an increased DNA methylation in
sepsis patients (Figure 2B). Similarly, 123 of 167 sites (73.7%)
hypomethylated with age in control group exhibited a decreased
DNA methylation in sepsis patients (Figure 2C). Together, these
findings indicated that 241 age-related CpG sites may play a
mechanistic role in the disproportionate susceptibility to sepsis in
older adults. Furthermore, we verified whether genes distributed
by 241 CpG sites were enriched in specific pathways, and
found that the TGF-f signaling pathway was the highest-ranked
pathway (Figure 2D), which is involved in the pathogenesis of
sepsis (26).

Sepsis Outcome-Related CpG Sites

To explore whether sepsis-associated MVPs were associated
with sepsis outcomes, we divided sepsis patients into two
groups (7 survivors and 17 non-survivors) according to
their hospital outcomes. Intriguingly, 657 of 8,437 CpG
sites were significantly differentially methylated between
two groups (Supplementary Table 6), and more CpG sites
were hypermethylated in non-survivors, with 514 (78.2%)
hypermethylated vs. 143 (21.8%) hypomethylated CpG sites
(Figure 3A). Next, we investigated which pathways were affected
by the methylation changes that were associated with sepsis
outcomes. Interestingly, these CpG sites were involved in cAMP
signaling pathway (Figure 3B), which plays an important role in
sepsis-induced organ dysfunction (27, 28).

Role of Age-Related CpG Sites in the

Worse Outcomes of Elderly Septic Patients
Given that elderly septic patients have increased hospital
mortality than younger patients (29), we wondered whether
methylation of sepsis outcome-related CpG sites were correlated
with age in sepsis group. Strikingly, methylation of 163 CpG
sites were significantly associated with age in sepsis patients
(Supplementary Table 7). Figure 4A shows the most significant
correlations between DNA methylation and age. Among the
163 CpG sites, more CpG sites were hypermethylated with
age: 150 (92.0%) hypermethylated vs. 13 (8.0%) hypomethylated
CpG sites. Moreover, we observed that 149 of 150 sites
(99.3%) hypermethylated with increased age in sepsis group
exhibited an increased DNA methylation in non-survivors
(Figure 4B). A similar observation was made for 12 of 13
hypomethylated CpG site (92.3%) (Figure 4C). Together, these
data suggested that 161 age-related CpG sites may play a
crucial role in the worse outcomes of elderly septic patients.
Furthermore, pathway analysis of the genes distributed by 161
CpG sites revealed that the mTOR signaling pathway was the
top enriched pathways (Figure 4D), which is implicated in
immunosuppression following sepsis and aging process (30, 31).

Validation of the CpG Site in VAC14

Between the above two age-related CpG sets, 9 CpG sites
were shared and directionally consistent (Figures 5A,B). Among
the 9 sites, 2 CpG sites were distributed in VAC14, which
is relevant to bacteremia secondary to multiple pathogens
(32). Then, we selected one site (cg06542681) with the most
significant association between DNA methylation and age in
control group for further validation. The pyrosequencing assays
were performed to analyze DNA methylation of the CpG site
in VACI14 in peripheral blood taken from another cohort of
48 sepsis patients and 48 controls (patient characteristics are
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FIGURE 4 | Age-related methylation changes in sepsis patients. (A) Correlation between age and methylation of three CpG sites with the most significant correlations
with age in sepsis patients as analyzed by linear regression analysis (n = 24). (B) Venn diagram showing the intersection of the sets of hypermethylated sites with
increasing age in sepsis and hypermethylated sites in non-survivors. (C) Venn diagram showing the intersection of the sets of hypomethylated sites with increasing
age in sepsis and hypomethylated sites in non-survivors. (D) Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis of 155 genes
distributed by 161 age-related CpG sites.

shown in Supplementary Table 8). As expected, this CpG site
hypermethylated with increasing age and exhibited an increased
DNA methylation both in sepsis patients and non-survivors
(Figures 6A-C). Overall, our findings supported that age-related
changes in DNA methylation may potentially contribute to the
disproportionate susceptibility and worse outcomes of sepsis in

the elderly.

DISCUSSION

Our study shows the genome-wide methylation profiling of
peripheral blood from adult patients with sepsis and healthy
controls, and further provides the first sepsis-specific study

of age-related DNA methylation changes. We identified some
CpG sites whose methylation changes may contribute to an
increase in sepsis susceptibility or mortality. Then, age-related
DNA methylation changes wereexamined, which may provide
new insights into the disproportionate susceptibility and worse
outcomes of sepsis in the elderly. Indeed, 241 CpG sites whose
methylation varies with age in controls may contribute to
increased risk of sepsis in older adults. In addition, 161 CpG sites
whose methylation changes significantly correlated with age in
sepsis group may partly explain the poor prognosis of elderly
septic patients (Figure 7). Together, our findings revealed for the
first time that age-related changes in DNA methylation may play
a mechanistic role in the increased susceptibility and mortality of
sepsis in the elderly.
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sepsis patients. (B) Correlation between age and methylation of 9 CpG sites as analyzed by linear regression analysis.

Epigenetic changes have been linked to key phases of sepsis,
from the host-pathogen interaction to inflammatory response,
to immune suppression, to organ failures (8). Our results
demonstrated the existence of DNA methylation changes in
sepsis patients vs. controls, supporting that epigenetic alterations
may play an important role in the pathogenesis of sepsis.
Furthermore, we revealed 657 CpG sites whose methylation
changes were related to sepsis prognosis, with significantly more
CpG sites hypermethylated in non-survivors. These findings
are in line with our previous research that inhibiting DNA
methylation may mitigate inflammation and improve survival in
sepsis (13).

The current studies show that aging has a major impact
on DNA methylation (33). Tens to hundreds of thousands of

CpG sites show significant methylation changes (increase or
decrease) with age. Several studies of anti-aging interventions
demonstrate that the age-related changes in DNA methylation
play a mechanistic role in aging (15). Importantly, aging is
associated with increased incidence, delayed recovery, and worse
outcomes of sepsis (34, 35). Thus, we hypothesized that age-
related changes in DNA methylation may play a role in the
susceptibility and prognosis of sepsis. Indeed, 241 CpG sites that
possessed significant differences in DNA methylation between
sepsis patients and controls in a direction consistent with
the age-related change, meaning that these 241 age-related
CpG sites may be the potential mechanisms underlying the
increased risk of sepsis in older adults. Interestingly, genes
distributed by these CpG sites were mainly involved in TGF-f
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signaling pathway, which is essential for LPS-induced sepsis
(26). Moreover, inhibiting TGF-f pathway can ameliorate sepsis-
induced organ dysfunction and increase survival time of septic
mice (36, 37). In addition, 161 CpG sites that possessed
significant differences in DNA methylation between survivors
and non-survivors in a direction consistent with the age-
related change, supporting that 161 age-related CpG sites may
play a crucial role in the worse outcomes of elderly septic
patients. Importantly, the top enriched pathway among these
CpG sites distributed genes was mTOR signaling pathway, which
plays an important role in immunosuppression following sepsis
(30). Similarly, several studies have indicated that inhibiting
mTOR signaling pathway can attenuate sepsis-induced organ
dysfunction in rats (38, 39). Additionally, mTOR signaling
is strongly implicated in aging (31). The mTOR inhibitor
rapamycin is now the only known pharmacological intervention
that can extend lifespan in all tested animal models (40-43).
One possible underlying mechanism is that inhibition of mTOR
complex 1 (mMTORC1) may stimulate autophagy, which helps
clear damaged mitochondria, the accumulation of which are
linked to aging and aging-related diseases such as sepsis (40).
Accordingly, our findings open new perspectives for reducing the
incidence and mortality of sepsis, especially in elderly patients.

Given that DNA methylation in cytokine genes changes
upon aging (44-46), we analyzed inflammatory cytokine genes,
TNF-a, IL-1p, IL-6, and IL-8, which includes a total of 72 CpG
sties. Interestingly, 6 sites (8.3%) were correlated with age in
sepsis patients, and the CpG site with the most significant
correlation was in TNF-a (Supplementary Figure 3A).
Moreover, this site was hypermethylated in non-survivors
(Supplementary Figure 3B), which is consistent with previous
studies that increased methylation in TNF gene was associated
with poorer survival in pancreatic cancer (47). Thus, our findings
indicated that DNA methylation changes in TNF-a gene along
with aging may play a role in sepsis progression. However,
methylation of TNF have been found to be negative correlated
to age in healthy controls (48). We next explored the correlation
between methylation of TNF and age in our control group, and
a total of 25 CpG sites were included in our methylation data.
All of these sites showed negative correlation along with age
(minimum p-value was found in cg17741993, p = 0.09), although
there was no statistical significance, which may be attributed to
the small sample size.

One potential limitation of our study is the size of the
discovery cohort. In order to alleviate this limitation and further
verify our findings, we validated the selected CpG site with a
larger sample size. Another limitation is that we were unable
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