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Abstract

Background: Trauma-induced coagulopathy is associated with platelet dysfunction and contributes to early mortality

after traumatic injury. Plasma concentrations of the damagemolecule high-mobility group box-1 (HMGB-1) increase after

trauma, which may contribute to platelet dysfunction. We hypothesised that inhibition of HMGB-1 with a monoclonal

antibody (mAb) or with recombinant thrombomodulin (rTM) improves trauma-induced coagulopathy in a murine model

of trauma and shock.

Methods: Male 129S2/SvPasOrlRJ mice were anaesthetised, mechanically ventilated, and randomised into five groups: (i)

ventilation control (VENT), (ii) trauma/shock (TS), (iii) TSþanti-HMGB-1 mAb (TSþAB), (iv) TSþrTM (TSþTM), and (v)

TSþanti-HMGB-1 mAbþrTM (TSþCOMBI). Primary outcome was rotational thromboelastometry EXTEM. Secondary

outcomes included tail bleeding time, platelet count, plasma HMGB-1 concentration, and platelet activation.

Results: Trauma and shock resulted in a hypocoagulable thromboelastometry profile, increased plasma HMGB-1, and

increased platelet activation markers. TSþAB was associated with improved clot firmness after 5 min compared with TS

(34 [33e37] vs 32 [29e34] mm; P¼0.043). TSþCOMBI was associated with decreased clot formation time (98 [92e125] vs 122

[111e148] s; P¼0.018) and increased alpha angle (77 [72e78] vs 69 [64e71] degrees; P¼0.003) compared with TS. TSþCOMBI

also reduced tail bleeding time compared with TS (P¼0.007). The TSþTM and TSþCOMBI groups had higher platelet

counts compared with TS (P¼0.044 and P¼0.041, respectively).

Conclusions: Inhibition of HMGB-1 early after trauma in a mouse model improves clot formation and strength, preserves

platelet count, and decreases bleeding time.
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Editor’s key points

� Trauma-induced coagulopathy with platelet

dysfunction contributes to early mortality after

traumatic injury and might result from increased

concentrations of the damage molecule high-

mobility group box-1 (HMGB-1) after trauma.

� The authors used amouse traumamodel to determine

whether inhibition of HMGB-1 with a monoclonal

antibody or with recombinant thrombomodulin im-

proves trauma-induced coagulopathy.

� Trauma and shock led to hypocoagulability,

increased plasma HMGB-1 concentrations, and

increased platelet activation that was mitigated by

anti-HMGB-1 therapies.

� Early after trauma and shock, inhibition of HMGB-1

improves clot formation and clot strength and re-

duces bleeding time, which warrants further studies

in longer-duration trauma models.
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Bleeding after trauma is a leading cause of preventable mor-

tality worldwide.1e3 Up to 50% of severely injured patients

develop trauma-induced coagulopathy (TIC), which is associ-

ated with increased early mortality.4 Platelets are critical in

the haemostatic response but can become dysfunctional

within minutes after injury,5,6 characterised by increased

platelet activation but decreased ability to adhere and aggre-

gate, thereby contributing to TIC and bleeding.5,7e11 The

mechanisms by which platelets become dysfunctional after

trauma are largely unknown.

The damage-associated molecular pattern (DAMP) protein

high-mobility group box-1 (HMGB-1) is released from damaged

cells and platelets after trauma.12e14 Circulating HMGB-1 binds

to pattern recognition receptors, such as toll-like receptors

and receptor for advanced glycation end products, on both

platelets and immune cells, leading to platelet activation and

(innate) immune activation.13 Localised HMGB-1 release is

necessary for normal platelet function, but disproportional

systemic release of HMGB-1 is associated with development of

TIC, increased platelet activation, and impaired platelet

aggregation.13e16

HMGB-1 can be directly inhibited bymonoclonal antibodies

(mAb) but is also inactivated by thrombinethrombomodulin

complexes using recombinant thrombomodulin (rTM).17e19

Pre-clinical studies have shown that inhibition of HMGB-1

after traumatic injury reduces the incidence of thrombo-

embolic events and improves organ dysfunction,13,20 but to

date, the effect of HMGB-1 inhibition on early TIC has not been

investigated. We studied the effects of anti-HMGB-1 mAb or

rTM on TIC in a murine model of trauma and shock. We

hypothesised that inhibition of HMGB-1 improves rotational

thromboelastometry (ROTEM®; Werfen, Barcelona, Spain)

coagulation parameters after traumatic injury.
Methods

Ethics and animals

Experiments were performed with approval of the Institu-

tional Animal Care and Use Committee of the Amsterdam
UMC, location AMC. Procedureswere performed in accordance

with the European Parliament directive (2010/63/EU) and the

Dutch national law the Experiments on Animals Act. The

study was pre-registered at preclinicaltrials.eu (PCTE0000247).

All experiments were planned and performed according to the

Animal Research: Reporting of In Vivo Experiments (ARRIVE)

guidelines.21

Male 129S2/SvPasOrlRJ mice (Janvier Labs, France) were

housed in individually ventilated cages in the on-site animal

housing facility for 7 days before experiments. The animals

had access to food (Teklad global 16% protein; Envigo, Indi-

anapolis, IN, USA) and water ad libitum, and they were exposed

to regular 12 h day/night cycles. All mice were 8e10 weeks old

during experiments.
Model of trauma-induced coagulopathy

Mice were anaesthetised in an induction chamber with sevo-

flurane 4.5 vol% (AbbVie, North Chicago, IL, USA) with FiO2¼0.6

and were injected with fentanyl 0.06 mg g�1 i.p. and then 0.03 mg
g�1 i.p. after 30min (hameln pharma, Germany). Tracheostomy

was performed during mask ventilation (sevoflurane 4.5 vol%;

FiO2¼0.5), after which mice were mechanically ventilated

(VentElite; Harvard Apparatus, Holliston, MA, USA) with tidal

volumes of 7.2 ml g�1, ventilatory frequency of 190 bpm,

inspiratory:expiratory ratio of 1:1.5, and FiO2¼0.4. A lung

recruitment manoeuvre (inspiratory sigh of 20%) was per-

formed every 30 min. Mice remained anaesthetised with sevo-

flurane 2.5 vol% throughout the experiment. Anaesthetic depth

was confirmed every 10 min by the absence of pedal reflex and

haemodynamic changes in response to a painful stimulus.

The right carotid artery was cannulated with a 2 French

polyurethane catheter (Instech, Plymouth Meeting, PA, USA),

which was connected to a pressure transducer and amplifier

(Quad Bridge Amp; ADInstruments, Sydney, Australia). Pow-

erLab version 4/30 and LabChart version 8 (ADInstruments)

were used for data acquisition. The jugular vein was cannu-

lated with a 1 French polyurethane catheter (Instech), after

which mice received continuous fentanyl 0.12 mg g�1 h�1 i.v.

(Pump 11 Pico Plus Elite; Harvard Apparatus) in Ringer’s lactate

20 ml g�1 h�1 supplemented with glucose 15.3 mM and sodium

bicarbonate 2 mM (B. Braun, Melsungen, Germany). Temper-

ature was monitored with a rectal thermometer and kept at

37�C using a heated table and heat lamp.

After cannulation, mice were randomised using a block

design to one of the following five groups (n¼12 per group):

ventilationþvehicle (VENT), trauma and shockþvehicle (TS),

trauma and shockþanti-HMGB-1 mAb (TSþAB), trauma and

shockþrTM (TSþTM), or trauma and shockþanti-HMGB-1

mAbþrTM (TSþCOMBI). The operator was blinded to treat-

ment allocation. In the trauma and shock groups, after ran-

domisation, 200 ml blood was withdrawn through the carotid

artery catheter, and body temperature was passively lowered

to 35�C. Trauma consisted of bilateral lower-limb fractures

using two haemostatic forceps. Midline laparotomy was per-

formed to induce crush injury by clamping the small intestine

distally of Treitz ligament five times for 2 s. Liver injury was

created by clamping 1 cm of the left lobe for 2 s. The abdomen

was closed with 6e0 silk suture (Ethicon, Raritan, New Jersey,

USA). Consecutively, another 200 ml blood was withdrawn

through the carotid artery catheter, followed by an infusion of

Ringer’s lactate 400 ml i.v. Successive blood draws were per-

formed in 50e100 ml increments to induce shock with a target

MAP of 20e25 mm Hg.
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After inductionof traumaandshock,mice receivedabolus of

purifiedanti-HMGB-1mAb1mgg�1 i.v. (#B293347; lowendotoxin,

azide free; BioLegend, San Diego, CA, USA) or rTM 0.01 mg g�1 i.v.

(#0909492; PeproTech, Rocky Hill, NJ, USA) or appropriate vehi-

cles (phosphate-buffered saline [PBS] or PBS with bovine serum

albumin0.1%, respectively) ina total volumeof4ml g�1.At30min

after drug infusion, blood was withdrawn through the carotid

artery. Organ tissues were collected for analysis of wet/dry ra-

tios, and lung was collected for pathological assessment

(Supplementary methods). Pilots and doseeresponse studies

preceded this experiment (Fig. 1a; Supplementary methods).

Bindingspecificityof theantibodywasconfirmed invitro, and the

effect of immunoglobulin G on ROTEM was ruled out (Supple-

mentary methods; Supplementary Fig. S2). An overview of the

experimental set-up is shown in Fig. 2a.
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Fig 1. Doseeresponse studies. (a) Overview of doseeresponse studies.

(mAb), four doses were tested. For recombinant thrombomodulin (rTM)

30 min after trauma. (c) HMGB-1 mAb doseeresponse. (d) rTM doseer
Blood sampling

The first 50 ml blood was discarded because of saline contami-

nation, after which 150 ml blood was collected in a heparin-

coated syringe for arterial blood gas analysis (Siemens,

Munich, Germany) and platelet count (Beckman Coulter, Brea,

California, USA). The next 50 ml of blood was again discarded,

and the remaining blood was collected in trisodium citrate 109

mM (1/9 v/v ratio). Part of the collected citrate-anticoagulated

whole blood was used for ROTEM and flow cytometry. The

remaining citrated blood was centrifuged twice (15 min, 2500 �
g 20�C, acceleration 9, brake 3; centrifuge 5804R; rotor A-4-44;

Eppendorf, Hamburg, Germany) and snap-frozen in liquid ni-

trogen before storage at e80�C until further analysis

(Supplementary methods).
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Fig 2. Shock and HMGB-1. (a) Murine model of trauma-induced coagulopathy. (b) MAP. Trauma and blood withdraw occurred between

t¼e20 min and t¼0 min. Treatment or vehicle was administered at t¼0 min, after which no more blood was withdrawn. The tail bleeding

assay was performed at t¼10 min. Mice were sacrificed at t¼30 min. (c) Plasma lactate concentrations and (d) plasma HMGB-1 at the end of

the experiment. AB, TSþanti-HMGB-1 mAb; COMBI, TSþanti-HMGB-1 mAbþrTM; HMGB-1, high-mobility group box-1; mAb, monoclonal

antibody; rTM, recombinant thrombomodulin; TM, TSþrTM; TS, trauma and shockþvehicle; VENT, ventilationþvehicle. Data are pre-

sented as median (inter-quartile range) or as box plots (all data points are shown).***P<0.001 compared with TS.
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Table 1 Shock characteristics and arterial blood gas analysis. HMGB-1, high-mobility group box-1; mAb, monoclonal antibody; rTM,
recombinant thrombomodulin; TS, trauma and shockþvehicle; TSþAB, trauma and shockþanti-HMGB-1 mAb; TSþCOMBI, trauma
and shockþanti-HMGB-1 mAbþrTM; TSþTM, trauma and shockþrTM; VENT, ventilationþvehicle. Data are presented as median
(inter-quartile range) or number (%). *P<0.05 compared with TS.

VENT TS TSþAB TSþTM TSþCOMBI

General
Weight (g) 27.5 (25.8e28.7) 26.5 (25.3e29.2) 27.9 (25.1e29.3) 27.9 (26.4e28.6) 26.7 (25.9e27.4)
Blood withdrawn (ml) 0 (0e0) 630 (530e730) 650 (560e770) 630 (560e700) 630 (550e740)
Urine output (ml) 165 (150e238) 120 (78e188) 170 (105e230) 100 (35e223) 100 (90e118)
Mortality, n (%) 0 (0) 0 (0) 0 (0) 0 (0) 2 (16.7)

Arterial blood gas analysis
pH 7.34 (7.31e7.38) 7.33 (7.29e7.38) 7.30 (7.23e7.33) 7.32 (7.26e7.39) 7.20 (7.14e7.31)*
Pco2 (kPa) 5.4 (5.0e6.0)* 3.5 (3.1e4.2) 3.9 (3.6e4.5) 3.6 (3.2e3.8) 3.6 (3.2e5.0)
Po2 (kPa) 22.6 (20.8e24.8)* 27.3 (23.8e28.5) 24.0 (22.7e27.7) 26.4 (25.8e27.5) 24.6 (19.2e25.5)*
SaO2 (%) 98.8 (98.5e99.0) 98.8 (98.5e98.9) 98.4 (98.2e98.7) 98.7 (98.2e99.0) 97.8 (97.0e98.4)*
HCO3

e (mM) 21.5 (19.8e22.5)* 13.4 (12.7e15.8) 14.8 (13.8e16.4) 13.1 (12.3e15.8) 12.1 (8.6e18.0)
Base deficit (mM) 3.7 (2.7e4.3)* 11.1 (8.0e12.5) 11.1 (9.3e11.5) 10.8 (8.0e13.4) 14.6 (8.1e18.9)
Haemoglobin (mM) 8.7 (8.3e9.0)* 6.0 (5.4e6.5) 6.4 (6.0e6.6) 6.5 (6.4e7.2)* 6.4 (5.7e6.7)
Kþ (mM) 4.8 (4.5e5.0)* 6.4 (5.9e6.8) 6.5 (6.1e6.8) 6.1 (5.7e7.1) 6.2 (5.6e6.8)
Ca2þ (mM) 1.01 (0.99e1.17) 1.06 (0.96e1.13) 1.09 (1.05e1.12) 1.02 (0.96e1.11) 0.99 (0.95e1.07)
Glucose (mM) 5.9 (5.4e6.1)* 10.0 (7.7e14.1) 9.9 (7.9e12.7) 9.5 (7.6e11.1) 10.2 (8.2e12.5)
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Rotational thromboelastometry

ROTEM EXTEM was performed using ROTEM minicups (Wer-

fen, Barcelona, Spain) according to the manufacturer’s guide-

lines. The EXTEM assaymeasures the tissue factor pathway by

addition of EXTEM reagent 7 ml (containing tissue factor and

phospholipids) and STARTEM 7 ml (containing calcium ions) to

105 ml citrated whole blood. Clotting time (CT) is the time until

the clot reaches 2 mm in amplitude. Clot formation time (CFT)

is the time between the 2 mm amplitude and the 20 mm

amplitude. The alpha (a) angle represents the angle between

the baseline and the tangent through the 2 mm point. The

amplitude at 5 min (A5) represents the clot firmness 5 min

after CT. Maximum clot firmness (MCF) shows the maximum

amplitude. Lysis index at 60 min (LI60) is the percentage of

maintained clot compared with MCF 60 min after CT.
Tail bleeding assay

At 20 min before the end of the experiment, the distal end of

the tail (at 3mmdiameter) was cut off using a double guillotine

cigar cutter.22 The tail was submerged in pre-warmed (37�C)
NaCl 0.9% (50 ml), and bleeding time was recorded.
Platelet activation and aggregation

For platelet activationmeasurement, citratedwhole bloodwas

diluted 20-fold in modified Tyrode’s buffer and incubated for

15 min on a polypropylene 96-well plate (Corning, Corning,

NY, USA) with allophycocyanin (APC) anti-CD41 antibody

(BioLegend) with either fluorescein isothiocyanate (FITC) anti-

CD62P (P-selectin; BD Biosciences, Franklin Lakes, NJ, USA) or

phycoerythrin (PE) anti-glycoprotein IIb/IIIa (JON/A; Emfret

Analytics, Eibelstadt, Germany). Adenosine diphosphate (ADP)

20 mM (Merck, Rahway, NJ, USA) was added for certain condi-

tions. For measurement of plateleteleucocyte aggregates,

citrated whole blood was incubated for 15 min with an anti-

body mixture containing APC anti-CD41 antibody with FITC

anti-CD45 (BioLegend) and PE anti-Ly6G antibody (Thermo

Fisher, Waltham, MA, USA).
Platelet aggregation was measured using flow cytometry,

as described.23 In short, whole blood was incubated for 15 min

with either APC anti-CD41 antibody or PE anti-CD61 antibody

(BD Biosciences). Excess antibody was removed by two

washing steps. The two stained and washed conditions were

mixed and incubated at 37�C for 15 min with ADP 20 mM or

protease-activated receptor 4 activating peptide 100 mM
(Cayman Chemical, Ann Arbor, MI, USA) while aggregating at

600 rpm. In both activation and aggregation assays, we

focused on ADP activation and ADP/PAR4-induced aggregation

based on the platelet dysfunction seen after traumatic injury.5

All flow cytometry analyses were performed using the FACS-

Canto™ system (BD Biosciences). Antibody panels can be

found in Supplementary Table S1.

Plasma HMGB-1 and fibrinogen

Plasma HMGB-1 and fibrinogen concentrations were

measured using enzyme-linked immunosorbent assays ac-

cording to the manufacturer’s instructions (Elabscience,

Houston, TX, USA).
Sample size calculation

Based on prior experiments, we determined group sizes of

nine mice were needed to detect a clinically relevant differ-

ence in ROTEM parameters between the treatment groups and

TS (V¼6.5 and SD¼3.6) with an a¼0.05 and a power of 80%. To

account for maximally 25% mortality in our model, 12 mice

were used per group.
Statistical analysis

Data were analysed using SPSS version 25.0 (IBM, Armonk, NY,

USA). Graphsweremade using GraphPad Prism version 9.0 (San

Diego, CA, USA). All datawere assumed non-parametric and are

presented as median with inter-quartile range, unless specif-

ically stated otherwise. Outliers were identified using the ROUT

test (Q¼1%) and not included in statistical analysis. Non-

parametric data were analysed with KruskaleWallis test, and
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predefined post hoc comparisons (VENT vs TS and TS vs treat-

ment groups) were analysed with Dunn’s test. Binominal data

were analysed with Fisher’s exact test. Tail bleeding time was

analysed with the log-rank test. Because of the exploratory

nature, no correctionsweremade formultiple testing. A P-value

of <0.05 was considered to be statistically significant.
Results

Doseeresponse studies

Plasma HMGB-1 concentration increased 30 min after trauma

and shock (9.8 [5.8e22.1] vs 2.3 [0.2e2.7] ng ml�1; P¼0.008; Fig.

1b). The doseeresponse results of anti-HMGB-1 mAb and rTM

onmortality, lactate, and EXTEMA5 are shown in Fig. 1c and d.

Blood gas analysis, additional ROTEM parameters, and organ

wet/dry ratios are shown in Supplementary Tables S2 and S3.

For anti-HMGB-1 mAb, both the vehicle and the highest dose

showed higher mortality and decreased clotting amplitudes.

Given this observation, a dose of 1 mg g�1 was chosen for

subsequent experiments. rTM activates protein C in a dose-

dependent manner.24 A dose of 0.01 mg g�1 was chosen

because it did not trigger fibrinolysis and was associated with

the lowest mortality compared with other dosages

(Supplementary Table S3).
Outcomes with anti-HMGB-1

Shock, HMGB-1, and mortality

The volume of bloodwithdrawn to reach a predefinedMAP after

trauma was similar between groups (Table 1). The model

resulted in severe shock, as reflected by reduced arterial
pressure and increased lactate concentration (6.8 [6.1e8.6] vs 1.8

[1.6e2.2] mM; P<0.001) in TS compared with VENT (Fig. 2b and

c). HMGB-1 increased in TS compared with VENT (P<0.001) but
did not differ between treatment groups and TS (Fig. 2d). Results

from blood gas analysis are shown in Table 1. Both pH and Po2
were decreased in TSþCOMBI compared with TS (P¼0.037 and

P¼0.04, respectively). Mortality only occurred in the TSþCOMBI

group (16.7%) because of deterioration of shock.

Trauma-induced coagulopathy

TS resulted in a pronounced coagulopathy compared with

VENT, consisting of increased CFT, decreased clot firmness,

and lower platelet counts (Figs. 3aef and 4aec).

TSþAB improved ROTEMA5 comparedwithTS (34 [33e37] vs

32 [29e34] mm; P¼0.043) (Fig. 3d). TSþTM did not improve

ROTEM parameters but showed increased fibrinolysis, as

measured by LI60 (90 [85e96]%) compared with TS (100

[95e100]%; P¼0.02; Fig. 3f). In the TSþCOMBI group, there was

reduced CFT (98 [92e125] vs 122 [111e148] s; P¼0.018) and

increased a angle (77 [72e78] vs 69 [64e71] degrees; P¼0.003)

comparedwith TS (Fig. 3aec). In contrast to TSþTM, TSþCOMBI

was not associated with increased fibrinolysis compared with

TS.

TSþTM and TSþCOMBI preserved platelet counts

compared with TS (Fig. 4a). Fibrinogen did not differ between

groups (Fig. 4b). The TSþCOMBI group had shorter tail bleeding

time compared with TS (P¼0.007) (Fig. 4c).
Platelet activation and aggregation

TS induced an increase in plateleteleucocyte aggregates

compared with VENT, mostly consisting of plateleteneutrophil
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complexes (Fig. 5a), whereas P-selectin expression on single

platelets was not increased (Fig. 5b). TS also increased platelet

surface glycoprotein (GP) IIb/IIIa expression compared with

VENT.StimulationwithADPincreasedGPIIb/IIIaexpression,but

no differences were observed between groups (Fig. 5b and c).

Anti-HMGB-1 treatment did not affect platelet activation.

Platelet aggregation was neither impaired in TS compared with

VENT, nor did it show improvement in the treatment groups

compared with TS (Fig. 5d).
Inflammation, organ oedema, and lung injury

Plasma interleukin (IL)-6 concentration did not increase in TS

compared with VENT, and plasma IL-1b concentration

remained undetectable (<91.6 pg ml�1; Supplementary

Table S4). TSþCOMBI was associated with lower IL-6

compared with TS. Both soluble intercellular adhesion mole-

cule-1 and soluble P-selectin were lower in TS compared with

VENT, but they did not differ between TS and treatment groups

(Supplementary Table S4). Organ oedema determined by wet/

dry ratios was not different between groups (Supplementary

Table S4). Lung injury was absent in all groups, with only two
animals scoringmild signs of haemorrhage (TS) and interstitial

inflammation (TSþTM) (Supplementary Fig. S3).
Discussion

This trauma and shock model resulted in TIC with prolonged

CFT and decreased clot firmness determined by ROTEM, and

decreased platelet counts and increased platelet activation.

Our study further showed that plasma concentration of

HMGB-1 increased within the first 30 min after injury, which is

in line with clinical data showing elevated HMGB-1 within

hours of traumatic injury.12,25,26 Inhibition of HMGB-1

improved ROTEM characteristics, preserved platelet counts,

and decreased tail bleeding time with some distinct differ-

ences between treatments. Treatment with anti-HMGB-1 mAb

was associated with an improvement in ROTEM A5. However,

increasing the dose decreased clot firmness and increased

mortality, demonstrating the necessity of some localised

HMGB-1 release for normal platelet function.27

rTM preserved platelet counts but did not significantly

improve ROTEM parameters. Reduced platelet counts in

trauma are associated with worse outcomes, although platelet

counts generally do not drop severely.5,28 Additionally, normal
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platelet counts in mice are higher compared with humans. It

therefore remains to be determined whether rTM also pre-

serves platelet counts in human trauma patients. In contrast

to our doseeresponse study, we observed an increase in late

fibrinolysis with the current dose of rTM, which might aggra-

vate bleeding after trauma. However, this increased fibrino-

lysis did not lead to slower clot formation, lower amplitudes,

or prolonged tail bleeding time.

Besides inactivation of HMGB-1 by thrombinethrom

bomodulin complexes, thrombomodulin exerts other func-

tions that could explain the observed platelet-preserving ef-

fects.29 We propose that rTM protects platelets from damage

either by limiting the HMGB-1eplatelet interaction, by inhibit-

ing other DAMPs (e.g. histones and extracellular DNA), or by

reducing thrombin-induced cell damage. Initially, it might be

counter-intuitive to administer rTM early because of its effects

on protein C activation, which has been proposed as a key

mechanism of TIC.30 In vitro data suggest that low-dose rTM

stimulates thrombin-activatable fibrinolysis inhibitor (TAFI)

activation, which could be beneficial in aiding the reduction of

hyperfibrinolysis in early TIC.24,31 An optimised dose of rTM for

traumatic shock should be based onTAFI vsprotein C activation

in future studies. Of note, we used human TM in this model,

which might activate mouse protein C less efficiently than

murine TM.32 However, we performed doseeresponse studies

to determine an adequate dose for our mouse model.

Combining anti-HMGB-1 mAb with rTM appeared the most

efficacious with regard to coagulation, as this therapy not only

improved CFT and a angle, but it also resulted in preserved

platelet counts and reduced tail bleeding time. Combining

treatments, in contrast to rTM alone, did not result in

increased fibrinolysis. Mechanistically, it can be hypothesised

that anti-HMGB-1 neutralises HMGB-1, whereas rTM exerts

more of its other functions, such as neutralisation of histones

and limiting thrombin-induced cell damage, thereby limiting

TIC. Of note, as mortality only occurred in the COMBI group,

survival bias might explain (part of) the benefits on TIC pa-

rameters. Also, a lower pH and Po2 compared with the TS

group was observed in this group. However, we did not find

any signs of lung injury or thrombus formation. Therefore, this

study does not offer a definitive mechanistic explanation, was

potentially too short, and not designed to assess adverse

events of anti-HMGB-1 treatments.

Despite the observed benefits of anti-HMGB-1 treatments,

they did not affect HMGB-1 concentration after 30 min. An

explanation could be that anti-HMGB-1 treatments block the

interaction between platelets and HMGB-1.33 Alternatively, a

single dose of anti-HMGB-1 mAb or rTM might not reduce

circulating HMGB-1 after 30 min as HMGB-1 is released

continuously during shock.

Although platelet GP IIb/IIIa expression and

plateleteleucocyte aggregates were increased after trauma,

anti-HMGB-1 treatment did not affect these activation

markers. It is, however, unknown how the activation of

circulating platelets relates to platelet function (i.e. aggrega-

tion).6 Using an experimental assay for platelet aggregation,

we were not able to detect impaired aggregation after trauma,

and therefore, no improvements in platelet aggregation with

anti-HMGB-1 treatments were observed. Because of low sam-

ple volume, we were also unable to evaluate platelet adhesion,

which is known to be impaired after trauma.9 As fibrinogen

concentrations were comparable, the improvements in

ROTEM characteristics with anti-HMGB-1 are likely because of

improved platelet function.
One of the strengths of our model is the short duration, in

which it mostly resembles pre-hospital conditions before in-

hospital resuscitation. Besides the hypocoagulable state, we

showed increased plateleteleucocyte aggregates, low

expression of P-selectin on the surface of single platelets, and

low circulating soluble P-selectin after trauma and shock.

Previous literature in humans has shown increased P-selec-

tin on platelets after traumatic injury and a higher concen-

tration of soluble P-selectin in trauma patients compared

with healthy volunteers.5,34 This discrepancy might be time-

related, as these coagulation assays are usually performed at

later time points. We hypothesise that early on after trauma,

cell-bound P-selectin is used in the formation of

plateleteleucocyte aggregates. Over time, P-selectin-positive

platelets detach from leucocytes, and P-selectin may be

degraded.35

Given the short duration of our model, we did not evaluate

microthrombus formation or the effects of anti-HMGB-1

treatments on late organ dysfunction. TIC characteristics

change over time towards a more hypercoagulable state that

could require time-dependent dosing of anti-HMGB-1 mAB

and rTM.36,37 Efficacy and safety in this regard remain to be

determined in longer-duration trauma models.

This study has several limitations. First, experiments were

performed in male mice, so differences in outcomes between

sexes will require further study. Our model consisted of ho-

mogeneous tissue injury and controlled blood withdrawal to

induce shock, which differs from the diverse tissue injuries

and uncontrolled active bleeding in humans. Furthermore,

anaesthesia dampens sympathetic activation, which is likely

more pronounced in human trauma patients. We chose to

solely evaluate the effect of anti-HMGB-1 treatments, which

differs from clinical practice where resuscitation is regularly

started within 30 min. The effects of anti-HMGB-1 strategies

shown here could therefore be different in combination with

standard resuscitation strategies.

In conclusion, HMGB-1 increases early after trauma and

shock. Inhibition of HMGB-1 improves clot formation and clot

strength within this model. Future studies should focus on the

effects of anti-HMGB-1 treatment in longer-duration trauma

models to address safety and interactions with current

resuscitation strategies.
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