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Abstract

Background: Although early survival from sepsis has improved with timely resuscitation and
source control, survivors frequently experience persistent inflammation and develop chronic
critical illness (CCI). We examined whether increased copy number of endogenous alarmins,
mitochondrial DNA (mtDNA), and nuclear DNA (nuDNA) are associated with the early ‘genomic
storm’in blood leukocytes and the development of CCI in hospitalized patients with surgical
sepsis.

Methods: A prospective, observational, cohort study of critically ill septic patients was
performed at a United States tertiary health care center. Blood samples were obtained at multiple
time points after the onset of sepsis. Droplet digital™ PCR was performed to quantify RHO
(nuDNA) and M7-COZ2 (mtDNA) copies in plasma. Leukocyte transcriptomic expression of 63
genes was also measured in whole blood.

Results: We enrolled 112 patients with surgical sepsis. Two experienced early death, 69 rapidly
recovered rapidly, and 41 developed CCI. Both mtDNA and nuDNA copy number were increased
in all sepsis survivors, but early nuDNA, and not mtDNA, copy number was further increased in
patients who developed CCI. Cell-free DNA (cfDNA) copy number was associated with in-
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hospital but not long-term (180 day and 365 day) mortality, and were only weakly correlated with
leukocyte transcriptomics.

Conclusions: Increased cfDNA copy number persists in survivors of sepsis but is not strongly
associated with leukocyte transcriptomics. nuDNA but not mtDNA copy number is associated with
adverse, short-term, clinical trajectories and outcomes.

TOC Statement- 20190981

We found that cell-free nuclear, but not mitochondrial, DNA copy number was particularly
increased in survivors of surgical sepsis who developed chronic critical illness. The importance of
this finding is that, contrary to current dogma, mitochondrial DNA copy number was not an
important predictor of either transcriptomic changes or clinical outcomes from surgical sepsis.
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INTRODUCTION

Sepsis is a leading cause of death and long-term morbidity with annual costs over $24
billion in the United States.! Despite advances in early recognition, source control, and
critical care management, mortality from sepsis remains high at 18-28%.2 In addition, many
survivors of sepsis develop chronic critical illness (CCI), which is characterized by
prolonged stays in the Intensive Care Unit (ICU), long-term organ dysfunction, and
persistent immunosuppression, all od which can lead to secondary infections and sepsis
recidivism.3 4 The origins of CCI are unknown, but early sepsis-related inflammation and
organ injury and late secondary infections may promote the release of alarmins which
perpetuate long-term persistent inflammation by activating innate immunity.

Cell-free, double-stranded DNA is an important source of alarmins, also called damage
associated molecular patterns (or DAMPS); alarmins are comprised in part of both nuclear
DNA (nuDNA) and mitochondrial DNA (mtDNA). mtDNA in particular has been proposed
as an important alarmin given that it is not bound to nucleosomes in the circulation and is
therefore, more likely to be internalized and recognized by pattern recognition receptors to
initiate inflammation.> 8 Both nuDNA and mtDNA can be recognized by these multiple
pattern recognition receptors located primarily intracellularly, including TLR9, AIM2,
cGAS, DAL, and IF116.7 One example is their ability to signal through MyD88 or STING,
thereby activating both type I interferon and NF-kB-dependent early gene expression.8

Previous work has demonstrated that plasma cell-free DNA (cfDNA) levels are increased
during sepsis.®11 Although some studies have utilized cfDNA levels as prognostic markers
in early sepsis, there is little evidence regarding alterations in cfDNA levels over time during
recovery form sepsis recovery and the association between cfDNA levels and transcriptomic
changes. We hypothesized that if plasma cfDNA levels regulate systemic inflammatory
responses during sepsis, cFDNA concentrations would correlate with leukocyte
transcriptomic changes and clinical trajectories, reflecting alarmin-induced inflammation
and organ injury.
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MATERIALS AND METHODS

Enrollment

Definitions

This prospective, observational, cohort study was approved by the institutional review board
and performed between 2014 and 2017 at UF Health Shands Hospital, a 996-bed, academic,
tertiary care center. The purpose of this study, conducted by the Sepsis and Critical Illness
Research Center at UF under protocols described previously, was to define the
epidemiology, dysregulated immunity, and long-term consequences of surgical ICU patients
with newly diagnosed sepsis.12 13 Patients with suspected sepsis were enrolled
consecutively in the study. Inclusion criteria were the following: admission to the surgical
ICU; age =18 years; clinical diagnosis of either sepsis, severe sepsis, or septic shock; and
initiation of the sepsis clinical management protocol which includes antibiotics and source
control with goal-directed resuscitation and frequent clinical reassessment. Exclusion
criteria were the following: refractory shock with expected demise within the first 24 hours
of initiation of the protocol; inability to achieve source control; pre-sepsis expected life-span
less than three months; patient or family wishes not to pursue aggressive treatment; New
York Heart Association Class IV heart disease; Child-Pugh Class C cirrhosis; known HIV
with CD4* count <200 cells/mm3; organ transplant recipient or chronic use of
corticosteroids or immunosuppressants; pregnancy; institutionalized patients; chemotherapy
or radiation within three days; severe traumatic brain injury with evidence on computed
tomography of intracranial injury with Glasgow Coma Scale [GCS] <8); spinal cord injury
resulting in permanent sensory or motor deficits; or inability to obtain informed consent
from the patient or next of kin. These criteria excluded patients whose baseline conditions
would be a primary determinant of their long-term outcomes and thus confound outcome
assessment.

Signed informed consent was obtained from the individual subject or their legally-appointed
representative within 96 hours of the onset of sepsis. This delayed consent was approved by
the University of Florida IRB due to the vulnerable nature of the subject and their immediate
family. Families were given time to understand the gravity of the clinical situation, the
purpose, and the minimal risks of participating in the study. If consent could not be obtained
within 96 hours, all collected data and blood samples were destroyed. This study was
registered with clinicaltrials.gov ().

In addition, we recruited 19 control subjects who were age, sex, and race/ethnicity matched,;
informed consent was obtained, and a single venous blood sample collected. Only subject
demographics were collected, and subjects were excluded if they had a history of advanced,
recurrent, or metastatic cancer, autoimmune disease, or recent infection.

Enrolled patients were classified as having sepsis, severe sepsis, or septic shock according to
consensus definitions from the 2001 International Sepsis Definitions Conference.14
Survivors of sepsis were classified into rapid recovery and CCI groups; CCI was defined as
an ICU duration of stay =14 days with persistent organ dysfunction after the start of the
protocol(with Sequential Organ Failure Assessment [SOFA] cardiovascular score =1 or any
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other organ system score >2).4 13 Patients with ICU durations of stay,14 days were also
classified as having CCI if discharged to either another hospital, to a long-term acute care
facility, or to hospice with evidence of ongoing organ dysfunction at discharge. Patients who
died within 14 days of onset of the protocol were classified as experiencing early death.
Patients not meeting criteria for CCI or early death were classified as experiencing rapid
recovery. Clinical outcomes were adjudicated prospectively by study investigators prior to
predictive modeling.

Sample Processing

Blood samples were collected in EDTA-anticoagulated tubes within 12 h of protocol onset,
again at 24 h, then at 4, 7, 14, 21, and 28 days. For plasma cytokine studies, blood samples
were centrifuged at 200 x gand stored at —80° C until processing using the Luminex
Magpix™ (Austin, TX, USA) platform according to the manufacturer’s specification. For
measurements of cfDNA, plasma was centrifuged at 5000 x g to remove microaggregates,
microparticles, and circulating mitochondria. Fernando et al. have suggested that up to 93%
of circulating cfDNA resides in the exosomes, which would be included in our preparations.
15 Droplet digital™ PCR (ddPCR) was then performed to quantify the number of copies of a
representative mtDNA and nuDNA sequence using the Bio-Rad QX 200 ddPCR™ System
with EvaGreen™ fluorescent dye (Hercules, CA, USA). Human mitochondrial cytochrome
C oxidase subunit 111 (MT-CO3) represented mtDNA, while rhodopsin (RHO) DNA
sequences represented nuDNA; measurements were reported as copies/pL. For total blood
leukocyte transcriptomic measurements, total blood leukocytes were processed and lysed as
described previously.16 The NanoString Flex™ platform was then utilized to measure
expression of 63 genes; this 63-gene metric (Supplementary Table 1) has been validated
prospectively to predict outcomes following severe trauma.t’

Statistical Analysis

RESULTS

Continuous data are presented as medians and quartiles and were compared using the
Kruskal-Wallis test. Categorical variables are presented as frequencies and percentage and
were compared using Fischer’s exact test. Univariate and multivariate analyses were
performed with results presented with unadjusted and adjusted odds ratios with 95%
confidence intervals. For multivariate logistic regression analysis, stepwise analysis with a
threshold of statistical of p<0.10 was performed. For predictive models, discrimination and
fit were reported with area under the receiver operating curve (AUC) values and Hosmer-
Lemeshow goodness-of-fit tests, respectively. Spearman correlation coefficients were
calculated to determine relationships between quantitative variables. All analyses were
performed using SAS version 9.4 (Cary, NC, USA).

Enrollment and Patient Characteristics

We enrolled 112 patients with surgical sepsis in the study (Table 1). Of those, 2 experienced
early death (< 14 days), 6 recovered 9 rapidly, and 41 developed CCI. Overall in-hospital
and 28-day mortality were both 8% (n=9). By 180 days, mortality increased to 18% (n=20).
The median age of enrolled patients was 62 years, and 54% of patients were male. There
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were no differences between groups who either recovered rapidly or developed CCl in terms
of sex, age, race/ethnicity, or body mass index (BMI). CCI patients had a greater baseline
Charlson Comorbidity Index than patients who recovered rapidly(5 vs. 4, p = 0.040). CCI
patients also had a greater median Acute Physiology and Chronic Health Evaluation
(APACHE I1) score than patients who recovered rapidly (22 vs. 15, p = 0.0004).recOvered

Clinical Outcomes

Clinical outcomes are described in Table 2. The leading source of sepsis for patients overall
was intra-abdominal (36%), followed by pneumonia (22%) and surgical site infection (18%).
There were no differences between outcome groups in terms of source of sepsis. Overall,
patients had a hospital duration of stay at 18 days, which was expectedly greater among CCI
patients than patients who recovered rapidly (28 vs. 11 days, p < 0.0001). Thirty-two percent
of patients developed non-infectious complications during their hospitalization, which was
particularly greater in the CCI group compared to the rapid recovery group (59% vs. 15%, p
< 0.0001). Overall, 46% of patients had a “good” discharge disposition, defined as discharge
to home, to home with home health care, or a rehabilitation facility. Fifty-five percent of
patients had a “poor” disposition to either another hospital, skilled nursing facility (SNF),
long-term acute care facility (LTAC), hospice, or in-hospital death.18 “Poor” disposition was
markedly more likely among patients who experienced CCI (90% vs. 32%, p < 0.0001).

Cytokine and Cell-Free DNA Levels in Septic Patients

Plasma cytokine analyses revealed statistically significantly greater concentrations of 1L-6
and IL-8 in CCI patients compared to patients who recovered rapidly, which persisted at
later time points out to 28 days after onset of the protocol (Figure 1). Patients who recovered
rapidly also had an early increase in IL-6 after onset of the protocol, but IL-6 levels returned
to levels seen in healthy subjects by 21 days post sepsis.

Cell-free DNA copy numbers over time are described in Figure 2. Enrolled septic patients
had uniformly greater levels of nuDNA and mtDNA than healthy control subjects at all
measured time points (p < 0.05). CCI patients had greater nuDNA copy number at 12 hours,
24 hours, 4 days, and 7 days after onset of the protocol compared to patients who recovered
rapidly (p < 0.05). Surprisingly, mtDNA copy number was not different between CCI and
patients who recovered rapidly patients at all measured time points after onset of surgical
sepsis. Although the 9 patients who died within 28 days had greater mean nuDNA levels 12
hours after sepsis than survivors (12 vs. 2 copies/uL), this trend was driven by the group of
patients who died early; median nuDNA and mtDNA levels were not different at this time
point (median 3 vs. 2 copies/uL). When comparing cfDNA levels between long-term
survivors and non-survivors, patients who survived by 180 days had lesser nuDNA levels 12
hours after sepsis compared to non-survivors (median 2 vs. 3 copies/uL, p = 0.0111). Non-
survivors at one year also had lesser mtDNA levels 7 days after sepsis compared to survivors
(median 1324 vs. 2218 copies/uL, p = 0.0467).

Cell-free DNA Correlation with Clinical Parameters and Transcriptomics

Correlations between nuDNA and mtDNA copy number over time with select clinical
parameters and transcriptomics are described in Table 3. We found that nuDNA and mtDNA
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copy number were positively correlated throughout the first seven days, and nuDNA, but not
mtDNA, copy number 12 hours after the initiation of the sepsis protocol had a positive
correlation with maximum SOFA score within 24 hours of onset of the protocol and their
APACHE II score. Twenty-four hours after onset of the sepsis, NnUDNA copy number was
only weakly correlated with blood leukocyte expression of the 63 genes in the
transcriptomic metric (Spearman p=0.21, p = 0.041). The nuDNA copy number at 24 hours
also correlated significantly with the maximum SOFA score within 24 hours of onset of the
protocol. Surprisingly, mtDNA copy number 12 hours after protocol onset was negatively
correlated with the transcriptomic metric (Spearman p = —0.20, p = 0.0429).

Prediction Models

We developed univariate (Figure 3) and multivariate prediction models to predict the
occurrence of CCI versus a rapid recovery, as well as 28-day and long-term mortality.
Explanatory variables included in univariate analysis were nuDNA and mtDNA copy
number at 12 hoursand at 1, 4, and 7 days after protocol initiation, APACHE 11 score, IL-6
concentrations, the 63 gene transcriptomic metric at 12 and 24 hours after onset of the
protocol onset16: 17 and the maximum SOFA score within 24 hours of onset of the protocol.
Univariate analysis revealed that APACHE Il score, IL-6 level, nuDNA and mtDNA levels at
12 hours, and SOFA score were predictors of CCI (p<0.05 each). For prediction of 28-day
mortality, univariate analysis revealed that APACHE 1l and SOFA score, and nuDNA copy
number at 12 hours after the onset of sepsis were predictors (p < 0.05 each). Controlling for
potential confounders using multivariate regression, nuDNA copy number at 12 hours and
SOFA score emerged as statistically significant independent predictors of 28-day mortality
(AUC 0.8466). On multivariate prediction of long-term mortality (180-day and 1-year), only
markers of organ dysfunction and severity of physiologic derangement remained
independent predictors (SOFA score at the onset of the protocol for predicting 180-day
mortality, APACHE Il score for predicting 1-year mortality).

DISCUSSION

Our work revealed that patients with surgical sepsis have an early increase in circulating
nuDNA and mtDNA copy numbers, particularly in the first week after their infection.
Interestingly, both the nuDNA and mtDNA copy numbers remained increased over these
patients’ entire hospitalization period, and the mtDNA copy number actually increased over
time while hospitalized. Surprisingly, early nuDNA but not mtDNA copy number was
increased in patients who developed CCI versus those who recovered rapidly. nuDNA, but
not mtDNA, copy number was also increased in the patients with sepsis who died during
within 28 days; nuDNA also correlated with clinical parameters, including the APACHE 11
and SOFA scores. Additionally, early nuDNA copy number along with markers of organ
dysfunction emerged as statistically significant independent predictors of 28-day mortality.
Neither nuDNA nor mtDNA correlated strongly with the transcriptomic responses in the first
24 hours after sepsis.

Prior work has suggested that mtDNA copy number is increased after injury and sepsis and
can be recognized as endogenous alarmins by mainly intracellular pattern-recognition
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receptors.19 20 mtDNA is thought to activate innate immunity and inflammation via multiple
intracellular signaling pathways.2! In particular, Harrington et al. described mtDNA as
potent damage-associated molecular patterns (DAMPSs) driving inflammation, and thereby
influencing TLR receptors and inflammasomes.22 Here, although mtDNA copy number
was increased after sepsis compared to healthy controls in our study, we were unable to
demonstrate consistent association of mtDNA copy number with clinical outcomes;
moreover, early nuDNA but not mtDNA copy numbers were only weakly associated with
early transcriptomic changes in blood leukocytes. In fact, mtDNA copy number was
negatively correlated with early leukocyte transcription. This finding is surprising, because
we would have assumed that if cfDNA concentrations were driving inflammatory responses
as endogenous alarmins, then there should have been a much stronger relationship between
the two. The absence of any strong correlation suggests that other alarmins may be
contributing to the early genomic storm which illustrates the redundancy in the signaling of
the immediate inflammatory response.

Our laboratory is not the first to report this discrepancy. Jansen et al. studied mtDNA levels
in patients with the systemic inflammatory response syndrome (SIRS), proposing that
patients who developed acute kidney injury (AKI) would have increased renal cellular
damage and increased mtDNA in the plasma and urine.23 Surprisingly, that study found no
increase in mtDNA among AKI patients with SIRS.

Despite being primarily bound to nucleosomes in the circulation, prior studies have
demonstrated an association between nuDNA levels and clinical outcomes after sepsis.
Timmermans et al. also showed that nuDNA but not mtDNA, copy number was correlated
with plasma levels of inflammatory cytokines, infusion rate of norepinephrine in septic
shock, and evidence of end-organ injury, including total bilirubin and creatinine levels.24

Aswani et al. proposed previously that decreasing cfDNA concentrations might be an
experimental approach to limit the incidence and severity of multiple organ dysfunction after
severe trauma, with a nucleic acid scavenging polymer emerging as a potential therapeutic.2>
Our current work emphasizes the importance of nuDNA as a predictor of outcomes in this
cohort of surgical patients with sepsis. Further work is needed to evaluate prospectively
whether cfDNA-neutralizing therapeutics improve outcomes both in patients with trauma
and surgical sepsis.

Our study has several limitations that require discussion. nuDNA and mtDNA copy numbers
were estimated quantitatively based on the concentration of a single representative sequence
of each using ddPCR. Multiple representative sequences may assist with more accurate
representation of cfDNA levels. Additionally, our use of the 63-gene metric as an estimate
for transcriptomic changes is based on prior work validating those 63 genes to predict
clinical outcomes and endotypes after severe blunt trauma.1” Sepsis is very different than
trauma in terms of eliciting endogenous and exogenous alarmins, and results in more wide-
ranging transcriptomic changes. The 63 genes selected for the metric are important in sepsis
(Supplementary Table 1), but may not represent a global transcriptomic response. Our work
was also limited to patients in surgical ICUs who developed sepsis, potentially causing
selection bias and rendering the results perhaps less applicable to the overall cohort of
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patients with sepsis. Additionally, although our control group was matched as closely as
possible to the sepsis cohort, the controls were healthy subjects and not those admitted to the
hospital with non-sepsis conditions. It is possible that non-healthy subjects such as those
with chronic conditions might have baseline increases in cfDNA or transcriptomic changes.

Another issue that needs to be recognized is that this study was initiated prior to the release
of the Sepsis-3 guidelines and used the 2001 consensus definitions for sepsis, severe sepsis,
and septic shock. When the 112 subjects with sepsis were re-evaluated using the Sepsis-3
criteria, only five patients would have been excluded. We believe the low mortality in this
population is due to the exclusion of those individuals who would not survive 24 hours and
the early recognition protocols used for these hospitalized patients developing sepsis.

Despite these limitations, we can conclude that cfDNA copy numbers are increased in
patients after surgical sepsis. We cannot conclude, however, that mtDNA copy number has
any relationship with the magnitude of the “‘genomic storm’ in blood leukocytes or clinical
outcomes. We can infer, however, that nuDNA but not mtDNA copy number early in sepsis
correlates with clinical trajectory and outcome. Our work suggests the possibility of using
nuDNA rather than mtDNA as a useful biomarker in surgical sepsis. Future work should
focus on tissue sources of cfDNA early in sepsis as well as further examination of
mechanistic causes and effects of cfDNA on inflammatory processes, as well as the
possibility of cFDNA-neutralizing agents as therapeutic options to decrease organ
dysfunction and improve outcomes.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1:

Plasma cytokine concentrations (Panel A, IL-6; Panel B, IL-8) over time in patients with
surgical sepsis who developed CCI or who rapidly recovered. IL = interleukin; pg =
picograms; ml = milliliter; CCI = chronic critical illness.
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Figure 2:
Nuclear (Panel A) and mitochondrial DNA (Panel B) copy humber changes over time in

surgical sepsis patients who either experienced chronic critical illness (CCI) or rapidly
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Subjects

Healthy 0.5 1 4
Days Post Sepsis

14 21

recovered (RAP). Asterisks indicate statistically significant differences at those time points
between patients who developed CCI or recovered rapidly (p<0.05).
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A. Univariate CCl/Early Death vs. RAP
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Figure 3:
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B. Univariate 28-Day Mortality
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Univariate analysis predicting chronic critical illness CCI) or rapid death versus rapid
recovery (Panel A) and 28-Day Mortality (Panel B).

CCI = chronic critical illness; RAP = rapid recovery; APACHE Il = Acute Physiology and
Chronic Health Evaluation; SOFA = Sequential Organ Failure Assessment; S63 =

Difference-From-Related S63 transcriptomic score.
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