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Abstract

Background: Nucleosomes and neutrophil extracellular traps (NETs) are important in the
pathophysiology of disseminated intravascular coagulation (DIC). Fibrinogen, as an acute phase
reactant, may be protective by engaging neutrophils. We hypothesize that DIC can occur when NET
formation becomes uncontrolled in relation to low fibrinogen levels.

Patients/method: The ratio of both circulating nucleosomes and human neutrophil elastase alpha-1-
antitrypsine complexes (HNE-al1ATc) to fibrinogen was correlated to thrombocytopenia, DIC and
organ failure in 64 critically ill coagulopathic patients.

Results: A high nucleosome to fibrinogen ratio correlated with thrombocytopenia and organ failure
(p-0.391, p0.01 and p 0.556, p 0.01, respectively). A high HNE-al1ATc to fibrinogen ratio correlated
with thrombocytopenia, DIC and organ failure (p -0.418, p 0.01, p 0.391, p 0.01 and p 0.477, p 0.01

respectively).

Conclusion: These findings support the hypothesis that fibrinogen is protective against DIC by
counterbalancing excessive neutrophil activation.

Introduction

Disseminated intravascular coagulation (DIC) is a severe complication of critical iliness, characterized
by consumption coagulopathy with microthrombi formation, contributing to organ failure and

mortality[1].

Damage associated molecular patterns (DAMPs) such as extracellular DNA play a role in the
pathogenesis of DIC. Nucleosomes, composed of histone-DNA complexes, are released by injured
cells or secreted by activated leukocytes as part of neutrophil extracellular traps (NETSs).
Nucleosomes promote thrombosis by platelet activation and thrombin generation. Accordingly,
elevated levels of nucleosomes are associated with thrombosis, DIC and mortality[2-6]. NETs also
abundantly contain neutrophil elastase, an inhibitor of physiologic anticoagulants, and are highly
procoagulant by providing a scaffold for platelet binding and activating coagulation factors[7-10]. In
line with this, levels of circulating NETs have been demonstrated to reflect coagulation activation,
organ dysfunction and adverse outcome in patients with DIC[11]. Although NET formation is an
important contributor to innate immunity, it can become dysregulated during severe inflammation. As
a result, high levels of circulating nucleosomes and neutrophil activation could potentially promote

consumption coagulopathy and DIC in the critically ill.

Fibrinogen is a key molecule in the coagulation cascade as well as an acute phase reactant since its
levels increase manifold in inflammatory states. Why fibrinogen increases is unknown, but it is
suggested that fibrinogen is an important regulator of the inflammatory response by engaging
leukocytes, independent of clotting function[12, 13]. Consistently, fibrinogen has been shown to delay
NET formation in vitro. In addition, fibrinogen has the ability to form complexes with certain DAMPs,

thereby neutralizing their damaging effects[14, 15]. We hypothesize that the acute phase reactant
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fibrinogen is protective against consumption coagulopathy and DIC in two ways. Firstly, fibrinogen
binds circulating nucleosomes, diminishing their thrombotic potential. Secondly, fibrinogen can
counterbalance excessive neutrophil activation and subsequent NET induced thrombosis. However,
when nucleosome and NET formation becomes dysregulated, levels may increase disproportionately
to the increase of fibrinogen, resulting in more DAMPs than fibrinogen can bind. As a result, in the
face of overwhelmingly high levels of DAMPs, fibrinogen levels become critically low and DIC can

occur.

This exploratory study aims to investigate the relationship between fibrinogen levels and circulating
nucleosomes as well as the relationship between fibrinogen and neutrophil activity, as evidenced by
HNE-alpha 1 anti trypsine complexes (HNE-a1ATc). To do this, the ratio of nucleosomes and HNE-
a1ATc to fibrinogen levels in coagulopathic critically ill patients was correlated to platelet count, DIC

score and outcome.

Methods

This study was performed as a post-hoc sub-study of a clinical trial on the efficacy of plasma to
reduce the risk of bleeding following an invasive procedure. Patients with a coagulopathy (defined as
an INR between 1.5 — 3.0) admitted to the ICU of the Amsterdam UMC, the Netherlands, were
included (IRB approval number 10/035 # 10.17.0686) [16]. Written informed consent was obtained
from patient or legal representative. For this sub-study, only blood samples that were taken prior to
plasma transfusion were used. Patients receiving platelet aggregation inhibitors or anticoagulants as

well as those with overt bleeding were excluded.

Coagulation tests included international normalized ratio (INR), activated partial thromboplastin time
(aPTT), fibrinogen, platelet count, D-dimer levels and antithrombin by chromogenic substrate method
(Sysmex CA 7000 and all reagents, Siemens Healthcare Diagnostics, Germany) using protocols of
the manufacturer. Thrombin-antithrombin complexes (TATc) and prothrombin fragment 1 + 2 (F1+2)
levels were measured using specific commercially available enzyme linked immunosorbent assay
(ELISAs) according to the instruction of the manufacturer (Siemens Healthcare Diagnostics,
Germany). Disseminated intravascular coagulation was defined as an ISTH DIC score of = 5
points[17]. Organ failure was assessed with the sequential organ failure assessment (SOFA) score on

day of study inclusion.

Nucleosome levels

Nucleosome levels were assessed with an ELISA as described previously [8, 18]. Briefly, monoclonal
antibody CLB-ANA/60 that recognizes histone 3 was used as a catching antibody. Biotinylated F(ab)2
fragments of monoclonal antibody CLB-ANA/58, which recognizes an epitope exposed on complexes
of histone 2A, histone 2B, and dsDNA, in combination with poly-horseradish peroxidase—labeled

streptavidin were used. All reagents are from Sanquin, Amsterdam, The Netherlands. As a standard,
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we used culture supernatant of Jurkat cells (1x106 cells/mL), cultured for an additional week, to
obtain 100% apoptotic cells. One unit is the amount of nucleosomes released by approximately 100
dead Jurkat cells. The lower detection limit of the assay was 2.5 U/mL. The reference range for
circulating nucleosomes in our laboratory is <10.3 U/mL. The inter- and intra-assay coefficient of

variation are 8.5% and 4.3%, respectively.
Neutrophil Activation

Human neutrophil elastase - a; — antitrypsin (EA) complexes were measured with ELISA[8]. In short,
plates were coated with a polyclonal rabbit anti-human neutrophil elastase antibody (1.5 pg/mL;
Sanquin, Amsterdam, The Netherlands). Standard and samples were diluted in high-performance
ELISA buffer (HPE; Sanquin, Amsterdam, The Netherlands) + 40 ug/mL bovine IgG. Bound

complexes were detected by incubation with biotinylated monoclonal anti—a,-antitrypsin antibody (1

pg/mL) in combination with poly-horseradish peroxidase—labeled streptavidin. Results are expressed
in ng/mL by reference to a standard curve of normal human citrated plasma in which EA complexes
were generated by incubating with porcine elastase (final concentration 2 pg/mL; Sigma Zwijndrecht,
The Netherlands) for 15 minutes at room temperature. The lower detection limit of the assay was 2
ng/mL. The reference range for EA complexes in our laboratory is 8.5 to 55.7 ng/mL. The inter- and

intra-assay coefficient of variation are 9.5% and 5.7%, respectively.
Statistical analysis

All variables are expressed as median with interquartile ranges. To compare groups, Mann Whitney U
test was used for independent variables. Correlations were assessed using Spearman’s rho. Receiver
operating characteristics (ROC) curves and corresponding area under the curve (AUC) were
computed for HNE-a1ATc to fibrinogen ratio and nucleosome to fibrinogen ratio with DIC development
as outcome. p < 0.05 was considered statistically significant. Statistical analyses were performed with
SPSS 26.0 (IBM©, New York, New York, the United States), graphs were made with Prism 8.3.1
(Graphpad Software, San Diego, USA).

Results

In total, 64 patients were included. Coagulopathy in included patients was most frequently caused by
sepsis (48%) or liver disease (28%). Thrombocytopenia, defined as a platelet count < 150 x 10°/L,
occurred in 42 patients and 23 patients fulfilled criteria for overt DIC per the ISTH DIC criteria.
Patients with DIC were severely ill as demonstrated by a high SOFA score. Moreover, patients
classified as DIC had more deranged conventional coagulation test results as well as higher levels of
TATc and F1+2 compared to patients without DIC, whereas AT levels were lower (table 1).
Collectively, these results underline that patients with DIC in this study have a consumption

coagulopathy.
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HNE-a1ATc to fibrinogen and platelet ratio and nucleosome to fibrinogen and platelet ratio in DIC

HNE-a1ATc and nucleosome levels did not differ between patients with and without DIC. However,
when corrected for fibrinogen levels by using a ratio, the HNE-a1ATc to fibrinogen ratio was
significantly higher in patients with DIC than in patients without DIC (152.7 ug/g vs. 39.88 ug/g, p
<0.01). Nucleosome levels did not differ between groups, whereas the nucleosome to fibrinogen ratio
became more divergent and tended to be higher in DIC than in non-DIC patients. Furthermore, the
HNE-a1ATc to platelet ratio (6.4 ug/cellsx109 vs 1.1 ug/cellsx109, p <0.01) and nucleosome to platelet
ratio (11516 u/cellsx10° vs 2480 u/cellsx10°, p <0.01) was significantly higher in patients with DIC

compared to non-DIC patients (table 1).

HNE-a1ATc to fibrinogen ratio and nucleosome to fibrinogen ratio in relation to thrombocytopenia and
DiC

The HNE-a1ATc to fibrinogen ratio significantly correlated with platelet count and DIC score (p -0.418,
p 0.01 and p 0.391, p 0.01, respectively, figure 1). In addition, the ROC curve of HNE-a1ATc to
fibrinogen ratio in relation to DIC had an AUC of 0.75 (95% CI: 0.061 — 0.89, p<0.01, figure 2).

The nucleosome to fibrinogen ratio also correlated with low platelet count (p 0.391 p 0.01, figure 1).
However, we did not find a correlation between nucleosome to fibrinogen ratio and DIC score (p
0.195, p 0.19, figure 1) and ROC analysis showed an AUC of 0.63 (95% CI 0.48 — 0.79, p 0.095,
figure 2).

HNE-a1ATc to fibrinogen ratio and nucleosome to fibrinogen ratio in relation to outcome

Both the HNE-a1ATc to fibrinogen and the nucleosome to fibrinogen ratio correlated significantly with
organ failure scores (p 0.477, p 0.01 and p 0.556, p 0.01, respectively, figure 1). In addition, ICU
survivors had lower nucleosome to fibrinogen ratios compared to non-survivors (70952 U/g in
survivors vs. 186020 U/g in non-survivors, p<0.01). The HNE-a1ATc to fibrinogen ratio was similar in

survivors and non-survivors (38 pg/g vs 76 ug/g, p 0.30).
Discussion

DIC development is a multifactorial process, caused by activation of tissue factor dependent
coagulation, insufficient control of anticoagulant pathways and suppression of fibrinolysis. Although
the pathophysiology of DIC has widely been studied, knowledge of the role of the acute phase
reactant fibrinogen in the onset of DIC remains limited. We hypothesize that fibrinogen is protective by
neutralizing excessive neutrophil activation. This study demonstrates that the HNE-a1ATc to
fibrinogen ratio is significantly increased in patients with overt DIC and that a high HNE-a1ATc to
fibrinogen ratio correlates with low platelet count and DIC score. Moreover, a high nucleosome to
fibrinogen ratio correlates with low platelet count. In addition, both HNE-a1ATc to fibrinogen ratio and

nucleosome to fibrinogen ratio correlate with outcome.
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Recent observations have identified an important role for extracellular DNA and NETs in the
development of consumption coagulopathy and DIC. Neutrophil elastase, measured as HNE-a1ATc,
constitutes one-third of the proteins found on NETs and interferes with both clotting and fibrinolysis,
thereby contributing to consumption of coagulation factors[19]. Interestingly, we found that absolute
levels of HNE-a1ATc did not differ between patients with and without overt DIC. However, the HNE-
a1ATc to fibrinogen ratio was significantly higher in patients with overt DIC, and correlated to platelet
count, DIC- and SOFA score. This effect on NET formation is in accordance with a recent study that
demonstrated the ability of fibrinogen to delay NET formation in vitro and suggests that fibrinogen

may also delay neutrophil activation in vivo[14].

We did not find a similar relation in the nucleosome to fibrinogen ratio, which could be explained by a
loss of power due to a high variation in nucleosome levels. Alternatively, the development of DIC may
be more driven by neutrophil activation. In line with this, NETs both release nucleosomes to the
circulation and provide a platform for nucleosomes to execute their thrombotic potential[10]. Of note,
the nucleosome to fibrinogen ratio correlated significantly with adverse outcome, but the mechanism

may not be via fuelling a consumption coagulopathy.

The correlations described are modest, which may be due to the multifactorial nature of DIC, in which
no single parameter is fully accountable for DIC development. Our results provide further insight into
the multifactorial nature of DIC as well as propose a possible intervention for future research.
Collectively, these findings support the hypothesis that when an increase in fibrinogen level does not
equal NET formation, the amount of circulating fibrinogen can become relatively low in proportion to
the amount of circulating cellular damage molecules, thereby possibly contributing to DIC

development.

This exploratory study has limitations. Firstly, this study was conducted on a small number of patients.
Thereby, significance was not met for all outcomes. Results require further validation in other cohorts.
There may also be selection bias, since no patients without coagulopathy were included in this study.
In addition, coagulopathy in patients was due to various causes. However, coagulopathy in the
included patients was due to consumption rather than decreased production as evidenced by
increased TATc levels and decreased levels of AT. Lastly, we did not correct for confounders such as

disease severity.

Although causality cannot be inferred from this observational study, these results suggest that low
levels of fibrinogen in the presence of excessive neutrophil activation may be a risk factor for
consumption coagulopathy and DIC. Whether fibrinogen levels should be kept above a critical level to
protect against DIC warrants further research.
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Table 1 — Characteristics of patients with DIC and without DIC
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DIC no DIC p

N=23 N=41
Sepsis, % 61 43 0.16
Liver disease, % 35 25 0.41
DIC score 6 (5-7) 3(3-4) 0.000
SOFA score 14 (10 - 16) 11 (8-12) 0.014
APACHE Il score 27 (21 -35) 25(20-31) 0.292
Platelet count (x10%/L) 44 (34 - 60) 161 (105 — 258) 0.000
INR [<1.2] 1.96 (1.71-2.77) 1.67 (1.52 —2.08) 0.011
APTT [22 — 32] (sec) 42 (38 -52) 41 (35-49) 0.338
Fibrinogen [1.5 — 3.6] (g/L) 2.30 (1.80 - 3.45) 4.85(2.93 -6.33) 0.001
D-dimer [<0.50] (mg/L) 5.6 (4.0-19.7) 41(1.8-6.3) 0.011
TATc [1.0 — 4.1] (ug/L) 16.8 (10.4 — 28.8) 6.6 (5.1 —13.0) 0.006
F1+2 [87 — 325] (pmol/L) 441 (211 - 811) 164 (93 - 429) 0.003
Antithrombin [80 — 120] (%) 44 (29 - 54) 69 (38 - 84) 0.007
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HNE-a1ATc [8.5 — 55.7] (ng/ml) 376 (90 — 1180) 164 (95 - 322) 0.061
Nucleosomes [<10.3] (u/ml) 375 (198 - 314) 488 (228 - 1120) 0.867
HNE-a1ATc/fibrinogen (pg/g) 152.7 (41.3 — 490.4) 39.88 (17.75 — 82.02) 0.002
Nucleosomes/fibrinogen (u/g) 180000 (75694 — 1095497) 119725 (46868 — 223783)  0.095
HNE-a1ATc/platelets 6.4 (2.1 -23.1) 1.1(0.5-1.8) 0.000
(ug/cellsx10°)

Nucleosomes/platelets 11516 (4479 — 92353) 2480 (1150 — 7262) 0.002
(u/cellx10°)

ICU LOS, days, 5(2-14) 9(2-20) 0.240
ICU mortality, % 65 65 0.99
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Values represented as median (IQR). p value represents difference between patients with and without DIC,
calculated with Mann-Whitney U test. Reference values for laboratory tests are reported between square
SOFA, sequential

assessment score; APACHE, acute physiology and chronic health evaluation; INR, international normalized ratio;

brackets. Abbreviations: DIC, disseminated intravascular coagulation; organ failure

aPTT, activated partial thromboplastin time; TATc, thrombin-antithrombin complex; F1+2, prothrombin fragment

1+2, HNE-a1ATc, human neutrophil elastase alpha 1 antitrypsin complex; ICU, intensive care unit.

platelet count (x1 OQIL)

ISTH DIC score (points)

SOFA score (points)

Figure 1. Ratio of HNE-a1ATc and nucleosomes to fibrinogen plotted against platelet count
(x10%L), ISTH DIC- and SOFA score.
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Figure 2. Receiver operating characteristics curves with DIC as outcome for (A) HNE-a1ATc to
fibrinogen ratio, AUC 0.75 (95% CIl: 0.061 — 0.89) and (B) nucleosomes to fibrinogen ratio, AUC
0.63 (95% C1 0.48 — 0.79).
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