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Abstract

Sepsis is a severe systemic inflammatory response to infection that manifests with widespread inflammation as well as endothelial
and coagulation dysfunction that may lead to hypotension, organ failure, shock, and death. Disseminated intravascular coagulation
(DIC) is a complication of sepsis involving systemic activation of the fibrinolytic and coagulation pathways that can lead to multi-
organ dysfunction, thrombosis, and bleeding, with a 2-fold increase in mortality. This study demonstrates the diagnostic and
prognostic value of profiling various biomarkers of inflammation and infection in patients with sepsis-associated DIC to assess the
severity of illness. Deidentified samples were obtained from adult patients with sepsis and suspected DIC. Platelet count, pro-
thrombin time, D-dimer, and fibrinogen levels were used to assign International Society of Thrombosis and Hemostasis DIC
scores to plasma samples from 103 patients with sepsis and suspected DIC. Using commercially available enzyme-linked
immunosorbent assay, chromogenic assay, and RANDOX Biochip methods, levels of procalcitonin (PCT), extracellular
nucleosomes, interleukin (IL) 6, IL-8, IL-10, and tumor necrosis factor o (TNFo) were measured in patients with sepsis and DIC
and compared to levels in healthy individuals. Elevated levels of PCT, IL-6, IL-8, IL-10, and TNFo were observed in most patients
with sepsis and DIC. Additionally, the levels of these markers show significant positive correlations with each other and with DIC
score. Currently, no single biomarker can effectively diagnose DIC in patients with sepsis. This study lays the groundwork for the
development of a diagnostic algorithm using several markers of inflammation and infection and DIC score as parameters in
assessing severity of sepsis-associated coagulopathy in a clinical setting.

Keywords
sepsis, disseminated intravascular coagulation, inflammation, infection

Date received: |19 July 2018; revised: 5 March 2019; accepted: 7 March 2019.

Background

Despite the advances in the understanding of the pathophysiol-
ogy of sepsis, it continues to be a leading cause of morbidity
and mortality. According to the Centers for Disease Control, 1 Department of Pathology, Loyola University Medical Center, Maywood, IL,
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is diagnostically defined as having a suspected infection plus at
least one characteristic symptom such as temperature change,
tachycardia, respiratory distress, altered mental status, hypo-
tension, white blood cell count changes, presence of elevated
biomarkers, or microvascular dysfunction. Sepsis can progres-
sively worsen as organ dysfunction ensues and eventually cul-
minate with septic shock where hypotension is refractory to
fluids and vasopressors.’

The key pathophysiological mechanism of DIC, a compli-
cation of sepsis, involves systemic activation of both the coa-
gulation and fibrinolytic systems ultimately leading to
microvascular thrombosis and organ dysfunction.*> This pro-
cess of consumptive coagulopathy eventually exhausts the
body’s supply of platelets and coagulation factors leading to
increased bleeding risk.

Numerous biomarkers have been studied in both sepsis and
DIC; however, no single biomarker alone can be used to diag-
nose DIC.® As sepsis and DIC are highly heterogeneous disease
processes, the identification of a specific biomarker of sepsis
and DIC could be used as a tool for the diagnosis and staging of
disease, prognosis, and response to intervention. Ultimately,
early biomarkers that can detect the onset of endothelial and
multi-organ dysfunction prior to clinical decompensation may
aid in the lowering of mortality rates.”

Inflammation plays a key role in sepsis. Components of the
bacterial cell wall, particularly lipopolysaccharide, induce an
inflammatory response, including dramatic elevations in the
interleukins (ILs) and tumor necrosis factor oo (TNFo). These
cytokines, particularly IL-6 and TNFa, induce the expression
of tissue factor on the surface of cells, which leads to the
activation of the coagulation cascade.®'?

In addition to generalized inflammation, the infection
response may provide an additional link between sepsis and
coagulopathy and therefore biomarkers of infection response
may present another approach for evaluation or prediction of
DIC in patients with sepsis. Procalcitonin (PCT) is normally
rapidly cleaved into calcitonin and therefore plasma PCT levels
are expected to be very low (<0.1 ng/mL) in healthy
humans."*'* However, during infections, PCT is produced ubi-
quitously and released at 1000-fold higher levels.'> Procalcito-
nin is thought to act as a “hormokine” inflammatory mediator
through its role in inducing pro-inflammatory effects on leu-
kocytes such as increasing expression of surface markers and
increasing concentrations of pro-inflammatory cytokines.'®
Numerous studies have shown that PCT is elevated in sepsis.'”

Nucleosomes are another novel biomarker of infection that
may be involved in the pathophysiology of DIC. Nucleosomes
are complexes of chromosomal DNA wrapped around core
histone proteins that are typically found intracellularly.'®
Extracellular nucleosome levels are thought to be an indicator
of degree of cell death since nucleosomes are found in the
blood primarily after cells release their contents either due to
necrosis or apoptosis.'” However, newer literature describes a
second source of extracellular nucleosomes from the process of
“NETosis” whereby neutrophils release extracellular traps
(NETs) composed of extracellular fibers and nucleosomes in

order to disarm and kill bacteria extracellularly.?*?! When
these NETs are ultimately degraded, the free nucleosomes play
a procoagulant function by triggering the intrinsic pathway of
the coagulation cascade. Nucleosomes have also been impli-
cated as a mediator of thrombosis by promoting thrombin gen-
eration and inducing platelet activation.'® The individual
components of nucleosomes, DNA, and histones have also
been shown to have prothrombotic properties.”*** Further-
more, nucleosomes activate both inflammation and cell death
pathways through direct interaction with cell membranes and
Toll-like receptors signaling pathways.?® Therefore, the level
of circulating nucleosomes may serve as an independent pre-
dictor of sepsis and DIC through the multiple roles it plays in
infection, inflammation, and coagulopathy.

This study specifically evaluated various biomarkers of
inflammation and infection such as IL-6, IL-8, and IL-10,
TNF-o, PCT, and nucleosome levels. The aim of this study
was to evaluate if there is a relationship between known mar-
kers of inflammation and infection and DIC score and to deter-
mine their prognostic role in assessing severity of disease.

Materials and Methods
Healthy Controls

Frozen, citrated plasma samples from healthy individuals (n =
50) were purchased from George King Biomedical (Overland,
Kansas). These samples included 25 male and 25 female volun-
teers, ages 19 to 54 years, with a mean age of 32 years. All
volunteers were nonsmokers, nonmedicated, and of geographi-
cally diverse origins. Plasma was aliquoted and stored at —80 C
prior to use.

Plasma Samples in Patient Cohort

Deidentified serial plasma samples from adult patients with
sepsis and suspected DIC (n = 137) were obtained between
2008 and 2012 from the University of Utah Medical Center
under an institutional review board—approved protocol. The
plasma samples were collected from patients at University of
Utah Hospital intensive care unit (ICU) or an associated com-
munity hospital ICU upon admission and prior to receiving any
treatment.

Enrollment criteria for this study required patients to meet
the clinical criteria for systemic inflammatory response syn-
drome and have an identified source of infection. Systemic
inflammatory response syndrome was defined as the presence
of 2 or more of the following: (1) temperature <36 or >38, (2)
heart rate >90 beats per minute, (3) respiratory rate >20 breaths
per minute or Paco, <32 mm Hg, or (4) white blood cell count
>12 000 cells'mm?> or <4000 cells/mm> or >10% bands.?®

Patients were excluded from the study if they had received a
blood transfusion within the past 4 months, platelet transfusion
within the past 14 days, or platelet count of <20 000/uL.
Patients were also excluded if they had a preexisting disorder
affecting platelet number or function such as idiopathic throm-
bocytopenic purpura, thrombotic thrombocytopenic purpura,
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Table 1. The ISTH Scoring System for DIC.

Table 2. Disseminated Intravascular Coagulation Score Distribution.

Variable Value Points

Platelets (K/pL) >100
50-100
<50
<13
1.3-1.7
>1.7
<400
400-4000
>4000
>100
<100

INR

D-Dimer (ng/mL)

Fibrinogen (mg/dL)

— O WPMNON—ON—O

Abbreviations: DIC, disseminated intravascular coagulation; INR, international
normalized ratio; ISTH, International Society of Thrombosis and Hemostasis.

hemolytic uremic syndrome, end-stage liver disease, myelo-
proliferative disorders, multiple myeloma, Waldenstrom
macroglobulinemia, end-stage renal disease requiring hemo-
dialysis, or inherited platelet disorders such as gray platelet
syndrome, Bernard-Soulier syndrome, May-Hegglin anomaly,
Wiskott-Aldrich syndrome, Glanzmann thrombasthenia,
Chediak-Higashi syndrome, or Hermansky-Pudlak syndrome.

Disseminated Intravascular Coagulation Scoring

The International Society of Thrombosis and Hemostasis
(ISTH) scoring algorithm, shown in Table 1, was used to stra-
tify patients with sepsis into 3 categories based on the severity
of coagulopathy. Using this scoring system, points are assigned
based on patient values for platelets, international normalized
ratio (INR), p-Dimer, and fibrinogen. Patients with a score of 0
to 2 were categorized as sepsis without DIC, patients with a
score of 3 to 4 were categorized as sepsis with nonovert DIC,
and patients with a score of >5 were categorized as sepsis with
overt DIC. Disseminated intravascular coagulation is thought
to occur in 2 phases. Nonovert DIC describes an intermediate
phenotype where the hemostatic system has only mild dysfunc-
tion, while overt DIC describes a decompensated hemostatic
system with more severe coagulopathy.®?’

Coagulation Testing

Prothrombin time/INR and fibrinogen were measured using the
ACL-ELITE coagulation analyzer (Instrumentation Labora-
tory, Bedford, Massachusetts).

Enzyme-Linked Immunosorbent Assays

Markers of infection were measured using commercially avail-
able enzyme-linked immunosorbent assay (ELISA) kits,
including PCT (Abcam, Cambridge, United Kingdom) and
nucleosomes (Roche Diagnostics, Indianapolis, Indiana).
d-Dimer levels were measured using Hyphen BioMed ELISA
kit (Neuville-Sur-Oise, France). Markers of inflammation

All Sepsis + Sepsis + Sepsis +
Patients No DIC  Nonovert DIC  Overt DIC
DIC score Any 0-2 3-4 >5
Day 0 (n) 103 20 59 24

Abbreviation: DIC, disseminated intravascular coagulation.

including IL-6, IL-8, IL-10, and TNFa were measured using
the Biochip Array (Randox, Antrim, United Kingdom).

Statistical Analysis

Data are shown as mean + standard error of the mean or mean
(standard deviation) as individually specified. For comparing
the multiple groups (healthy controls, sepsis without DIC, sep-
sis + nonovert DIC, and sepsis + overt DIC), analysis of var-
iance (ANOVA) with Kruskal-Wallis ANOVA test was used.
A P value of <.05 was used as the cutoff for statistical signifi-
cance throughout this study. Correlations were evaluated by
Spearman rank method. All data were tabulated within Micro-
soft Excel 2013 and statistical analysis was performed using
GraphPad Prismv v7.

Results

The cohort of patients with sepsis included 103 adults with
sepsis diagnosed according to the previously described criteria.
The baseline characteristics of this patient cohort are typical
and appropriate for patients with sepsis. Comorbidities ana-
lyzed in this patient cohort include conditions that may affect
coagulation status and thus the development of DIC, particu-
larly active cancer and cirrhosis. Both of these conditions
occurred with low frequency (5.8%) in this patient population.
The most prevalent recorded comorbidity in this cohort was
hypertension, reported in 45.6% of patients.

As shown in Table 2, the majority of patients (57.2%) had
nonovert DIC at baseline. The remaining patients were split
between sepsis without DIC (19.4%) and overt DIC (23.3%).
The division of patients into these 3 categories based on the DIC
score provides a means to assess whether the levels of the mea-
sured inflammatory factors are associated not only with the
inflammatory state of sepsis but also with the development of
coagulopathy. As shown in Figure 1, the levels of each measured
factor were compared between patients with sepsis without DIC,
patients with sepsis and nonovert DIC, and patients with sepsis
and overt DIC, as well as with a group of healthy controls.

Procalcitonin and Nucleosomes

Procalcitonin levels were significantly elevated in all patients
with sepsis or DIC as compared to healthy controls, as shown in
Figure 1A. Procalcitonin is well established as a biomarker of
infection and is used clinically to distinguish infectious sepsis
from similar conditions of noninfectious origin. Notably,
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Figure 1. Levels of biomarkers of inflammation and infection in patients with sepsis stratified by DIC score and in healthy controls. Data are
shown as mean + SEM. Groups were compared using the Kruskal-Wallis | -way ANOVA and Dunn multiple comparison test, with P < .05 as the
cutoff for significance (indicated by *). ANOVA indicates analysis of variance; DIC, disseminated intravascular coagulation; SEM, standard error

of the mean.

further elevations in PCT were observed in both the nonovert
DIC and overt DIC group as compared to the patients with
sepsis without DIC. This demonstrates that levels of PCT, rep-
resentative of the intensity of ongoing infection, may be useful
for assessment of the severity of DIC in patients with sepsis and
that infection-related processes may contribute to the develop-
ment of coagulation dysfunction.

In contrast to the other measured biomarkers, no significant
elevations in nucleosomes were observed in patients with sep-
sis and no DIC or sepsis and nonovert DIC compared to healthy
controls, as shown in Figure 1B. However, a significant eleva-
tion in nucleosomes was observed in patients with sepsis and
overt DIC compared to both the healthy controls and sepsis
without DIC groups.

Inflammatory Cytokines

Levels of the inflammatory cytokines TNFa, IL-6, IL-8, and
IL-10, shown in Figure 1C to F, were significantly elevated in
all sepsis patient groups as compared to the healthy controls.
However, no significant differences in levels of IL-6, IL-10, or
TNFa were present between patient groups divided on the basis
of DIC score. The only variation between sepsis groups was
observed for IL-8 where patients with sepsis + overt DIC had
significantly higher levels of IL-8 than patients with sepsis
without DIC.

Correlations among biomarkers, including the inflammatory
and infection biomarkers and the components of the DIC score

as well as the DIC score itself, were assessed using Spearman
correlation coefficients with P <.05 as the cutoff for signifi-
cance. The correlation matrix comparing the relationship
between individual markers and DIC scores is shown in Table 3.
All significant correlations with P <.05 are highlighted in gray
and the significant correlations with an » > 0.4 are bolded.

Disseminated intravascular coagulation score correlated
strongly with 3 of the 4 hemostatic markers included in its
calculation; however, no significant correlation was observed
between DIC score and fibrinogen. Disseminated intravascular
coagulation score also correlated strongly with PCT as well as
significantly but less strongly with nucleosomes, I1L-6, IL-8,
IL-10, and TNFa. Disseminated intravascular coagulation
score had the strongest correlation with the biomarkers PCT
and IL-6 (r = 0.4).

Nucleosomes, which have the potential to provide a
mechanistic link between infection response and thrombosis,
correlated moderately with d-Dimer, PCT, IL-8, and IL-10.
Procalcitonin is an established marker of infection and corre-
lated moderately with platelets, nucleosomes, IL-6, and IL-8
and strongly with p-Dimer, IL-10, and TNFa. Strong correla-
tions were noted among the inflammatory cytokines IL-6, IL-8,
IL-10, and TNFa.

Discussion

The purpose of this study was to determine the relationship
between biomarkers of infection and inflammation that are
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Table 3. Correlations Among Biomarker Levels in Patients With Sepsis.?

DIC Score p-Dimer  INR  Platelets Fibrinogen Nucleosomes Procalcitonin IL-6 IL-8 IL-10 TNFa
DIC score 0.63 0.56 —0.53 —0.18 0.33 0.47 0.37 0.38 039 0.29
D-Dimer 0.63 0.11 —0.27 0.03 0.34 0.47 0.34 0.34 036 0.3
INR 0.56 0.11 —0.30 —0.11 0.17 0.24 0.33 0.32 0.17 0.l16
Platelets —0.53 —-0.27 -0.30 0.26 —0.14 —0.35 —0.03 -0.16 =021 —-0.28
Fibrinogen —0.18 0.03 —0.11 0.26 0.04 0.02 0.21 0.06 —-0.09 -0.02
Nucleosomes 0.33 0.34 0.17 —0.14 0.04 0.31 0.19 0.24 0.18 0.03
Procalcitonin 0.47 0.47 024 -0.35 0.02 0.31 0.41 0.41 0.45 0.52
IL-6 0.37 0.34 033 -0.03 0.21 0.19 0.41 0.61 0.50 0.38
IL-8 0.38 0.34 032 -0.16 0.06 0.24 0.41 0.61 0.57 0.49
IL-10 0.39 0.36 0.17 | —0.21 —0.09 0.18 0.45 0.50 0.57 0.57
TNFa 0.29 0.31 0.16 —0.28 —0.02 0.03 0.52 0.38 0.49 0.57

Abbreviations: DIC, disseminated intravascular coagulation; IL, interleukin; INR, international normalized ratio; TNFa, tumor necrosis factor a.
*Spearman correlation coefficients are shown. Significant correlations (P < .05) are highlighted in gray. Significant correlations with a Spearman correlation >0.40

as a cutoff are bolded.

known to be elevated in sepsis with ISTH DIC scores in order
to assess their role in predicting severity of coagulopathy. This
study found that the infection biomarkers PCT and nucleo-
somes in addition to the inflammatory cytokine IL-8 related
to the pathogenesis of both sepsis and the severity of coagulo-
pathy involved in DIC.

Although numerous studies have demonstrated that PCT
levels are elevated in patients with sepsis and serve as a valu-
able biomarker of ongoing infection, fewer studies have
explored if this also translates to the development of DIC. In
this study, PCT levels were found to be significantly elevated
in patients with sepsis and DIC compared to healthy controls.
Interestingly, PCT levels were also significantly higher in the
patients with DIC as compared to the patients with sepsis with-
out substantial coagulopathy. This suggests that plasma PCT
levels may be a useful prognostic marker in detecting not only
sepsis but also the progression of onset to DIC. Additionally,
PCT may have a potential role in early risk stratification and
prediction of overall morbidity and mortality. Further studies
are warranted to examine the relationship of PCT levels to
clinical outcomes in the sepsis and DIC patient populations.
In addition to a relationship with the aggregate DIC score, PCT
correlated strongly with p-Dimer levels and platelet count, fur-
ther emphasizing the largely unexplored relationship of PCT
with hemostatic dysfunction.

Nucleosome levels were significantly elevated in patients
with overt DIC compared to healthy controls and in patients
with sepsis without DIC; however, no difference in nucleosome
levels was present between healthy controls and patients with
sepsis without DIC. This specific elevation of nucleosomes in
patients with severe coagulopathy suggests that nucleosome
level may be useful as a tool to identify patients with sepsis
having overt DIC from patients with sepsis without coagulo-
pathy. There were moderate correlations observed between
concentrations of nucleosomes, PCT, and inflammatory med-
iators such as IL-8 and IL-10, suggesting that nucleosomes are
implicated in both the infectious and inflammatory pathways
of sepsis and DIC. The moderate correlation between

nucleosomes and DIC score also supports their role in the
pathogenesis of DIC through the known mechanism of promot-
ing thrombin generation and microvascular thrombosis.

Although there is currently no single biomarker that can
effectively diagnose DIC in patients with sepsis, this study lays
the groundwork for developing a diagnostic algorithm that can
incorporate several known markers of inflammation and infec-
tion in order to better predict the onset of DIC as well as assess
severity of coagulopathy. Procalcitonin and IL-6 demonstrated
the strongest correlation of the measured markers with DIC
score. Not only does this support that PCT should be added
to the profile of biomarkers indicative of DIC but also suggests
that PCT may actually be more useful than some of the other
less specific inflammatory markers such as IL-8, IL-10, and
TNFa. A combination of biomarkers of inflammation and
infection may better distinguish the degree of DIC severity
and clinical outcome in this patient group than use of DIC score
alone. Further studies are warranted to explore if other
markers in addition to PCT and nucleosomes can be incorpo-
rated into a more comprehensive biomarker profile for earlier
risk stratification and prediction of overall morbidity and
mortality in DIC.
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