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ABSTRACT
Extracellular vesicles (EVs) are mRNA-containing cell fragments shed into circulation during
pathophysiological events. DNA methyltransferases (DNMT1, DNMT3A, and DNMT3B) regulate
gene expression by modifying DNA methylation and altering transcription. Sepsis is a systemic
insult resulting in vascular dysfunction, which can lead to shock and death. We analysed plasma
from ICU patients for circulating EV numbers, defined as particles isolated from 1 mL plasma at
21,000xg, and DNMTs mRNA content as prognostic markers of septic shock. Compared to plasma
from critically ill patients with or without sepsis, plasma from septic shock patients contained
more EVs per mL, expressed as total DNMTs mRNAs over 5 days, and more individual DNMT
mRNAs at each day. A comparison of EV-DNMT1 (maintenance methylation) with EV-DNMT3A
+DNMT3B (de novo methylation) expression correlated highly with severity, and EVs from septic
shock patients carried more total DNMT mRNAs and more DNMT3A+DNMT3B mRNAs than control
or sepsis EVs. Total plasma EVs also correlated with sepsis severity. EV-DNMT mRNAs load, when
coupled with total plasma EV number, may be a novel method to diagnose septic shock upon ICU
admittance and offer opportunities to more precisely intervene with standard therapy or other
targeted interventions to regulate EV release and/or specific DNMT activity.
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Introduction

DNA methylation is a heritable epigenetic marker where
DNA methyltransferases (DNMTs) covalently transfer
methyl groups to the C-5 position in the cytosine ring
[1,2]. DNA methylation occurs enzymatically at gene
promoters to serve as a transcriptional OFF switch. In
general, this epigenetic modification can establish
a unique pattern of transcriptional suppression that can
lead to permanent gene silencing [3]. Distinct DNMTs
exist to maintain pre-existing methylation patterns [4], as
well as initiate alternative methylation signatures during
disease development [2]. Currently, there are five known
mammalian DNMTs: DNMT1, DNMT3A, DNMT3B
[5], DNMT2, and DNMT3L. DNMT1 recognizes hemi-
methylated DNA and maintains parent DNA methyla-
tion patterns during DNA replication, while DNMT3A

andDNMT3B establish de novoDNAmethylation. These
distinct epigenetic functions between DNMT types are
not exclusive and can overlap [1]. DNMT2 is a transfer
RNA methyltransferase for cytosine-5 methylation with
very low DNA methylation catalytic activity [6].
DNMT3L lacks enzymatic activity but can interact with
DNMT3A/3B and other repressor complexes to set up
methylation imprints during gametogenesis [7].

Circulating EVs are subcellular plasma membrane-
enclosed particles measuring 0.03–2 µm and shed dur-
ing cellular activation and apoptosis by a complex bud-
ding mechanism. EVs can originate from almost all cell
types, in vitro and in vivo [8–10]. An increasing num-
ber of laboratories have reported that EVs have specific
functions and that their contents serve as instructions
for the tissue microenvironment which takes up these
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EVs, or when released into the systemic circulation
under certain conditions [11]. EVs contain proteins
and nucleic acids, including small regulatory RNA
molecules (miRNAs), which are important in the reg-
ulation of gene expression [12,13]. These important
findings demonstrate that EVs contain and can deliver
epigenetic regulators to proximal or distal recipient
cells and can influence the behaviour of targeted cells
at both molecular and signalling levels. This phenom-
enon has opened a new era in the field of intercellular
communication and resultant phenotype changes
observed in pathophysiology, pathology, cell biology,
diagnosis, and therapeutics. For example, EVs can
transfer receptors, proteins, and cytokines to stimulate
and change signalling complexes, directly. At the same
time, they can carry regulatory messages (miRNAs and
nucleic acids) to alter gene expression and protein
production at the molecular level [13].

Sepsis is a primarily vascular process that affects
over 750,000 people annually with an in-hospital mor-
tality rate that exceeds 25-30% in the US [14] and has
a projected annual cost of $17 billion US dollars [15].
Sepsis is defined by evidence of systemic inflammation
accompanied by an infection that can arise from either
gram-negative or gram-positive bacteria [16]. The cate-
gorization of sepsis and septic shock correlate with
severity of illness scores like APACHE (composite of
20 physiological variables) on admission to the inten-
sive care unit (ICU) in the first 24 hours [17], or
Sepsis-related Organ Failure Assessment (SOFA)
score, which uses organ function and rate of failure
scoring to estimate the risk of morbidity and mortality
due to sepsis [17,18]. It is reported that patients with
septic shock may not be diagnosed on day one since
there is no specific diagnostic tool to define sepsis
clinically and diagnosis is often defined after clinical
deterioration during the hospital stay [19].

Sepsis initiates a complex immunologic response
which dysregulates homoeostatic balance between pro-
and anti-inflammatory processes resulting in an immu-
nosuppressive phase, primary infection, and secondary
hospital-acquired infections that contribute to increased
mortality [20]. In sepsis, injury of endothelial and micro-
vascular cellular components including epithelial cells
and circulatory immune cells occurs combined with dys-
function and alteration of cell adhesive properties, blood
flow, mitochondrial dysfunction, endothelial injury and
severe capillary leakage [21]. This injury can contribute to
hypoxia and multi-organ dysfunction [22,23] and can
result in massive increases in EV production and release
into the systemic circulation associated with inflamma-
tion [24], coagulopathy, vascular occlusion, infection and
immune evasion [25]. In several clinical [26] and in vivo

sepsis animal studies [27], EVs act as important patho-
genic markers by carrying pro-coagulant surfaces and
also as inflammatory vascular mediators [28]. EVs can
also serve as biomarkers for late cell events during septic
shock by carrying a high amount of specific endothelial
and leucocyte markers in disseminated intravascular coa-
gulopathy (DIC), a process which contributes to multiple
organ failure [29].

Circulating EV populations and their content can
change during sepsis [30]. Functionally, it has been
shown that sepsis-induced EVs exhibit pro-coagulant
activity and cause endothelial damage [31]. miRNA and
mRNA profiles within EVs also change during sepsis as
they can transfer their contents to recipient cells and
regulate cell function [13,32]. Some studies show that
EVs can play a crucial role in vascular haemostasis through
transfer of signals to induce endothelial cell inflammatory
cytokines and chemokines, as well as endothelial adhesion
molecules [33,34]. Most septic patients survive the early
inflammatory immune response phase but die from exten-
sive susceptibility during the later immunosuppressive
phase due to secondary infection that maintains the failure
of organ function recovery [35].

By studying EVs in different stages of sepsis, it was
found that certain miRNAs (miR-1290, miR-146a, and
miR-1298) are highly packaged into EVs over the first
48 hours of septic shock compared to healthy donors. In
the same study, EV miR content was different in the
recovery phase of sepsis, suggesting the composition of
septic EVs can act as a diagnosticmarker for early detection
of sepsis and support the underlying mechanism of sepsis
pathogenesis [36]. In a recent study in press (Wisler et al,
2019; Surgical Infections), Wisler used proteomic analyses
to characterize a role for exosomes in the inflammatory
pathway during sepsis. The results revealed a downregula-
tion of several key protein networks including those
involved in immune responses. Importantly, proteomics
analysis showed a significant reduction in TNF-α, suggest-
ing that septic exosomes may contribute significantly to
systemic signalling and immunomodulation during the
disease. Pathway analysis performed on exosomes from
sepsis patients showed that acute phase response signalling
and coagulation systems were significantly repressed com-
pared to exosomes from plasma of clinically ill non-septic
patients. As a follow up to these findings, we investigated
the promoters of inflammatory genes for epigenetic mole-
cule binding motifs and found that promoters of many
inflammatory genes (both pro- and anti-inflammatory)
contain CpG islands (Supplemental Table I). As a result,
we hypothesized a role for the potential involvement of
DNMTs in the regulation of inflammatory gene expres-
sion. Furthermore, since DNMT proteins were not detect-
able in the patient exosomes in the Wisler study, and
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because mRNAs and miRs are known to be transported
from EVs into target cells, we tested EVs from sepsis and
critically ill non-septic patients for the presence of DNMT
mRNAs.

To date, no definitive clinical diagnosis or decision-
making analysis of sepsis or sepsis severity based on
molecular targets is available. In this study, we propose
a novel method of molecular characterization for septic
shock determination upon admittance to the ICU by
assessment of the amount of circulating de novo
methylation DNMT mRNAs within plasma EVs.
When coupled with the total numbers of circulating
EVs, this novel method may provide a diagnostic tool
for septic shock. Further, our findings suggest that this
method may have additional prognostic value and help
identify novel targets for treating septic shock, includ-
ing therapies that limit EVs release or small molecule
inhibitors of de novo DNMT expression or function.

Results

Patient information

33 patients (10 critically ill, non-septic controls and 23
sepsis and septic shock patients) from the surgical ICU
were enrolled in the study and their clinical informa-
tion is included in Table 1. From these patients, 27
consented (10 from control, 10 from sepsis, and 7 from
septic shock) to further analyse their blood for
research. All demographic information was recorded
at time of diagnosis. To be eligible for this study, the
patient must have been diagnosed with sepsis within
24 hours. Critically ill, non-septic patients were used as
the control cohort in this study to control for the
severity of illness. With differential centrifugations,

we were able to collect EVs from the patients’ plasma
that are platelet-depleted (data not shown) and stained
positive for the typical EV markers CD63, CD81,
ANXA5, FLOT1, ICAM, AUX, EPCAM, and TSG101
and stained negative for the contaminant GM130
(Supplemental Figure 1). Despite the fact that healthy
volunteers presented 100 to 1,000-fold less EVs in their
plasma, we were unable to detect EV-DNMT mRNAs
in healthy donors compared to the same amount of
total RNA (1 μg) collected from plasma EVs of criti-
cally ill non-septic, septic, and septic shock patients
(Table 2). In contrast, critically ill, non-septic patients
more closely resembled sepsis patients in these cate-
gories and provides a higher stringency for statistical
comparison. In the (n = 9), followed by necrotizing soft
tissue infections (n = 8), cholangitis (n = 3), pneumo-
nia (n = 1), and unknown (sepsis and septic shock
cohorts, the most common cause of sepsis was intra-
abdominal infectionsn = 2).

Septic shock patients had increased total plasma
EV-DNMT mRNAs and increased individual
EV-DNMT mRNAs compared to control or septic
patients

We and others have demonstrated that EVs contain
mRNAs and microRNAs, circulate in the blood of
healthy individuals and patients with disease, and are
taken-up by target cells to influence gene expression
[13,37,38]. Based on these observations, we asked if
EVs can change their cargo in acute, life-threatening
sepsis and sought to define some of these key changes.
We focused on the DNMTs, as they are conserved
epigenetic regulators of gene expression, and hypothe-
sized that the balance between DNA repair DNMTs

Table 1. Patient information.

Category Healthy

Critically ill,
Non-septic
(control) Sepsis

Septic
Shock p value

N 5 10 10 13
Age 32.6 ± 12.9* 34.4 ± 12.1 49.6 ± 16.4 49.5 ± 11.5 0.36
Sex (% Male) 60% 80% 53% 40%
Mortality N/A 0% 15.40% 30%
Apache II N/A 8.2 ± 3.4 12.1 ± 13.6 20.0 ± 5.0 0.001
White blood cell count (1000/mL) N/A 9.8 ± 3.6 15.0 ± 6.4 20.0 ± 17.9 0.18
Haemoglobin (g/dL) N/A 10.2 ± 1.8 10.1 ± 2.1 9.5 ± 1.7 0.76
pH N/A 7.42 ± 0.02 7.37 ± 0.07 7.23 ± 0.10 0.0002
Creatine (mg/dL) N/A 0.85 [0.7–0.98] 1.68 [0.8–1.27] 1.84 [1.58–4.23] 0.07
Infection (%, Gram±/both/none N/A 0%/0%/0%/0% 15%/46%/23%/23% 43%/43%/14%/0%

Additional information on the critically ill, non-septic (control) patients of clinical characteristics where high levels of
extracellular vesicles have been reported

Primary Respiratory
Failure (COPD)

Isolated
Head Trauma

Polytrauma Hypoxia Induced
Encephalopathy

1 3 5 1

Italics indicates p < 0.05.
*For statistical comparison of Age, when healthy volunteers are added the ANOVA P value becomes significant at 0.0201 over all groups.
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(DNMT1) and de novo DNMTs (DNMT3A and
DNMT3B) may change during this life-threatening
state as a kind of molecular “circuit breaker” of gene
expression. Within this framework, we hypothesized
that sepsis and septic shock patients have increased
circulating EV-DNMT mRNAs compared to those
with critical illness without sepsis, and that EV-
DNMT mRNAs level would increase with sepsis sever-
ity. We collected plasma EVs from consenting critically
ill, non-septic patients and patients diagnosed with
sepsis or septic shock in the ICU at days 1, 3 and 5
(for those that survived to day 5). We evaluated levels
of DNA methyltransferases in EVs (EV-DNMTs) in
these groups using specific validated primers for
human DNMT mRNAs (DNMT1, DNMT3A,
DNMT3B) over all days analysed (days 1, 3, and 5) to
understand the potential impact of increased EV-
DNMT mRNA on outcome. Our data demonstrate
a significant difference between severity groups when
comparing total EV-DNMT mRNAs (DNMT1
+DNMT3A+DNMT3B) at each severity of illness
(P < 0.00001) (Figure 1(a)) and that septic shock
patients had significantly higher levels of total DNMT
mRNAs than critically ill, non-septic patients (con-
trols) (*P < 0.01) and sepsis patients (**P < 0.01).
Interestingly, when we separated the septic shock
cohort into those who lived to day 5 and those who
died before day 5, we found that patients who died
by day 5 had significantly more EV-DNMT mRNAs
on day 1 than septic shock patients who lived to day 5
(Figure 1(b)). To our surprise, we found that within
severity groups there were no significant changes in
total EV-DNMT mRNAs over all days (Table 3), no
significant changes in individual EV-DNMT mRNAs
over all days combined (Table 4), and no significant
changes in individual DNMT mRNAs between any
individual day analysed (Table 5), suggesting no
change in circulating EV-DNMT mRNAs over time
once admitted to the ICU, regardless of clinical

diagnosis of severity. In contrast, when comparing
between severity groups for individual EV-DNMT
mRNAs, we found that, at each day analysed, there
was a significant increase in each individual EV-
DNMT as severity increased (Figure 1(c)). These data
suggest a different role for EV-DNMTs in septic shock
than in critically ill, non-septic patients, or sepsis
patients.

Septic shock EV-DNMT expression shows distinct
clusters of sepsis and control patients

As previously mentioned, de novo methyltransferases
establish new DNA methylation patterns from unmethy-
lated DNA, while DNMT1 is located at the replication fork
and acts as the maintenance methylase that preserves
methylation patterns through cell division [5,39] . Each
type of DNMT isoform plays a distinct role in develop-
ment, specific cellular function, cell division, and disease
pathology. The ratio between DNMT1 and DNMT3A &
3B may reflect stability of cellular homoeostasis, disease
status, and severity. Therefore, we hypothesized that
mRNAexpression of EV-DNMTs specific formaintenance
methylation (EV-DNMT1) vs de novo methylation (EV-
DNMT3A + EV-DNMT3B) is important in predicting
sepsis severity. Interestingly, even though expression of
combined EV-DNMT3A + EV-DNMT3B mRNAs did
not correlate with severity over all days combined (Table
6), the relationship between EV-DNMT1 vs combined EV-
DNMT3A + EV-DNMT3B mRNAs did highly correlate
with severity when analysing over all days combined
(r = 0.86464 and P < 0.00001) (Figure 2(a)). The critically
ill, non-septic control and sepsis patients have significantly
different EV-DNMT1 vs EV-DNMT3A + EV-DNMT3B
mRNAs expression profiles compared to septic shock
patients (P< 0.0001). This is represented by the two clusters
formed by the control (grey) and sepsis (blue) patients and
the septic shock patients (red and orange). Interestingly,
within the septic shock groups, there was no

Table 2. Comparison of circulating vesicles and EV-DNMT mRNAs expression.
Extracellular vesicles per mL plasma by NanoSight

Cohort: Healthy Crit. ill, Sepsis Septic

Non-sept. Shock
EVs/mL−1: *1.83E+11 1.95E+14 8.88E+13 3.17E+14

*P<0.05 for Healthy vs each individual cohort

EV-DNMT mRNAs expression by qPCR
mRNAs

Cohort EV-DNMT1 EV-DNMT3A EV-DNMT3B

Healthy — — —
Critically ill, Non-septic 0.67 0.34 0.14
Sepsis 2.88 2.73 1.69
Septic Shock 203.28 168.81 112.62
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distinguishable difference in EV-DNMT1 vs EV-DNMT3A
+ EV-DNMT3BmRNAs between those who lived to day 5
(red) and those who died by day 5 (orange).

When analysing each individual day, we observed
a similar cluster pattern separating control and sepsis

patients from septic shock patients, and a correlation
with severity at each days 1, 3, and 5 (Figure 2(b)).
When analysing EV-DNMT expression based on their
functions for the three groups (DNMT1 – maintenance
methylation; DNMT3A and DNMT3B – de novo
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methylation), our data demonstrate a high correlation
over all days (Figure 2(c)). Taken together, these data
suggest an important relationship between the expression
of EV-DNMTs based on their functional role and that
this relationship may be useful to predict septic shock as
early as day 1 (admittance to the ICU).

Septic shock patients have increased numbers of
circulating plasma EVs

Increased numbers of circulating plasma EVs have been
reported in various diseases, including systemic sclerosis
[40], cardiovascular disease [21], thrombocythemia [22],
type 2 diabetes mellitus [23], congenital heart disease
[24], preeclampsia [25], COPD [41], and sepsis-induced
microvascular dysfunction, immunosuppression, and
acute kidney injury [35]. We next asked if we could
detect differences in plasma EV concentrations between
the critically ill, non-septic control, sepsis, and septic
shock patients. We subjected a small subset of each
cohort to NanoSight (light scatter) analysis for determi-
nation of total EVs mL−1 plasma and their respective
size spectra ranging from ~30 to 400 µm based on our
isolation centrifugation protocol (Figure 3(a)). We
found a ~ 1,000-fold increase in EVs mL−1 between
plasma from heathy volunteers (purple) and critically

ill, non-septic patients (grey). Interestingly, when analys-
ing each combined cohort spectra and comparing differ-
ences in the spectrum mode of the average of three to
five individual runs per sample (highest population of
EV size (nm)), we found no difference between either
healthy donors and any or all ICU cohorts, or between
the critically ill, non-septic control cohort and all other
septic cohorts either from day to day or over all days
(Figure 3(a)).

To determine if the number of EVs released into the
plasma was different between severities, we quantified
total EVs mL−1 released over all days and found
a significant increase by severity (P < 0.0025).
Specifically, septic shock patients had significantly more
EVs mL−1 plasma than either the control cohort
(*P < 0.05) or sepsis cohort (**P < 0.01), while we found
no difference between the control and sepsis groups
(Figure 3(b)). Comparing EV release over individual
days between the different severities (Figure 3(c)), we
observed a significant increase in EVs per mL plasma
for the septic shock patients who died before day 5
compared to all other cohorts at day 1 (*P < 0.05 vs
control and *P < 0.05 vs septic shock patients who lived
to day 5). We observed similar results at day 3 as septic
shock patients who died before day 5 have significantly
more EVs compared to all other cohorts (P < 0.01 vs

Figure 1. Septic shock patients have increased total EV-DNMT mRNAs compared to control or septic patients. (a) Total EV-
DNMT mRNAs collected from EVs over all days. Whole blood was collected from critically ill, non-septic patients or patients with sepsis or
septic shock on the first day in the ICU (Day 1). Fresh plasma EVs were isolated, 1 µg total RNA of each sample was purified, cDNA
synthesized and subjected to qPCR analysis using primers specific for human DNMT1, DNMT3A, DNMT3B, or CAP1, and RPL4 (internal
controls) mRNAs. Total combined mRNA expression for EV-DNMT1, EV-DNMT3A, and EV-DNMT3B over 1, 3, or 5 days was analysed using
the comparative threshold method and normalized against the internal control transcripts. Data are represented as geometric means and
geometric standard deviation from N = 29 critically ill, non-septic (grey); N = 28 sepsis (blue); and N = 17 septic shock (combined those
who lived to day 5 and those who died before day 5) (red). Overall, F-ratio = 53.83 and P < 0.00001 (two-way ANOVA) and *P < 0.01 vs
control and **P < 0.01 vs sepsis (Tukey’s post hoc test). (b) Total EV-DNMT mRNAs collected from EVs at Day 1. Data (mean±SEM) from
N = 12 septic shock patients who lived to day 5 (red) and N = 9 septic shock patients who died before day 5 (orange). *P = 0.0151 (Two-
tailed T-test). (c) Individual EV-DNMT1, EV-DNMT3A, and EV-DNMT3B mRNA expression for each severity group (critically ill, non-septic;
sepsis; septic shock) over each day (1, 3, and 5). EV-DNMT1mRNA at day 1 (left column, top row). Data (mean±SEM) from N = 10 critically
ill, non-septic; N = 10 sepsis; and N = 7 septic shock patients. ANOVA: F-ratio = 5.80 and P = 0.0088; and *P < 0.05 vs control and
**P < 0.05 vs sepsis (Tukey’s post hoc test). EV-DNMT1 mRNA at day 3 (left column, middle row). N = 10 critically ill, non-septic; N = 9
sepsis; and N = 6 septic shock patients. ANOVA: F-ratio = 22.00 and two-tailed P < 0.00001; and *P < 0.01 vs control and **P < 0.01 vs
sepsis (Tukey’s post hoc test). DNMT1 mRNA at day 5 (left column, bottom row). N = 9 critically ill, non-septic; N = 9 sepsis; and N = 4
septic shock patients. ANOVA: F-ratio = 86.56 and P< 0.00001; and *P < 0.01 vs control and **P < 0.01 vs sepsis (Tukey’s post hoc test). EV-
DNMT3AmRNA at day 1 (middle column, top row). N = 10 critically ill, non-septic; N = 10 sepsis; and N = 7 septic shock patients. ANOVA:
F-ratio = 9.88 and P = 0.0007; and *P < 0.01 vs control and **P < 0.01 vs sepsis (Tukey’s post hoc test). EV-DNMT3AmRNA at day 3 (middle
column, middle row). N = 10 critically ill, non-septic; N = 9 sepsis; and N = 6 septic shock patients. ANOVA: F-ratio = 14.41 and two-tailed
P < 0.0001; *P < 0.01 vs control and **P < 0.01 vs sepsis (Tukey’s post hoc test). EV-DNMT3AmRNA at day 5 (middle column, bottom row).
N = 9 critically ill, non-septic; N = 9 sepsis; and N = 4 septic shock patients. ANOVA: F-ratio = 5.01 and P < 0.0179; and *P < 0.05 vs control
(Tukey’s post hoc test). EV-DNMT3BmRNA at day 1 (right column, top row). N = 10 critically ill, non-septic; N = 10 sepsis; and N = 7 septic
shock patients. ANOVA: F-ratio = 7.16 and P = 0.0036; *P < 0.01 vs control and **P < 0.01 vs sepsis (Tukey’s post hoc test). EV-DNMT3B
mRNA at day 3 (right column, middle row). N = 10 critically ill, non-septic; N = 9 sepsis; and N = 6 septic shock patients. ANOVA:
F-ratio = 19.24 and two-tailed P < 0.00002; *P < 0.01 vs control and **P< 0.01 vs sepsis (Tukey’s post hoc test). EV-DNMT3BmRNA at day 5
(right column, bottom row). N = 9 critically ill, non-septic; N = 9 sepsis; and N = 4 septic shock patients. ANOVA: F-ratio = 25.16 and P
< 0.00001; *P < 0.01 vs control and **P < 0.01 vs sepsis (Tukey’s post hoc test).
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other cohorts). At day 5, the septic shock patients who
lived to day 5 also released significantly more EVs per mL
than the control and sepsis cohorts ($P < 0.05 vs both
cohorts). Further, EVs per mL plasma in the septic shock
patients who died before day 5 were significantly higher
on day 1 than for septic shock patients who lived to day 5
(P < 0.01) and higher on day 5 for septic shock patients
who lived to day 5 (P < 0.01), suggesting the major
contribution of EVs in the septic shock (combined)
cohort are from those patients who died before day 5.
No differences were observed at any day between control
and sepsis patients and trend analysis showed no differ-
ence in EV release within each severity over all days

(Table 7). These data suggest that the critically ill, non-
septic and sepsis cohorts contain similar numbers of
plasma EVs per mL while the septic shock cohort con-
tained significantly more EVs, particularly in those
patients who died by day 5.

Since NanoSight analysis of plasma EVs is based
on light scatter, we confirmed that the plasma EVs
that we detected were biologically-relevant, membrane
vesicles and not protein aggregates. We batched con-
trol cohort samples to obtain 60 µg total protein and
subjected the lysate to a standard exosome array for
the presence of typical EV markers (CD63, CD81,
ANXA5, FLOT1, ICAM, AUX, EPCAM, and

Table 6. Correlation of EV-DNMT3A + EV-DNMT3B mRNAs to patient severity over all days combined.
N ANOVA Spearman’s Rho Pearson

Severity Per group F-ratio p-value Tukey’s R p-value R p-value

Critically ill, Non-septic 29 0.454 0.640 NS −0.043 0.824 0.163 0.398
Sepsis 28 1.166 0.328 NS 0.182 0.354 0.266 0.171
Septic Shock 17 0.652 0.536 NS 0.331 0.194 0.272 0.291

Table 3. Differences for all days combined for total (combined) EV-DNMT mRNAs within patient severity.
N ANOVA Spearman’s Rho Pearson

Severity Per group F-ratio p-value Tukey’s R p-value R p-value

Critically ill, Non-septic 29 0.276 0.761 NS −0.075 0.700 0.093 0.631
Sepsis 28 1.225 0.311 NS 0.263 0.176 0.275 0.156
Septic Shock 17 1.002 0.392 NS 0.280 0.276 0.336 0.188

Table 4. Differences over all days analysed for individual EV-DNMT mRNAs within patient severity.
N ANOVA Spearman’s Rho Pearson

Severity EV-DNMT Per group F-ratio p-value Tukey’s R p-value R p-value

Critically ill,
Non-septic

EV-DNMT1 29 2.111 0.141 NS −0.284 0.135 −0.317 0.094
EV-DNMT3A 29 0.209 0.209 NS −0.094 0.627 0.110 0.571
EV-DNMT3B 29 0.723 0.495 NS −0.108 0.577 0.207 0.281

Sepsis EV-DNMT1 28 1.469 0.249 NS 0.217 0.268 0.310 0.109
EV-DNMT3A 28 1.106 0.347 NS 0.139 0.481 0.258 0.185
EV-DNMT3B 28 1.615 0.219 NS 0.317 0.100 0.334 0.082

Septic Shock EV-DNMT1 17 0.731 0.499 NS 0.348 0.171 0.297 0.247
EV-DNMT3A 17 0.510 0.408 NS 0.215 0.408 0.256 0.321
EV-DNMT3B 17 0.541 0.300 NS 0.267 0.300 0.209 0.422

NS indicates not statistically significant between groups..

Table 5. Differences between each day analysed for individual EV-DNMT mRNAs within patient severity.
N ANOVA

Severity Day Per group F-ratio p-value Tukey’s

Critically ill,
Non-septic

1 10 0.644 0.533 NS
3 10 0.669 0.521 NS
5 9 0.805 0.459 NS

Sepsis 1 10 0.541 0.588 NS
3 9 1.127 0.341 NS
5 9 0.797 0.462 NS

Septic Shock 1 7 0.364 0.700 NS
3 6 1.534 0.248 NS
5 4 1.197 0.346 NS

NS indicates not statistically significant between groups.
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TSG101) and the absence of the contaminant GM130
to confirm EVs (Supplemental Figure 1).

Septic shock patient EVs carry more EV-DNMT
mRNAs

We observed that patients with septic shock had
increased numbers of EVs and increased EV-DNMT
mRNAs than control or sepsis cohorts. To understand

if the greater amount of EV-DNMT mRNAs from the
septic shock cohort was a result of increased numbers
of EVs carrying these DNMT mRNAs or if there was
a difference between each cohort in how much EV-
DNMT mRNA was carried per EV, we calculated the
amount of total EV-DNMT mRNAs of each severity
group per its number of EVs as determined by
NanoSight. We found a significant correlation for com-
bined and individual DNMT mRNAs per EV vs patient
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severity at day 1 (Figure 4(a)), and a significant corre-
lation for each individual EV-DNMT mRNA per EV vs
patient severity at day 1 (Figure 4(b)). Further, we
found that de novo DNMTs mRNAs (EV-DNMT3A +
EV-DNMT3B) within each EV at day 1 correlated sig-
nificantly with sepsis severity (Figure 4(c)).

Plasma EVs de novo DNMT mRNAs have prognostic
value for septic shock

Because we observed an increased number of plasma
EVs and increased amount of the de novo methylation
regulators EV-DNMT3A and EV-DNMT3B mRNAs in
the septic shock cohort compared to critically ill, non-
septic control and sepsis cohorts, we hypothesized that
these parameters, when analysed together, may have
potential as a molecular prognostic marker for septic
shock. When we plotted individual patient samples
from all three cohorts over all days and analysed for
plasma EVs mL−1 as a function of the combination of
de novo EV-DNMT mRNAs (EV-DNMT3A + EV-
DNMT3B), we found that not only do plasma EVs
numbers significantly correlate with de novo EV-
DNMT mRNAs in circulation (r = 0.5565 and
P = 0.000287), but that again two clusters form, i.e.
the control (grey) and sepsis (blue) patients and the
septic shock patients (red = septic shock patients who
lived to day 5, orange = septic shock patients who died
by day 5) (P = 0.0001) (Figure 5(a)). To determine if
these parameters can be used upon admittance in the
ICU (on day one) to predict septic shock distinct of

sepsis or critically ill patients without sepsis, we plotted
individual patient samples from all three cohorts at day
one and found that plasma EVs mL−1 significantly
correlate with de novo EV-DNMT mRNAs in circula-
tion (r = 0.6309 and P = 0.01555) and that septic shock
patients cluster distinct from critically ill, non-septic
and sepsis patients (P = 0.0019) (Figure 5(b)). These
results suggest that combined analysis of plasma EVs
and expression of EV-DNMT3A and EV-DNMT3B
mRNAs may be a potential molecular prognostic mar-
ker to distinguish septic shock from sepsis or critically
ill patients who do not have sepsis upon admittance to
the ICU.

Discussion

A chronic progressive pro-inflammatory status is
a pervasive feature of ageing. Sepsis is a disease of the
elderly where its incidence increases exponentially with
age. Since 2001, sepsis has been the tenth leading cause of
death in patients over the age of 65 in the US [38]. Sepsis
survivors are at substantial risk for a poor quality of life,
functional disability, and cognitive impairment [38].
Since septic shock patients have a shorter lifespan in the
ICU compared to their sepsis counterparts, we evaluated
the correlation between the sepsis patient groups to pre-
dict whether sepsis severity was correlated with dimin-
ished lifespan in sepsis and septic shock patients [42,43].

We found that sepsis and septic shock EVs carry DNA
methyltransferases (DNMTs). Sepsis is a syndrome char-
acterized by an exaggerated systemic inflammatory

Figure 2. Septic shock EV-DNMT levels cluster distinct of control and sepsis patients. (a) Correlation of EV-DNMT1 mRNA vs EV-
DNMT3A + EV-DNMT3B mRNAs for each severity group over all days. EVs were isolated and RNA was isolated as described earlier. Data
were reported as log relative expression of EV-DNMT1 mRNA as a function of log relative EV-DNMT3A + EV-DNMT3B mRNAs for each
severity group (critically ill, non-septic (grey dots); sepsis (blue dots); septic shock patients who lived to 5 days (red dots); and septic shock
patients who died before day 5 (orange dots). N = 29 for critically ill, non-septic; N = 28 for sepsis; N = 17 for septic shock who lived to day
5; N = 5 for septic shock who died by day 5. Spearman’s rho, ρ = 0.86464, and two-tailed P < 0.00001. Hotelling’s T2 = 103.5407, df = [2,
71], P < 0.0001 for critically ill, non-septic and sepsis vs septic shock (combined) for clustering. (b) Correlation of EV-DNMT1mRNA vs EV-
DNMT3A + EV-DNMT3BmRNAs for each severity at day 1 (top). N = 10 for critically ill, non-septic; N = 10 for sepsis; N = 4 for septic shock
who lived to day 5; N = 3 for septic shock who died by day 5. Spearman’s rho, ρ = 0.79786, and two-tailed P < 0.00001. (Hotelling’s
T2 = 29.8335, df = (2, 7.6165), P< 0.0001) for critically ill, non-septic and sepsis vs septic shock (combined) for clustering. Correlation of EV-
DNMT1mRNA vs EV-DNMT3A + EV-DNMT3BmRNAs for each severity at day 3 (middle). N = 10 for critically ill, non-septic; N = 9 for sepsis;
N = 4 for septic shock who lived to day 5; N = 2 for septic shock who died by day 5. Spearman’s rho, ρ = 0.93615, and two-tailed
P < 0.00001. (Hotelling’s T2 = 84.7831, df = (2, 20.9335), P < 0.0001) for critically ill, non-septic and sepsis vs septic shock (combined) for
clustering. Correlation of EV-DNMT1mRNA vs EV-DNMT3A + EV-DNMT3BmRNAs for each severity at day 5 (bottom). N = 9 for critically ill,
non-septic; N = 9 for sepsis; N = 4 for septic shock who lived to day 5. Spearman’s rho, ρ = 0.81028, and two-tailed P < 0.00001.
(Hotelling’s T2 = 131.6986, df = (2, 19.6058), P< 0.0001)) for critically ill, non-septic and sepsis vs septic shock (combined) for clustering. (c)
Correlation of EV-DNMT1mRNA vs EV-DNMT3A + EV-DNMT3BmRNAs for each day 1 (white dot), day 3 (grey dot), and day 5 (black dot) for
critically ill, non-septic patients (top). N = 10 for day 1; N = 10 for day 3; N = 9 for day 5. Spearman’s rho, ρ = 0.75153, and two-tailed
P < 0.00001. Correlation of EV-DNMT1 mRNA vs EV-DNMT3A + EV-DNMT3BmRNAs for each day 1 (white dot), day 3 (grey dot), and day 5
(black dot) for sepsis patients (middle). N = 10 for day 1; N = 9 for day 3; N = 9 for day 5. Spearman’s rho, ρ = 0.71795, and two-tailed
P = 0.00002. Correlation of EV-DNMT1 mRNA vs EV-DNMT3A + EV-DNMT3BmRNAs for each day 1 (white dot), day 3 (grey dot), and day 5
(black dot) for septic shock patients who lived to day 5 (bottom). N = 7 for day 1; N = 6 for day 3; N = 4 for day 5. Spearman’s rho,
ρ = 0.55147, and two-tailed P = 0.02175.
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Figure 3. Septic shock patients have increased circulating plasma EVs. (a) Analysis for concentration and size distribution of plasma
EVs. Plasma EVs from critically ill non-septic, sepsis and septic shock patients were isolated and collected as described in Methods. EVs
were subjected to NanoSight (light scatter) analysis for determination of total EVs mL−1 plasma and their respective diameter sizes
ranging from ~30 to 400 µm. A NanoSight spectrum was collected for each patient in the cohort. Those individual spectra were placed at
the correct scale on the same axes. At each nm, the highest and lowest EV population was included by shading in that area in which was
populated between the samples so that each spectrum represents the actual variation of all donors in that cohort. Dotted line and box
indicate magnification of the healthy donor EV spectrum (purple) by 1,000-fold compared to the EV spectrum from critically ill, non-septic
patients (grey) (first column). Spectra represent N = 4 for healthy donors and N = 3 for critically ill, non-septic at day 1. Comparison of
critically ill, non-septic (grey) and sepsis (blue) EV spectrums at each day 1, 3, and 5 (second column). Spectra represent N = 3 at each day
for critically ill, non-septic and N = 4 at each day for sepsis. Comparison of sepsis (blue) and septic shock (patients who lived and died
by day 5, combined) (red) EV spectrums at each day 1, 3, and 5 (third column). Spectra represent N = 4 for sepsis at each day and N = 7 for
septic shock (combined lived to day 5 and died by day 5) at days 1 and 3 and N = 4 for day 5. Comparison of septic shock patients who
lived to day 5 (red) and septic shock patients who died before day 5 (orange) EV spectrums at each day 1 and 3 (right column). Spectra
represent N = 4 for septic shock who lived to day 5 and N = 3 for septic shock who died by day 5. (b) EVs mL−1 plasma over all days
combined by severity. Septic shock patients (both those who lived to day 5 and those who died before day 5, combined (red) had more
EVs mL−1 than critically ill, non-septic (grey) or sepsis (blue) patients. ANOVA: F-ratio = 7.12 and two-tailed P < 0.0025; and *P < 0.05 and
**P < 0.01 (Tukey’s post hoc). N = 9 for critically ill, non-septic; N = 12 for sepsis, N = 18 for septic shock (N = 4 at each day 1, 3, and 5 for
patients who lived to day 5 and N = 3 at each day 1 and 3 for patients who died before day 5). (c) Extracellular vesicles mL−1 plasma at
each day (1, 3, and 5). The healthy donor cohort (purple) had significantly less EVs/mL than all other samples (*P < 0.001). At day 1, the
septic shock patients who died before day 5 (orange) had significantly more EVs/mL than the critically ill, non-septic (grey), sepsis (blue),
and septic shock patients who lived to day 5 (red). ANOVA: F-ratio = 8.02 and two-tailed P < 0.0051; and **P < 0.05 vs critically ill non-
septic (CINS) and septic shock patients who lived to day 5, and #P < 0.01 vs sepsis (Tukey’s post hoc). At Day 3, the septic shock patients
who died before day 5 (orange) had significantly more EVs/mL than the critically ill, non-septic (grey), sepsis (blue), and septic shock
patients who lived to day 5 (red). ANOVA: F-ratio = 9.06 and two-tailed P < 0.0034; and P < 0.01 vs all other samples (Tukey’s post hoc).
At Day 5, the septic shock patients who lived to day 5 (red) had significantly more EVs/mL than the critically ill, non-septic (grey) and sepsis
(blue). ANOVA: F-ratio = 8.01 and two-tailed P < 0.0123; and $P < 0.05 vs all other samples (Tukey’s post hoc). N = 4 for Healthy donors,
N = 9 for critically ill, non-septic; N = 12 for sepsis, N = 18 for septic shock (N = 4 at each day 1, 3, and 5 for patients who lived to day 5 and
N = 3 at each day 1 and 3 for patients who died before day 5).
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response to severe infection, and this response causes an
acute activation of the vascular wall resulting in deleterious
effects of circulating EVs on vascular function that trigger
thrombin [25]. EVs can convey the characteristics of their
parent cell by transporting their distinctive consignments
of receptors, organelles, proteins, lipids, nucleic acids,
miRNA and cytokines to recipient cells and influence
their function and phenotype [44]. Our confirmation of
isolated EVs in this study using a standard exosome array
for expression of EV markers revealed that EPCAM was
most strongly expressed compared to other markers ana-
lysed (Supplemental Figure 1) suggesting epithelial cells are
a major source of this EV population. Sepsis can induce
epithelial injury resulting in organ dysfunction, and
a number of studies have reported various biomarkers
that can assess levels of organ dysfunction due to sepsis
without a clear connection to the basic mechanism of
epithelial injury [45,46]. For example, it was shown that
LPS-treated dendritic cells released EVs to stimulate
epithelial cells to produce excessive amounts of chemo-
kines as an innate immune response [47]. Another study
reported that EVs derived from activated mononuclear
phagocytes were able to elicit a lung epithelial cell response
that contributed to the pathogenesis of inflammatory dis-
eases of the lung [48]. Further, EVs from septic plasma
have been shown to stimulate epithelial cells to further
shed highly coagulant EVs that contain elevated levels of
functional tissue factors contributing to fibrin deposition
[49]. These findings support a significant role for epithelial
cell-derived EVs and induced inflammation and organ
injury in sepsis.

Multiple studies have demonstrated that EVs are
elevated in sepsis, but the underlying mechanisms are
unclear. It has been demonstrated that EVs secreted
during pathogenic infections differ in their biogenesis,
content, and function. These EVs lack the pathogen
surface markers to prevent recognition by the immune
system; this process facilitates spread and uptake in the
host [50–52]. Our proteomic analysis of sepsis-derived
EVs and lipopolysaccharide (LPS)-stimulated macro-
phage-derived exosomes demonstrated repression of

several crucial protein networks including immune
response proteins. Furthermore, we found that treating
human naïve monocytes with exosomes from the
plasma of septic patients or from LPS-stimulated
monocytes, reduced TNF-α expression compared to
EVs from control patients or untreated cells (Wisler
et al, 2019; Surgical Infections, in press). These data
demonstrate that sepsis-derived EVs may play an
important role in downregulating the sepsis-
associated immune response by transporting immu-
noregulatory molecules, i.e. TNF-α, or epigenetic mole-
cules, i.e. DNMTs, that shift the septic immune
response either towards or away from homoeostasis.

To the best of our knowledge, we are the first to
describe differences in circulating EVs carrying DNMT
mRNAs in sepsis. We hypothesized that the DNMT
ratio may predict sepsis severity. To determine
a pathological correlation of circulating well-known
de novo methylators relative to maintenance methyla-
tors in patients with sepsis, we studied mRNA expres-
sion of DNMT3A and DNMT3B in relation to DNMT1
in plasma EVs. The small sample size of this cohort
study does not provide data demonstrating down-
stream cellular uptake of the EVs or differences in
direct DNA methylation a result of increased DNMT
mRNA presence. However, we and others have demon-
strated that various cell types do take-up EVs resulting
in cargo delivery of epigenetic modifiers like miRNAs
to alter target genes expression in those recipient cells
[13,37]. Our data suggest that critically ill patients
(with or without sepsis) contain ~1,000x more EVs
than healthy individuals and that these EVs carry ele-
vated copy numbers of DNMT mRNAs, which are
especially high in septic shock patients. Interestingly,
we did not find any differences between septic shock
patients who lived to day five and those who died
before day five, primarily because the patterns of EV
numbers and DNMT mRNAs within each severity did
not change significantly from day one in any group
analysed. For this reason, we suggest that EV-DNMT
mRNA content, when combined with the number of

Table 7. Differences in extracellular vesicle release over days.

Comparison N ANOVA

(between severities) Per group F-ratio p-value

Day 1 3,4,7 3.172 0.082
Day 3 3,4,7 1.561 0.253
Day 5 3,4,4 8.007 0.123

Comparison N ANOVA

(within severity) Per group F-ratio p-value

Critically ill, Non-septic 3,3,3 0.802 0.491
Sepsis 4,4,4 4.413 0.046
Septic Shock 7,7,4 0.405 0.674
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Figure 4. DNMT mRNAs per individual EVs correlates with patient severity. (a) All EV-DNMT mRNAs per EV at Day 1. Those
patient samples who had their DNMT mRNAs analysed by qPCR and subjected to NanoSight for plasma EVs concentration were
used to determine DNMT mRNAs per EV. There is a significant correlation for all DNMT mRNAs per EV at Day 1 vs patient severity.
(Spearman’s rho: ρ = 0.6844 and two-tailed P = 0.0001. N = 9 for critically ill (grey), non-septic; N = 12 for sepsis (blue); N = 21 for
septic shock (combined lived to day 5 and died before day 5) (red)). (b) (Left) EV-DNMT1 mRNA per EV at Day 1. There is a significant
correlation for EV-DNMT1 mRNAs per EV at Day 1 vs patient severity. (Spearman’s rho: ρ = 0.6523 and two-tailed P = 0.0115. N = 3
for critically ill (grey), non-septic; N = 4 for sepsis (blue); N = 7 for septic shock (combined lived to day 5 and died before day 5)
(red)). (Middle) EV-DNMT3A mRNA per EV at Day 1. There is a significant correlation for EV-DNMT3A mRNAs per EV at Day 1 vs
patient severity. (Spearman’s rho: ρ = 0.7216 and two-tailed P = 0.0036. N = 3 for critically ill (grey), non-septic; N = 4 for sepsis
(blue); N = 7 for septic shock (combined lived to day 5 and died before day 5) (red)). (Right) EV-DNMT3B mRNA per EV at Day 1.
There is a significant correlation for EV-DNMT3B mRNAs per EV at Day 1 vs patient severity. (Spearman’s rho: ρ = 0.6953 and two-
tailed P = 0.0058. N = 3 for critically ill (grey), non-septic; N = 4 for sepsis (blue); N = 7 for septic shock (combined lived to day 5 and
died before day 5) (red)). (c) EV-DNMT3A + EV-DNMT3B mRNA per EV at Day 1. There is a significant correlation for EV-DNMT3A + EV-
DNMT3B mRNA (role in de novo methylation) per EV at Day 1 vs patient severity. (Spearman’s rho: ρ = 0.7383 and two-tailed
P = 0.0026. N = 3 for critically ill (grey), non-septic; N = 4 for sepsis (blue); N = 7 for septic shock (combined lived to day 5 and died
before day 5) (red)).
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plasma EVs and determined upon admittance to the
ICU, may be used to distinguish septic shock patients
from critically ill, non-septic or sepsis patients.

As previously noted, the biological activity of EVs
reflects their cytoplasmic components [22]. In infec-
tious disease, not all EVs have the same surface mar-
kers [53], suggesting that it is possible that a significant
percentage of these EVs are from bacterial origin. It has
been reported that certain pathogens do produce EVs
that have similar biophysical properties and within the
size range of our patient samples (most abundant
~150 nm in size) [54,55]. Studies report that during
sepsis, DNA methylation linked to the suppression of

transcription of host protective genes is due to patho-
gen infections [56]. In fact, changes in methylation
status are associated with development of inflamma-
tion, cellular death, and multiple organ dysfunction [2].
DNA methylation in humans is fundamentally per-
formed by three functional DNA methyltransferases
(DNMTs); DNMT1 is responsible for maintenance
based on hemi-methylated DNA, while DNMT3A and
DNMT3B are responsible for de novo methylation in
the absence of hemi-methylated DNA [3].

DNA methylation by these DNMTs can be altered
by various biological parameters such as ageing, infec-
tion, or developmental and environmental factors.

Figure 5. Plasma EVs numbers and de novo EV-DNMT mRNAs expression have prognostic value for septic shock. (a) Septic
shock EVs cluster separately from critically ill, non-septic and sepsis patient EVs based on de novo DNA methyltransferase expression
over all days analysed. EVs mL−1 plasma as a function of the combination EV-DNMT3A + EV-DNMT3B mRNAs expression (EV-DNMT3A
+ EV-DNMT3B) (Pearson r = 0.5565, P = 0.000287 and Hotelling’s T2 = 62.5726, df = (2, 35.9031), P < 0.0001). N = 9 for critically ill,
non-septic (grey); N = 12 for sepsis (blue); N = 17 for septic shock. The septic shock cohort (red = septic shock patients who lived
to day 5, orange = septic shock patients who died before day 5). (b) Patient EV numbers mL−1 and EV-DNMT3A + EV-DNMT3B mRNA
content predicts septic shock at Day 1. Plasma EVs mL−1 significantly correlate with de novo EV-DNMT mRNAs in circulation (Pearson
r = 0.6795, P = 0.010627 and Hotelling’s T2 = 24.9017, df = (2, 11.6576), P = 0.0019 at day 1. N = 3 for critically ill, non-septic (grey);
N = 4 for sepsis (blue); N = 7 for septic shock (combined). The septic shock cohort (red = septic shock patients who lived to day 5,
orange = septic shock patients who died by day 5).
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Ageing and age-related diseases, i.e. cancer [57], idio-
pathic pulmonary fibrosis (IPF) [41], sepsis [36,58],
Alzheimer’s disease [59,60], are characterized by altera-
tions in 5-methycytosine content resulting in genome-
wide hypomethylation and promoter-specific hyper-
methylation. In sepsis, many studies show that patho-
gen infection can increase DNMT activity, DNMT
mRNA expression, and DNA methylation in epithelial
[61,62], endothelial [54,63], and dendritic cells [63,64].
Interestingly, unlike eukaryotes, bacteria have specific
DNA methyltransferases (DNA Adenine methyltrans-
ferases, DAM or CcrM methylases) that methylate the
adenosine at specific sites of hemi-methylated DNA
only without dissociation from DNA, resulting in tran-
scriptional repression. This bacterial DNA methylation
machinery is unique and specific for bacterial cells with
specific DNA methyltransferases that are different in
structure, function, and outcome from eukaryotic
DNMTs [65]. In this study, we found that critically
ill, non-septic patients along with sepsis and septic
shock patients contain plasma EVs with detectable
levels of human DNMT mRNAs by qPCR, while EVs
from healthy volunteers do not. Therefore, our results
suggest that bacterial EVs do not significantly contri-
bute to our observation that DNMTs are elevated in
EVs from sepsis and septic shock patients.

In summary, we demonstrate that exceedingly high
levels of EVs in the circulation of septic shock patients,
coupled with relative amounts of EV-DNMT mRNAs
carried within these EVs, may be a novel molecular
marker for distinguishing septic shock patients from
the critically ill patients with or without sepsis upon
admittance to the ICU. One key factor appears to be
the ratio of the de novo methylating factors, EV-
DNMT3A and EV-DNMT3B, to the maintenance-
methylating factor, EV-DNMT1, which may shift the
body away from homoeostasis and lead to death.
Finally, this study supports the investigation of new
treatment modalities targeting specific methylating fac-
tors, as well as cellular processes that drive the EV
storm which accompanies septic shock.

Methods

Patient information

Patient samples were obtained following IRB#
2010H0281 at The Ohio State University Wexner
Medical Centre. All patients or their surrogates provided
written informed consent. The study cohort includes
critically ill, non-septic patients as the control group
and patients with sepsis. Not all patients in Table 1 gave
consent to donate their blood for research purposes.

Table 1 refers to all 33 patients diagnosed in the study,
while the data used to characterize the EVs and gene
expression were only a subset from those patients who
consented to take part in the study (27 total: 10 from
control, 10 from sepsis, and 7 from septic shock). Sepsis
was clinically defined as presenting two or more SIRS
criteria, including: body temperature >38°C or <36°C;
heart rate >90 min-1; hyperventilation evidenced by
a respiratory rate of >20 min-1 or Paco2 of <32 mmHg;
a white blood cell count of >12,000 cells µL-1 or
<4,000 µL-1; and the presence of suspected or confirmed
infection [66]. Critically ill, non-septic patients were
defined as patients admitted to the Surgical Intensive
Care Unit requiring intubation but without septic insult.

Plasma EVs isolation

Total plasma EVs were isolated from patients immedi-
ately after plasma collection at day 1, day 3 and day 5
from the time of diagnosis. Approximately 8 mL of blood
was collected in EDTA vials and plasma was isolated by
layering blood over Ficoll-Paque (Cat. # 17-5442-03, GE
Healthcare) and centrifuged at 2,000 rpm for 20 minutes
at room temperature. Isolated plasma (1 mL) was then
subjected to further centrifugation at 4,500xg for 15 min-
utes at 4°C to remove cell debris followed by 21,000xg for
30 minutes at 4°C for EV isolation.

EVs quantification

The NanoSight NS300 (Malvern) was used to deter-
mine the different size populations and quantification
of each EV population. NanoSight analyses were per-
formed at either The Ohio State University Analytical
Cytometry Core Facility or the WVU Flow Cytometry
Core Facility. EVs were collected as described above
and suspended in 500 µl filtered PBS and tested by light
scattering where no labelling is required.

Quantitative (q)PCR analyses

RNA was isolated from circulating plasma EVs and sub-
jected to Trizol:chloroform extraction (Cat. # 15596–018,
Invitrogen). Samples were precipitated in isopropanol for
24–48 hours. RNA was pelleted via centrifugation and
suspended in RNAse/DNAse-free water. Concentrations
were determined using NanoDrop spectrophotometry
(ND-1000, NanoDrop). cDNA was synthesized from
1 μg total RNA from each group (healthy, critically-ill
non septic, septic, and septic shock) using Superscript III
Reverse Transcriptase (Cat. #11752-250, Invitrogen) fol-
lowed by qPCR using specific validated primers for each
gene (human): DNMT1 (Cat. # PPH01055), DNMT3A
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(Cat. # PPH02339B),DNMT3B (Cat. # PPH01054F),CAP-
1 (Cat. # PPH02293B), and RPL4 (Cat. # PPH13915A),
SABiosciences) and SYBR Green PCR Master Mix (Cat. #
4309155, ThermoFisher). mRNA expression was profiled
using an Applied Biosystems 7900HT real-time PCR
instrument equipped with a 384-well reaction plate as
previously described [67,68]. Data were analysed according
to the comparative thresholdmethod based on a geometric
average of the housekeeping genes CAP-1 (Adenylyl
cyclase-associated protein-1) and RPL4 (Ribosomal
Protein L4), which presented the smallest variance
among housekeeping genes assayed [67,68].

Statistics

Statistical analyses were performed using GraphPad
Prism 7.0 software (La Jolla, California). Spearman’s
rho was used for nonparametric measure of rank cor-
relation. Pearson’s r was used for bivariate correlations.
One-way ANOVA was used to determine statistically
significant differences between the means of two or
more independent groups and Tukey’s HSD post-hoc
was used to confirm where differences occurred
between individual groups. Hotelling’s T2 testing was
used to determine significant differences in the
2-dimensional means of the natural logs of variables.
P values of less than 0.05 were considered significant.

Study approval

This study was conducted according to the principles
of the Declaration of Helsinki and approved by the
Ohio State University Wexner Medical Centre IRB
(protocol 2010H0281). Patients were included in the
study after provision of written informed consent by
their legally authorized representative.
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