BRIEF REPORT

Association of Epigenetic Age and Outcome in

Critically Ill Patients

OBJECTIVES: DNA methylation can be used to determine an individual's bio-
logical age, as opposed to chronological age, an indicator of underlying health
status. This study aimed to assess epigenetic age in critically ill patients with and
without sepsis to determine if higher epigenetic age is associated with admission
diagnosis or mortality.

DESIGN: Secondary analysis of whole blood DNA methylation data generated
from a nested case—control study of critically ill septic and nonseptic patients.

SETTING: Four tertiary care hospitals in Canada.
INTERVENTIONS: None.
PATIENTS: Ciritically ill patients with and without sepsis.

MEASUREMENTS AND MAIN RESULTS: Epigenetic age was derived from
DNA methylation data using the Hannum and PhenoAge algorithms and deviation
from the patient’s chronological age in years was determined. Of the 66 patients
with sepsis, 34 were male (51.5%), the mean age was 65.03 years and 25 patients
(37.8%) died before discharge. Of the 68 nonseptic patients, 47 were male
(69.1%), the mean age was 64.92 years and 25 (36.7%) died before discharge.
Epigenetic age calculated using the PhenoAge algorithm showed a significant
age acceleration of 4.97 years in septic patients (p = 0.045), but no significant
acceleration in nonseptic patients. Epigenetic age calculated using the Hannum
algorithm showed no significant acceleration in the septic or nonseptic patients.
Similarly, in the combined septic and nonseptic cohorts, nonsurvivors showed an
epigenetic age acceleration of 7.62 years (p = 0.004) using the PhenoAge algo-
rithm while survivors showed no significant age acceleration. Survivor status was
not associated with age acceleration using the Hannum algorithm.

CONCLUSIONS: In critically ill patients, epigenetic age acceleration, as cal-
culated by the PhenoAge algorithm, was associated with sepsis diagnosis and
mortality.

KEYWORDS: biological age; critical illness; DNA methylation; epigenetic clocks;
sepsis

epsis is a complex, multisystem disease resulting from an exuberant

and prolonged inflammatory response to infection or tissue injury that

leads to widespread inflammation-mediated organ damage and immune
paresis (1). The pathophysiology of sepsis includes a rapid and large-scale
transcriptomic activation of genes involved in inflammation, the so-called “ge-
nomic storm” (2). Differentiating the physiologic responses that are common
to critical illness versus those that are specific to sepsis remains a key challenge
in critical care medicine. In addressing this question, we have previously char-
acterized epigenetic marks, specifically DNA methylation, as potential differ-
ential regulators of the transcriptomic response in critical illness and sepsis (3).
In that study, we compared DNA methylation profiles in whole blood genomic
DNA between septic and nonseptic critically ill patients with similar severity
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Question: Is accelerated biological aging asso-
ciated with critical illness subtype (i.€., septic vs.
nonseptic critical iliness) and mortality?

Findings: Secondary analysis of DNA methyl-
ation data, from a study of septic and nonseptic
critically ill patients admitted to the ICU, revealed
that patients with sepsis and nonsurvivors were
significantly biologically older than their chrono-
logical ages, by 4.97 and 7.63 years, respectively.
Nonseptic patients and those who survived their
critical illness episodes showed no increase in bi-
ological age.

Meaning: Increased biological age, an indicator of
health status, is associated with poor outcomes in
critical illness.

. J

of illness and mortality. We found 668 differentially
methylated regions corresponding to 443 genes in-
cluding known sepsis-associated genes (3).

DNA methylation at specific sites has been shown
to correlate with chronological age and specific sub-
sets of methylation sites, termed epigenetic clocks, can
predict chronological age (4). The degree of deviation
between epigenetic age and chronological age has been
linked to a range of chronic diseases and mortality (4,
5), allowing the clocks to be used as indicators of bio-
logical age. Chronological age is known to influence
outcomes in critical illness, including the development
of sepsis (6), but the degree to which biological age
influences critical illness outcomes has not been con-
sidered and could conceivably have a greater impact
than chronological age.

Here we carried out a secondary analysis of our
original data (3) using two epigenetic clocks: one de-
veloped by Hannum that is specific for DNA derived
from blood cells and was designed to predict chron-
ological age (4) and a second termed the PhenoAge
clock which was developed to relate DNA methylation
profiles to risk of chronic disease and mortality (5).

MATERIALS AND METHODS

This study is a secondary analysis of existing DNA
methylation data from a nested case—control study,
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the Epigenetic Profiling in Severe Sepsis study (3),
which analyzed samples from patients in the mul-
ticenter prospective observational trial DNA as a
Prognostic Marker in ICU patients (DYNAMICS;
NCT01355042) (7). Adult septic and nonseptic ICU
patients were recruited from four Canadian ICUs be-
tween November 2010 and May 2014. Briefly, written
informed consent was obtained from the patient, or
their substitute decision-maker if the patient was un-
able to provide consent. Patients who were younger
than 18 years, pregnant or breastfeeding, or receiving
palliative care were excluded. Septic ICU patients
were those admitted to ICU with confirmed or sus-
pected infection along with greater than or equal to
one organ dysfunction and greater than or equal to
three signs of systemic inflammatory response syn-
drome. Nonseptic ICU patients were those admitted
to ICU with: 1) multiple traumas, 2) acute neurocriti-
cal illness (i.e., intracranial, subarachnoid, or subdural
hemorrhage), or 3) nonseptic shock (i.e., cardiogenic
shock, heat shock, pulmonary embolism, burns, hy-
povolemia). All patients were expected to remain in
the ICU for at least 72 hours at the time of admission.
DNA samples were collected on day 1 of ICU admis-
sion and DNA methylation analysis was conducted as
previously described (3).

The DNA methylation analysis was approved by
the McMaster University Research Ethics Board in
November 2010 (number:12-216). All participants
gave informed consent and procedures were followed
in accordance with the ethical standards of the re-
search ethics board and with the Helsinki Declaration
of 1975.

DNA Methylation Data Analysis

The preprocessing steps were as described in our
original publication (3). The ENMix R Bioconductor
package was used to estimate epigenetic age using
the Hannum (4) and PhenoAge (5) epigenetic clocks.
Epigenetic age was regressed against chronological age
and epigenetic age acceleration was determined as the
residual of epigenetic age minus chronological age.

Statistical Analysis

All analyses were performed in the R statistical pro-
gramming environment, R, version 4.1.0. A multiple
regression model was initially generated, using all
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cases, to assess the impact of epigenetic age in patients
admitted to ICU. Multiple regression models were then
generated to explore the relationship between epige-
netic age and independent variables including pheno-
type (sepsis or nonsepsis), age, and outcome (survivor
vs. nonsurvivor). A p value of less than or equal to 0.05
was considered significant.

RESULTS

Patient Demographics

DNA methylation data were analyzed for 66 patients
with critical illness secondary to sepsis and 68 with
nonseptic critical illness, who had previously been
matched for age, severity of illness, and 28-day mor-
tality. In our primary analysis, we confirmed that there
were no significant differences in clinical character-
istics between the two groups, including the number
of baseline comorbidities (see supplementary Table 1
in reference [3]). Of the septic patients, 34 were male
(51.5%), the mean age was 65.03 (s = 15.95) years and
25 patients (37.8%) died before discharge. Of the 68
nonseptic patients, 47 were male (69.1%), the mean

TABLE 1.
Epigenetic Age Acceleration Differences by Mortality in ICU Patients

age was 64.92 (sp = 13.64) years and 25 (36.7%) died
before discharge (Table 1).

DNA Methylation Age Analysis

Using the Hannum clock, no significant age accelera-
tion was identified in septic patients (p = 0.07) or non-
septic patients (Table 1). Using the PhenoAge clock,
however, septic patients showed an age acceleration
of 4.97 years (p = 0.045) whereas nonseptic patients
showed no age acceleration.

We then assessed the association between ep-
igenetic age and mortality (Table 1). Using the
Hannum clock there was no significant age accelera-
tion amongst survivors or nonsurvivors (p = 0.102).
Using the PhenoAge clock, nonsurvivors showed an
average age acceleration of 7.63 years (p = 0.004)
while survivors showed no age acceleration. These
findings were corroborated by independent multiple
regression analyses of the septic and nonseptic sub-
groups, which confirmed a significant age accelera-
tion amongst both septic (p < 0.017) and nonseptic
(p < 0.027) nonsurvivors using the PhenoAge but
not the Hannum clock (Table 1).

Subset PhenoAge Hannum
Number Coefficient Coefficient
All Cases of Cases  Estimate Pr Cft)) Estimate Pr Clt))
Chronological age (all 134 0.962 0.083 11.548 <2x107® 0.795 0.051 15.726 <2x107'®
cases)
Phenotype (septic) 66 4.970 2.452 2.027 0.045 2.724 1488 1.830 0.070 NS
Outcome (expired) 50 7.628 2.587 2.948 0.004 2.585 1.571 1.646 0.102 NS
Septic cases only
Chronological age (all 66 0.99 0.11 8.90 1.1x107"2 0.745 0.084 8867 <2x107'®
septic cases)
Outcome (expired) 25 8.88 3.61 2.46 0.017 4.672 2.743 1.708 0.094 NS
Nonseptic cases only
Chronological age (all 68 0.87 0.13 6.71 6.08x107° 0.850 0.048 17567 <2x107'®
nonseptic cases)
Outcome (expired) 25 8.26 3.64 2.27 0.027 0.401 1.359 0.295 0.769 NS

NS = not significant.

The table displays the results of multiple regression analysis investigating the association between epigenetic age and independent
variables, including phenotype (sepsis) and survival. The initial model includes all cases, while separate models are presented for septic
and nonseptic patients showing the influence of survival status on epigenetic age. Coefficient estimate indicates age acceleration in the

number of years.
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DISCUSSION

Using the PhenoAge epigenetic clock, which was
designed to measure biological aging, accelerated ep-
igenetic age was observed in septic patients admitted
to ICU, but not in nonseptic critically ill patients with
matching illness severity. Similarly, accelerated epige-
netic age was observed using the PhenoAge epigenetic
clock in nonsurvivors of both septic and nonseptic crit-
ical illnesses. No significant age acceleration was seen
with the Hannum clock, though the data did approach
significance in the comparison of septic versus non-
septic patients (p < 0.07). These results suggest that
increased biological age is associated with poorer out-
comes amongst critically ill patients, including sepsis
and death. Epigenetic age acceleration in patients with
COVID-19, measured using various epigenetic clocks,
indicates higher acceleration in severe cases than in
moderate ones (8), reinforcing the influence of biolog-
ical age on critical illness outcomes.

In this study, the effect of epigenetic age was signifi-
cant only for the PhenoAge clock and not the Hannum
clock. The Hannum clock was built using DNA meth-
ylation data with the goal of predicting chronolog-
ical age (4). Conversely, the PhenoAge clock was built
using a combination of clinical biomarkers and DNA
methylation data and has been shown to outperform
first-generation clocks, including Hannum, for the pre-
diction of chronic disease as well as all-cause mortality
(5). Age acceleration detected by the PhenoAge clock
is, therefore, more likely to be driven by underlying
clinical conditions that subsequently influence out-
comes in critical illness. Alternatively, since we do not
know how quickly de novo DNA methylation occurs it
is possible that sepsis may trigger de novo methylation
in genes associated with chronic disease that are over-
represented in the PhenoAge clock.

Biological aging is accompanied by changes that
could underlie the increased risk of infection and
sepsis. Reduced immunity as a result of immunose-
nescence will increase susceptibility to infection and
reduce the ability to regulate the inflammatory re-
sponse (9). The PhenoAge clock was shown to detect
immunosenescence parameters such as the frequency
of naive and exhausted CD8 T cells (5). Our previous
analysis of differentially methylated regions in septic
versus nonseptic critically ill patients revealed sev-
eral differentially methylated genes in sepsis that are
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involved in inflammatory responses, including com-
plement component 3, myeloperoxidase, and major
histocompatibility complex isotypes (3). Another
study of 24 patients with sepsis reported 161 sites that
were differentially methylated in association with age,
many of which were located in genes associated with
immune responses (10).

A limitation of our study is that lifestyle character-
istics such as smoking status were not captured in the
original study data and could have influenced both
epigenetic age and the likelihood of sepsis and poor
outcomes. Furthermore, while our two cohorts did not
differ in the number of underlying comorbidities (3),
they may have differed qualitatively.

In conclusion, epigenetic age, as measured by the
PhenoAge algorithm at ICU admission, may identify
patients at higher risk of poor outcomes in critical
illness. It will be important to ascertain if these data
outperform current clinical scores, persist over time,
and are associated with long-term outcomes. Although
DNA methylation analysis is time-consuming and ex-
pensive, there are other biological aging clocks devel-
oped on routine clinical biochemistry data that could
be applied in the clinical setting at no extra cost (5).
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