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Thrombosis and inflammation are intricately linked in several major clinical disorders, including disseminated intravascular
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Introduction

Untoward thrombus formation is associated with multiple major
clinical disorders and is a leading cause of death and disability
worldwide (1). Excessive platelet activation and aggregation at
sites of disrupted vascular integrity typically induce thrombosis,
which may result in acute vessel occlusion and ischemic events
(1, 2). Thrombus formation is inseparably linked with inflamma-
tion, and recent emphasis on the role of platelets as sentinel innate
immune cells demonstrates that platelets provide a unique link
between coagulation and immune responses (3-6).

High-mobility group box 1 (HMGB1), a highly conserved,
nonhistone, architectural DNA-binding nuclear protein, acts as
a damage-associated molecular pattern (DAMP) molecule when
released by dying cells or actively secreted by stressed cells, ini-
tiating inflammation (7-10). Although lacking a nucleus, platelets
express HMGBI, and, following platelet activation, HMGBI is
both exported to the cell surface as well as released into the extra-
cellular space (11-13). Serum/plasma levels of HMGBI are upreg-
ulated in multiple inflammatory disease states associated with
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coagulation and acute ischemic events. The damage-associated molecular pattern molecule high-mobility group box 1
(HMGB) is upregulated by activated platelets in multiple inflammatory diseases; however, the contribution of platelet-
derived HMGB1 in thrombosis remains unexplored. Here, we generated transgenic mice with platelet-specific ablation of
HMGB1 and determined that platelet-derived HMGBA1 is a critical mediator of thrombosis. Mice lacking HMGB1 in platelets
exhibited increased bleeding times as well as reduced thrombus formation, platelet aggregation, inflammation, and organ
damage during experimental trauma/hemorrhagic shock. Platelets were the major source of HMGB1 within thrombi. In trauma
patients, HMGB?1 expression on the surface of circulating platelets was markedly upregulated. Moreover, evaluation of isolated
platelets revealed that HMGBA1 is critical for regulating platelet activation, granule secretion, adhesion, and spreading. These
effects were mediated via TLR4- and MyD88-dependent recruitment of platelet guanylyl cyclase (GC) toward the plasma
membrane, followed by MyD88/GC complex formation and activation of the cGMP-dependent protein kinase | (cGKI). Thus,
we establish platelet-derived HMGB1 as an important mediator of thrombosis and identify a HMGB1-driven link between
MyD88 and GC/cGKI in platelets. Additionally, these findings suggest a potential therapeutic target for patients sustaining
trauma and other inflammatory disorders associated with abnormal coagulation.

abnormal coagulation, including myocardial infarction (14, 15),
stroke (14), sepsis (16), disseminated intravascular coagulation
(DIC) (17), trauma (18, 19), and hemorrhagic shock (20). More-
over, the diverse biological functions of extracellular HMGB1 bear
striking similarities to those assigned to activated platelets, includ-
ing microvascular endothelial inflammation (8), stimulation of
neutrophil extracellular trap (NET) formation (21, 22), leukocyte
recruitment (19), and microvascular thrombosis (23), indicating
that platelet-derived HMGBI links inflammation and thrombosis.

HMGBI signals through agonist receptors such as the receptor
for advanced glycation end products (RAGE) as well as other pat-
tern recognition receptors, including TLR2, TLR4, and TLR9 (24,
25). Platelets express the agonist receptors (26, 27), suggesting a
potential role for HMGBI signaling through these molecules. Par-
ticular importance is ascribed to expression of TLR4 on platelets,
which mediates LPS-induced platelet aggregation and thrombus
formation (28, 29). We have recently demonstrated that platelet
TLR4 is an essential mediator of platelet activation and aggrega-
tion in the setting of hemorrhagic shock (30). Platelet TLR4 can
signal via the cGMP-dependent protein kinase I (cGKI) pathway
in platelets (29), which may initiate platelet activation and aggre-
gation (31, 32). However, the potential role of platelet-derived
HMGBI in cGKI-driven effects in platelets, which possibly controls
the link between thrombosis and inflammation, remains unknown.



The Journal of Clinical Investigation

Using a transgenic mouse model that we believe to be novel
with ablation of HMGBL1 in platelets, we provide evidence that plate-
lets are the major source of HMGB1 within thrombi and identify
platelet-derived HMGBI as a critical mediator for injury-induced
thrombosis in vivo. HMGBI exerts its effects via platelet TLR4,
myeloid differentiation factor 88-dependent (MyD88-dependent)
recruitment of guanylyl cyclase (GC) toward the platelet plasma
membrane, and formation of a hitherto unrecognized complex
between MyD88 and GC followed by activation of cGKI in plate-
lets. We further uncover a critical role of platelet-derived HMGB1 in
trauma and hemorrhagic shock, in a setting in which inflammation
and microvascular thrombosis are intricately linked (33, 34).

Results

Platelet-derived HMGBI mediates platelet aggregation and throm-
bosis. We used a Cre/loxP system to create transgenic mice with
ablation of HMGBL in platelets (Pf4-Cre Hmgbl"# mice, termed
Hmgbl Pf4 mice) and investigated the role of platelet-derived
HMGBI in hemostasis. The desired phenotype was obtained by
crossing floxed Hmgbl mice (Hmgb"# mice, termed Hmgbl Flox
mice) (35) with platelet factor 4-Cre (Pf4-Cre) transgenic mice (36).
Platelet-specific Hmgbl knockout was confirmed by immunofluo-
rescence staining (Supplemental Figure 1A; supplemental material
available online with this article; doi:10.1172/JCI81660DS1) and
Western blot analysis of isolated platelets (Supplemental Figure
1B). In tail vein bleeding time experiments, bleeding of Hmgbl Pf4
mice was significantly prolonged as compared with that of Hmgbl
Flox control mice (200.6 £39.8 s vs.106.1 +34.5s, P < 0.001) (Fig-
ure 1A). However, prothrombin time (PT) (Figure 1B), activated
partial thromboplastin time (aPTT) (Figure 1C), and thrombin
time (TT) (Figure 1D) were not significantly altered in Hmgbl Pf4
mice as compared with those in control animals. Moreover, blood
platelet counts of Hmgbl Pf4 mice were comparable with those of
Hmgbl Flox control mice (data not shown).

To further evaluate the effect of platelet-specific HMGB1
deficiency on platelet function, we studied platelet aggregation
in whole blood obtained from these mice. Aggregation of plate-
lets was significantly decreased in Hmgbl Pf4 mice as compared
with that in Hmgbl Flox mice (AUC, 38.4 * 5.5 vs. 52.6 * 5.2,
P < 0.01) (Figure 1, E and F). We next investigated the role of
platelet-derived HMGBI in thrombosis using a flow chamber sys-
tem. Perfusion of blood derived from Hmgbl Flox control mice
over a collagen-coated surface with high shear rates (1,700 s™)
was followed by moderate formation of stable thrombi, which
was significantly decreased when blood derived from Hmgbl Pf4
mice was used (thrombus area, 49.79% *7.3% vs. 29.86% * 6.4 %,
P < 0.05) (Figure 1G). Preincubation of blood with recombinant
HMGB1 (rHMGB1) for 30 minutes was sufficient to significantly
reverse these effects and induce thrombus formation in Hmgbl Pf4
mice (P < 0.001), although to a lesser degree than in Hmgbl Flox
mice (P < 0.001). Because these observations were very sugges-
tive, we studied the role of platelet-derived HMGBI1 in an in vivo
model of thrombosis. In ferric chloride-induced (FeClg-induced)
thrombosis, blood flow in the mesenteric artery, imaged by laser
Doppler velocimetry to assess thrombus formation, was signifi-
cantly increased in Hmgbl Pf4 mice 8 to 18 minutes following
induction of injury as compared with that in Hmgbl Flox control
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mice (P < 0.05) (Figure 1H). Moreover, the time from vessel injury
to formation of stable occlusive thrombus (time to occlusion) was
significantly elevated in mice with platelet-specific Hmgbl knock-
out (Hmgbl Pf4 mice) as compared with that in control mice (13.25
*3.3minvs. 18.7 £ 1.0 min, P < 0.05) (Figure 1, I and ]). Isolated
FeCl,-induced clots were further subjected to immunofluores-
cence staining (Figure 1, K and L) and Western blot analysis (Fig-
ure 1M). CD41-positive platelet aggregates in thrombi derived
from Flox control mice were substantially decreased in Hmgbl Pf4
mice (Figure 1K). HMGBI1, which was adjacent to platelet aggre-
gates in Flox control mice, was not detected in the platelet-specific
knockout animals. Next, we investigated the role of platelet-de-
rived HMGBI in recruitment of Ly6G-positive immune cells and
formation of citrullinated histone H3-positive (citH3-positive)
NETs (21) in thrombi. Thrombi harvested from control animals
demonstrated a substantial accumulation of NETs and Ly6G-pos-
itive cell infiltrates, which was markedly reduced in Hmgbl Pf4
mice (Figure 1L). Western blot analysis revealed a substantial loss
of HMGBI1 abundance in the clots taken from Hmgbl Pf4 mice,
indicating that platelets are the major source of HMGBI1 within
thrombi (Figure 1M).

We and others have previously shown that platelets store
and, upon activation, express HMGB1 on their surfaces (12) and
release it in significant amounts into the extracellular space (13).
To test HMGBI1 expression during thrombus formation, we per-
fused blood, which was previously stained with a labeled anti-
HMGBI antibody, through a flow chamber and performed live
imaging of the forming thrombi in vitro. Marked HMGB1 expres-
sion was detected during a 100-second investigation period
(Supplemental Figure 2).

Platelet-derived HMGBI promotes platelet aggregation and
small vessel thrombosis in the lung and liver and increases inflam-
mation during trauma and hemorrhagic shock. Having detected
platelet-derived HMGBL1 as a critical factor for platelet aggrega-
tion and platelet-dependent thrombus formation, we investigated
platelet HMGBI and its effects during trauma and hemorrhagic
shock. In trauma patients, expression of HMGB1 on the surface of
circulating platelets (CD42b*HMGB1*) was markedly, but not sig-
nificantly, elevated on the same day of the event (day 1) (P = 0.13)
and significantly elevated 1 day (day 2) (P < 0.05) and 2 days (day
3) (P < 0.01) following the event, as compared with that in healthy
subjects and evaluated by flow cytometry (Figure 2A), likely due
to translocation of HMGBI to the platelet surface. Significant
(P<0.004) differences within the 4 subgroups were detected. In an
experimental trauma/hemorrhagic shock model, consisting of soft
tissue injury, bone pseudofracture, hemorrhage, and liver crush,
aggregation of circulating platelets was significantly (P < 0.001)
increased in whole blood obtained from Hingbl Flox control mice
30 minutes after induction of trauma (Figure 2B). This “aggrega-
tion peak” was not detected in Hmgbl Pf4 mice, indicating a plate-
let HMGB1-dependent effect. Histological examination of livers
and lungs revealed substantial small vessel thrombus formation
and vascular congestion in Hmgbl Flox control mice after induc-
tion of trauma/hemorrhagic shock (Figure 2C, arrows). In Hmgb1l
Pf4 mice, we detected no or only very little small vessel thrombi.
Moreover, immunofluorescence staining of liver and lung tissue
sections, using CD41 as a platelet marker, showed substantial accu-
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Figure 1. Platelet-derived HMGB1 promotes platelet aggregation and thrombus formation. (A) Hmgb1 Pf4 mice have prolonged bleeding time com-
pared with Hmgb1 Flox control mice. (B) PT, (C) aPTT, and (D) TT are not altered in Hmgb1 Pf4 mice as compared with control mice. (E and F) Reduction
in collagen-induced platelet aggregation in Hmgb1 Pf4 mice. (G) Blood derived from Hmgb1 Pf4 mice is less thrombogenic in a flow chamber system.
Exogenous HMGBT1 increases thrombus formation in blood from both Hmgb1 Pf4 and Hmgb1 Flox mice. (H-J) FeCl,-induced thrombus formation is
inhibited in Hmgb1 Pf4 mice, with (H) improved blood flow and (1) prolonged time to vessel occlusion (as measured by laser Doppler imaging, quan-
tified in J). (K) Immunofiuorescence staining of thrombi from Hmgb1 Flox control mice demonstrates large clusters of CD41-positive platelets and
surrounding deposition of HMGB1 overlying a fibrinogen network. Thrombi from Hmgb1 Pf4 animals show smaller clusters without HMGB1 expression.
Scale bar: 100 um (top row), 40 pm (bottom row). (L) Ly6G-positive immune cell infiltrates and citH3-positive NETs detected in FeCl,-induced thrombi
from Hmgb1 Flox mice but not Hmgb1 Pf4 mice. Scale bar: 100 um (top row), 40 pm (bottom row). (M) Western blot of clots isolated from Hmgb1 Pf4
mice reveals almost no expression of HMGB1 as compared with control. Data show mean + SD from at least 3 separate experiments and (B-D) n = 3,
(G,H,and})n=4, (F)n=5, and (A) n = 12 mice per group. (E, I, and K-M) Representative images from at least 4 mice per group. *P < 0.05, **P < 0.01,
***p < 0.001 (Student’s t test in A-D, F, H, and J; 1-way ANOVA with Tukey's post-hoc test in G).

mulation and aggregation of platelets in Hmgbl Flox control mice
after trauma/hemorrhagic shock (Figure 2D). Platelet aggregates
were significantly decreased in Hmgbl Pf4 mice.

Next, we investigated the contribution of platelet-derived
HMGBI1 to inflammation during trauma/hemorrhagic shock.
Figure 2E shows representative immunofluorescence images of
lung tissue sections from mice subjected to trauma/hemorrhagic
shock stained with specific antibodies for citH3 and Ly6G, indi-
cating NET formation and immune cell infiltrates. Immune cells
as well as NETs, which were detected in control mice, were sig-
nificantly attenuated in Hmgbl Pf4 mice. To further substantiate
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a critical role of platelet-derived HMGB1 in inflammation during
trauma and hemorrhagic shock, we determined serum levels of
circulating cytokines in Hmgbl Flox and Hmgbl Pf4 mice after
trauma/hemorrhagic shock (Supplemental Figure 3). A significant
reduction in the expression of TNF-q, IL-6, monocyte chemoat-
tractant protein-1 (MCP-1), and resistin was detected in Hmgbl
Pf4 mice. Measurement of serum transaminase levels (aspartate
aminotransferase and alanine aminotransferase) during experi-
mental trauma/hemorrhagic shock revealed significantly reduced
hepatocellular injury in Hmgbl Pf4 mice as compared with that in
Flox control mice (Supplemental Figure 4).
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Figure 2. Platelet-derived HMGBA1 is critical for platelet aggregation, small vessel thrombosis, NET formation, and recruitment of innate immune
cells during trauma/hemorrhagic shock. (A) Expression of HMGB1 on the surface of circulating platelets is increased in trauma patients as compared
with healthy subjects. (B) Systemic aggregation of circulating platelets is upregulated in Hmgb1 Flox mice 30 minutes after induction of experimental
trauma/hemorrhagic shock as compared with Hmgb1 Pf4 mice. (€) Small vessel thrombi (H&E staining) and (D) CD41-positive platelet aggregates
(immunofluorescence staining and quantification of platelets) are detected in lungs and livers of Hmgb1 Flox mice but not in or only very little in
Hmgb1 Pf4 mice after trauma/hemorrhagic shock. Arrows indicate small vessel thrombus formation and vascular congestion. Scale bar: 200 pum (C,
top row), 100 um (C, bottom row, and D, top rows), 50 um (D, bottom rows). (E) CitH3-positive NETs and Ly6G-positive immune cell infiltrates are
decreased in lungs of Hmgb1 Pf4 animals subjected to trauma/hemorrhagic shock compared with Hmgb1 Flox mice subjected to trauma/hemorrhagic
shock (immunofluorescence staining and quantification). Scale bar: 10 um. Data show mean + SD for (A) n = 4 patients or (B-E) n = 4 mice per group
from at least 3 separate experiments in all studies. *P < 0.05, **P < 0.01, ***P < 0.001 (Student’s t test in B, D, and E; 1-way ANOVA with Tukey's
post-hoc test in A).
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Figure 3. HMGB1 enhances platelet adhesion and spreading. (A) The addition of rHMGB1 to isolated human platelets spreading on collagen or VWF
increases final platelet surface area (after 30 minutes), as investigated with SICM at single-cell level. Scale bar: 2 um. (B) HMGB1 increases the speed of
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for (A) n > 27 or (B) n > 6 from at least 3 separate experiments in all studies. **P < 0.01, ***P < 0.001 (Student’s t test).

HMGBI enhances platelet adhesion and spreading. Having
identified platelet HMGBI as a critical factor for injury-induced
platelet aggregation, thrombosis, and inflammation, we next
investigated at the single-cell level the potential contribution of
HMGBI to platelet adhesion and spreading on collagen or vWF
using scanning ion conductance microscopy (SICM). Treat-
ment with rHMGBI significantly increased the final surface area
of spread platelets on both collagen and vWF at defined end-
points (Figure 3A). Moreover, rHMGBI treatments significantly
increased the speed of platelet spreading on both collagen and
vWF, as quantified by area growth exponents (Figure 3B).

HMGBI-dependent thrombosis and platelet aggregation is mediated
via TLR4/MyD88. To further study the in vivo effect of HMGB1 on
thrombus formation, we used the FeCl, model, with tail vein injec-

jci.org  Volume125  Number12  December 2015

tion of either rtHMGB1 (1 pg/g body weight) or PBS control prior to
induction of thrombosis (Figure 4A). Injection of rHMGBI1 resulted
in significantly decreased time to occlusion as compared with injec-
tion of PBS control, confirming an HMGBI1-induced prothrombotic
effect. To test the in vivo effect of HMGBI on platelet aggregation,
we performed immunofluorescence staining of platelets (CD41) in
liver and lung tissue sections after injection of rHMGB1 or PBS con-
trol into mice (Figure 4B). Significantly increased platelet seques-
tration in lungs and livers of the rHMGBI-injected animals was
observed (Figure 4C). However, PT, aPTT, and TT were not signifi-
cantly altered in rHMGBI-injected animals as compared with those
in PBS controls (PT: PBS, 13.7 + 4 s, HMGB1, 11.4 + 0.6 s, P = 0.37;
aPTT: PBS, 15.2 +5.3 s, HMGB1,17.3+ 725, P= 0.71; TT: PBS, 172 +
27.7 s, HMGBI1, 168.5 + 36.6 s, P = 0.88; n > 3), which was in accor-
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Figure 5. HMGB1 induces TLR4/MyD88-dependent cGKI activation in platelets, promoting thrombus formation and platelet aggregation. (A)
Incubation of WT platelets with rHMGB?1 (H) induces activation of cGKI in platelets, as validated by Western blot analysis of VASP phosphorylation
(P-VASP). LPS and 8-Br-cGMP were used as positive controls. HMGB1 fails to upregulate VASP phosphorylation in (B) T/r4”- and (C) Myd88~/- platelets.
(D) The HMGB1-induced prothrombotic effect is reversed in CGKI- blood. Scale bar: 70 um. (E) The HMGB1-induced proaggregatory effect is reversed in
CGKI- platelets. (F) HMGB1-mediated thrombus formation is inhibited in the presence of the cGKl inhibitor DT-2 (tail vein injections in FeCl, model), as
quantified by time to vessel occlusion. Data show mean + SD of the results from at least 3 separate experiments and n > 3 mice per group. *P < 0.05,
**P < 0.01, ***P < 0.001 (Student’s t test in E and F; 1-way ANOVA with Tukey's post-hoc test in D).

dance with the coagulation tests in Hmgbl Pf4 and Hmgbl Flox mice
described above.

Next, we analyzed the molecular mechanism underlying
HMGBI-mediated thrombosis and platelet aggregation. In a FeCl,
model, we injected either rHMGBI or PBS prior to induction of or
PBS prior to induction of thrombosis in transgenic mice with abla-
tion of TLR4 in platelets (Pf4-Cre Tlr4"! mice, termed Tlr4 Pf4
mice) (Figure 4D). As compared with that after PBS injection, treat-
ment of Tlr4 Flox control mice with HMGBI resulted in a signifi-
cantly decreased time to occlusion, which did not occur in Tlr4 Pf4
mice. Thus, the HMGBI-induced prothrombotic effect was medi-
ated via platelet TLR4. Next, we performed flow chamber exper-
iments with WT mouse blood, which was either untreated or pre-
incubated with rHMGB1 for 30 minutes (Figure 4E). As compared
with that in untreated blood, HMGBI treatment resulted in a sig-
nificant increase in thrombus formation. However, in mice lacking
TLR4 (Tlr47" mice) or MyD88 (Myd88”~ mice), the prothrombotic
effect was significantly reversed (Tlr47", 30.9% * 7.7% inhibition,
P < 0.01; Myd887-, 40.7% * 8.2 % inhibition, P < 0.001). We also
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studied the influence of HMGB1/TLR4/MyD88 on platelet aggre-
gation (Figure 4F). Following activation of platelets with collagen-
related peptide (CRP), aggregation of WT platelets was significantly
higher when rHMGBI1 was added. However, HMGB1-mediated
aggregation was almost completely abolished when repeated with
Tir47- or Myd88~-platelets. Furthermore, collagen-induced platelet
aggregation in the presence of HMGBI was significantly inhibited
only in Tlr47- platelets but not in Tlr27- or Rage”" platelets, confirm-
ing that extracellular HMGBI1 promotes platelet aggregation pri-
marily via TLR4 (Supplemental Figure 5). We also sought to define
the contribution of MAPK/ERK to HMGBI-dependent platelet
aggregation. In the presence of rHMGBI, the addition of U0126, a
specific MEK/ERK inhibitor, significantly reduced agonist-induced
platelet aggregation (Supplemental Figure 6A). Western blot analy-
ses performed on platelet lysates from WT mice revealed that pre-
treatments with rHMGB1 induced phosphorylation of ERK in plate-
lets, which was reversed in the presence of U0126 (Supplemental
Figure 6B). In Tir47" platelets, however, HMGBI failed to induce
ERK phosphorylation (Supplemental Figure 6C).
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Figure 6. HMGB1 enhances agonist-induced platelet activation and granule secretion via TLR4/MyD88/cGKI. Incubation of CRP-activated platelets (0.5-2.0
ug/ml) with (A) rHMGB?1 or (B) LPS enhances the expression of CD62P on the platelet surface, as evaluated by flow cytometry. (C and D) HMGB1-induced
enhanced expression of CD62P on CRP-activated WT platelets does not occur on TIr47/-, Myd88~/-, or CGKI~ platelets. (E) Collagen-induced CD62P expres-
sion on the surface of HMGB1-deficient platelets is reduced, as compared with Flox control platelets. The addition of rHMGB1 enhances CD62P expression

on platelets derived both from Hmgb1 Pf4 mice and Flox control mice, with stronger effects in the latter. (F and G) Incubation of CRP-activated WT platelets
with rHMGB1 enhances ATP release, which does not occur in Tlr47-, Myd88~/-, or CGKI”~ platelets. Data show mean + SD of the results from at least 3 separate
experiments and n > 4 mice per group. *P < 0.05, **P < 0.01, ***P < 0.001 (Student’s t test in A and B; 1-way ANOVA with Tukey’s post-hoc test in C-G).

HMGBI induces TLR4/MyD88-dependent cGKI activation in
platelets, which is required for HMGBI-mediated thrombosis and
platelet aggregation. The cGMP-dependent protein kinase path-
way promotes LPS/TLR4/MyD88-mediated platelet aggrega-
tion (29) and activates the ERK1/2 pathway in platelets (37).
To assess whether HMGBI activates cGKI in platelets, we next
investigated phosphorylation of the vasodilator-stimulated
phosphoprotein (VASP), which allows monitoring of cGKI activ-
ity (38), in platelets derived from WT mice in the presence or
absence of rHMGBI or LPS by Western blot. The addition of
rHMGBI as well as LPS markedly upregulated VASP phospho-
rylation when compared with negative (untreated) controls

(Figure 5A). The cGMP analog 8-bromo-guanosine 3',5'-cyclic
monophosphate (8-Br-cGMP) served as a positive control due to
its cGKI-activating effects and induced strong phosphorylation
of VASP in platelets. However, in platelets derived from Tlr47-
mice (Figure 5B) or Myd887 mice (Figure 5C), HMGBI failed to
induce VASP phosphorylation, indicating that HMGBI induces
cGKI activation in platelets via TLR4/MyD88.

We have previously reported that activated platelets release
significant amounts of HMGBI into conditioned media (13). To
validate that HMGBI released by activated platelets induces
activation of cGKI in platelets via TLR4, we incubated isolated
WT or Tir47- platelets with supernatants from unactivated
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Figure 7. HMGB1 induces MyD88-dependent recruitment of GC to the platelet plasma membrane, MyD88/GC complex formation, and cGMP production
in platelets. Detection of intracellular (A) MyD88 and (A and B) GC in isolated (A) human and (B) murine (WT, Myd88~-) platelets by immunofluorescence
staining and confocal laser scanning microscopy. (A) Treatment of human platelets with HMGB1 or LPS induces translocation of MyD88 and GC toward the
plasma membrane in platelets, whereas untreated and DEA/NO-treated platelets show a uniform intracellular distribution of MyD88 and GC. Scale bar:

5 um (top 3 rows), 1 um (bottom row). (B) HMGB?1 also induces translocation of GC toward the plasma membrane in murine WT platelets, which does not
occur in Myd88~/- platelets. Scale bar: 5 um (top row), 1 um (bottom row). (C-F) Coimmunoprecipitation studies reveal HMGB1-dependent complex for-
mation of MyD88 and GC in murine platelets. (G) HMGB1 treatment induces cGMP production in WT platelets, which does not occur in Myd88~/- platelets.
Data show mean + SD of the results from at least 3 separate experiments and n = 3 mice per group.

(resting) or CRP-activated WT platelets (conditioned plate-
let media) (Supplemental Figure 7). Conditioned media from
activated but not resting platelets induced phosphorylation of
VASP in WT platelets, which was markedly reversed when acti-
vated platelets were treated with the specific HMGBI inhibitor
glycyrrhizin prior to generation of conditioned media (Sup-
plemental Figure 7A). However, conditioned media failed to
induce VASP phosphorylation in Tlr47" platelets (Supplemental
Figure 7B), indicating that HMGBI released by activated plate-
lets induces cGKI activation in platelets via TLR4.
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The potential contribution of cGKIto HMGB1-mediated plate-
let aggregation and thrombus formation was studied using cGKI
knockout platelets (CGKI”~ platelets). In flow chamber experi-
ments, incubation of ¢GKI-deficient blood with rHMGB1 was
followed by a significantly reduced prothrombotic effect as com-
pared with that after treatment of control mice (26.4% * 14.2%
inhibition, P < 0.01) (Figure 5D). Moreover, rHMGBI1 signifi-
cantly enhanced platelet aggregation in control mice, which was
almost completely abolished in CGKI”" platelets (Figure 5E). To
confirm this observation in vivo, we injected mice with rHMGBI1
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in the presence or absence of DT-2, a ¢cGKI inhibitor (39), prior to
induction of thrombosis using a FeCl, model (Figure 4F). HMGB1
led to a reduced time to vessel occlusion, which was significantly
reversed in the presence of DT-2.

HMGBI enhances agonist-induced platelet activation and gran-
ule secretion via TLR4/MyD88/cGKI. We investigated the poten-
tial role of the HMGB1/TLR4/MyD88/cGKI pathway in two addi-
tional key platelet functions, i.e., platelet activation and dense
granule release, which were monitored by surface expression of
P selectin (CD62P) and release of ATP, respectively. CRP dose-
dependently induced expression of CD62P on WT platelets, which
was significantly enhanced in the presence of both rHMGBI (Fig-
ure 6A) and LPS (Figure 6B) at low concentrations of the platelet
agonist. At higher CRP concentrations, however, HMGBI, but not
LPS, still exerted significant effects. HMGB1-mediated upreg-
ulation of CD62P expression on activated WT platelets did not
occur when Tir4”~ or Myd887- platelets were used (Figure 6C).
Similarly, a significant HMGB1-mediated increase of CD62P
expression on activated cGKI control platelets was not observed
on CGKI”~ platelets (Figure 6D). Next, we investigated the effect
of platelet-specific HMGBI ablation on platelet activation. Dele-
tion of HMGBI from platelets resulted in a significantly reduced
collagen-induced CD62P expression (Figure 6E), suggesting
a critical role for intracellular HMGBI in addition to the effects
mediated by rHMGBI1. Moreover, treatment of activated HMG-
Bl-deficient platelets with rHMGBI1 significantly reversed the
knockout-induced effect, although the overall effect was blunted
when compared with that in HmgbI Flox platelets. Importantly,
baseline expression of CD62P prior to agonist stimulation was
affected in neither Hmgbl Flox platelets nor Hmgbl Pf4 platelets
by rHMGBI. Similar results were obtained with ADP-activated
platelets (data not shown).

Next, platelet ATP release was quantified as a marker of dense
granule secretion, with similar results to CD62P expression.
Treatment of CRP-activated WT platelets with rHMGBI resulted
in significantly enhanced ATP release, which did not occur when
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Figure 8. Schematic overview of the molecular mechanism
underlying HMGB1-driven effects in platelets. Platelet-derived
HMGB1 promotes platelet activation, aggregation, and throm-
bus formation via TLR4- and MyD88-dependent recruitment of
GC toward the platelet plasma membrane, followed by
MyD88/GC complex formation, GC activation, and cGMP-
dependent activation of cGKI in platelets. sGC, soluble GC.

Tir47~ or Myd88~- platelets were used (Figure 6F).
Moreover, HMGBI failed to increase ATP release from
activated CGKI”" platelets, whereas release from c¢GKI
control platelets was markedly but not significantly
enhanced (Figure 6G).

HMGBI induces MyD88-dependent recruitment
of GC to the platelet plasma membrane, followed by
MyD88/GC complex formation and increased cGMP
production in platelets. Having identified a critical role
for HMGB1/TLR4/MyD88-mediated c¢GKI activa-
tion in platelet activation, granule release, aggrega-
tion, and thrombus formation, we next investigated
whether HMGBI-induced activation of cGKI in
platelets is dependent on the second messenger cGMP. The pres-
ence of GC, a critical enzyme of the NO signaling pathway that
produces cGMP, and a possible interaction of GC with MyD88
in platelets were studied. Figure 7A shows representative immu-
nofluorescence confocal laser scanning microscopy images of
permeabilized human platelets double stained with GC-specific
and MyD88-specific antibodies. Both GC and MyD88 were pres-
ent in the cytosol of resting as well as diethylamine NONOate-
treated (DEA/NO-treated) platelets, whereas GC and MyD88
translocated toward the plasma membrane upon stimulation with
rHMGB1 or LPS. HMGB1-induced translocation of GC toward the
plasma membrane, which also occurred in WT platelets, was not
observed in Myd88”/~ platelets, indicating a MyD88-dependent
phenomenon (Figure 7B). To further analyze possible HMGB1-
induced MyD88/GC interactions in platelets, platelet lysates were
immunoprecipitated with anti-MyD88 (Figure 7, C and F) or anti-
GC antibody (Figure 7, D and E) and subjected to Western blot
analysis for MyD88 (Figure 7, E and F) or GC (Figure 7, C and D).
Platelet preincubation with rHMGBI1 dose dependently induced
coprecipitation of MyD88 with GC (Figure 7C) under conditions
with approximately equal expression of GC (Figure 7D). Further-
more, DEA/NO did not promote MyD88/GC complex formation,
whereas LPS did (Figure 7C). The reciprocal immunoprecipita-
tion was also performed with comparable results (Figure 7, E and
F). Thus, we detected HMGB1-induced formation of a complex
between MyD88 and GC in platelets.

To determine whether this MyD88/GC complex formation
is followed by activation of GC, murine platelets were incubated
with graded doses of rHMGBI1 or LPS, and intracellular levels of
c¢GMP were monitored by an enzyme-linked immunoassay (Fig-
ure 7G). HMGBI1 and LPS markedly increased cGMP levels in
WT platelets, a finding which did not occur in Myd887~ platelets,
proposing a MyD88-dependent phenomenon. DEA/NO served
as a positive control and increased cGMP levels in a MyD88-
independent fashion. A schematic overview of the identified
HMGBI1-driven pathway in platelets is presented in Figure 8.
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Discussion

HMGBI is an endogenous DAMP molecule (40) critical in the
pathogenesis of disorders associated with abnormal coagulation,
including trauma, hemorrhagic shock, and sepsis (16, 18-20, 23).
A procoagulant role of HMGBI in a thrombin-induced DIC rat
model has been reported (23), and in patients with DIC, blood lev-
els of HMGBI correlated with platelet activation markers (41) and
sepsis-related organ failure (17). Binding of rHMGBI to activated
platelets via RAGE and expression of HMGBI in human coronary
artery thrombi has recently been shown (42). Platelets store and,
upon activation, express on the cell surface and release HMGB1in
significant amounts (11-13). However, the role of platelet-derived
HMGBI in thrombus formation and other platelet-dependent
effects previously remained unexplored. Unexpectedly, we now
establish platelets as the major source of HMGB1 within thrombi
and identify platelet-specific HMGB1 as a mediator for throm-
bosis. Platelet activation, granule release, aggregation, intravas-
cular thrombus formation, innate immune responses, and organ
injury induced by trauma and hemorrhagic shock were critically
regulated by platelet-derived HMGB1. Moreover, bleeding times
were significantly prolonged in Hmgbl Pf4 mice, despite showing
no significant changes in standard coagulation tests such as PT
and aPTT, indicating differential effects of platelet HMGB1 on
primary hemostasis and the coagulation cascade. HMGBI exerted
the effects via TLR4- and MyD88-dependent recruitment of GC
toward the platelet plasma membrane, followed by formation of a
downstream complex between MyD88 and GC, activation of GC,
and cGMP-dependent activation of cGKI in platelets.

A diverse collection of cytokines, chemokines, and DAMPs,
such as cyclophilin A (43, 44), mitochondria (45), macrophage
migration inhibitory factor (46), and HMGB1 (13), have been
detected in platelets, and their release by platelets potentially
links thrombosis with inflammation. Moreover, excessive platelet
activation, e.g., during acute coronary or other thrombotic events,
may result in formation of circulating monocyte-platelet aggre-
gates, which constitutes a critical step in linking thrombosis with
inflammation (47). Trauma is typically characterized by coagu-
lation abnormalities, with significant risks of both microvascular
and macrovascular thrombosis (30, 48), as well as early systemic
elevation of HMGBI1 and excessive innate immune activation
(18, 49), which contributes to the so-called “systemic inflamma-
tory response syndrome” and organ injury (18). The presence of
HMGBI in platelets was critical to inflammation during exper-
imental trauma and hemorrhagic shock, as evidenced by the
reduction of circulating proinflammatory cytokines as well as
reduced Ly6G-positive immune cell infiltrates and NET forma-
tion in Hmgbl Pf4 mice. Platelets are capable of inducing NETSs, a
finding that has been elegantly shown in a mouse model of trans-
fusion-related acute lung injury (50). NETs promote thrombosis
(51), and a critical role of HMGB1 in NET formation, mediated by
RAGE (22) or TLR4/9 (21), has been reported. Further studies are
necessary to obtain a better understanding of NETs induced by
platelet-derived HMGBI in injured tissues and organs.

Aggregation of circulating platelets was substantially
increased 30 minutes after induction of trauma, possibly due to
an early injury-induced platelet response, which did not occur
in mice with HMGBI1-deficient platelets. The underlying mech-
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anism mediating this platelet HMGBI-dependent “aggregation
peak” at this specific time point is unclear, although it may rep-
resent the point of maximal HMGBI expression and/or release
by circulating platelets in mice subjected to trauma/hemorrhagic
shock. Platelet-specific HMGBI1 ablation was also followed by
markedly reduced intravascular thrombosis and platelet seques-
tration within the lung and liver and hepatocellular injury during
trauma/hemorrhagic shock. Further studies need to investigate
whether these protective effects are due to an overall reduced
inflammatory response or principally derived from an attenuated
specific platelet response. In other transgenic mouse models, spe-
cific ablation of HMGBI1 in hepatocytes (52) and myeloid cells (53)
resulted in increased hepatocellular injury after ischemia/reper-
fusion and massive macrophage cell death after endotoxemia,
respectively, suggesting a protective role for HMGBI in these
settings. Furthermore, we have recently demonstrated enhanced
pancreatitis (35) and colonic injury (54) with targeted ablation of
HMGBI and appropriate stressors. However, detrimental effects
of HMGBI, such as microvascular thrombus formation (23) as well
as enhanced myocardial (55) and hepatic (56) injury after induc-
tion of ischemia/reperfusion damage, have been reported as well.
Here, targeting platelet-derived HMGB1 is proposed as a new and
promising strategy to limit platelet-dependent thrombosis and
inflammation in organs at risk.

HMGB1 promoted platelet adhesion and spreading, as
shown at the single-cell level using SICM imaging technology.
The underlying mechanism by which HMGBI exerted this effect
may represent direct changes to adhesion molecule expression
and/or reorganization processes of the platelet cytoskeleton (57).
In addition to the increase in platelet spreading, we observed an
HMGBI1-mediated increase in platelet activation and granule
secretion (as measured by CD62P expression and ATP release),
which occurred in a TLR4/MyD88/cGKI-dependent fashion.
Collectively, these modulations of platelet function triggered by
HMGBI appear to drive a prothrombotic phenotype. The HMG-
Bl-dependent effects on platelets were mediated via platelet
TLR4, indicating yet another role for platelets as sentinel innate
immune regulators. Downstream of TLR4, HMGBI initiated
recruitment of GC toward the platelet plasma membrane in a
MyD88-dependent fashion, followed by formation of a MyD88/
GC complex and MyD88-dependent elevation of intracellular
cGMP levels in platelets, possibly as a consequence of MyD88/
GC complex formation, although this remains unproven. Fur-
ther studies are required to decipher the specific mechanism
that mediates HMGB1-driven MyD88/GC complex formation
in platelets and its contribution to linking inflammation with
hemostasis and thrombosis. The effects mediated by platelet-
derived HMGB1 might predominantly occur via expression of the
DAMP on the surface of activated platelets, which we observed
in trauma patients in this study; its release by activated plate-
lets into extracellular space (13); or intracellular mechanisms.
Here, HMGBI released by activated platelets into conditioned
media was critical for TLR4-dependent activation of ¢GKI in
platelets, indicating at least a paracrine mechanism of signal-
ing, although we cannot exclude an autocrine effect as well. In
each case, TLR4-dependent MyD88/GC complex formation in
platelets may be critical for mediating the prothrombotic effect
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of platelet-derived HMGBI, which is currently under investiga-
tion. Designing specific inhibitors that interfere with this molec-
ular link could be of particular relevance for patients sustaining
trauma and other diseases, in which inflammation and microvas-
cular thrombosis go hand in hand (33, 34).

Controversy exists in the literature regarding the role of
c¢GMP/cGKI pathway in platelet activation and aggregation,
as inhibitory (58) as well as stimulatory (31) effects of cGMP-
dependent cGKI activation in platelets have been previously
shown. A biphasic cGMP response, consisting of an early stim-
ulatory response promoting platelet activation and aggregation,
followed by a delayed inhibitory response, which is dependent on
duration and concentration of cGMP levels in platelets, has been
proposed as a possible explanation (31). Moreover, platelet GC
plays an important stimulatory role in hemostasis and thrombosis
in vivo, which has been shown in mice with a platelet-specific sol-
uble GC knockout (59). In our study, HMGB1 upregulated cGMP
levels in platelets and induced activation of platelet cGKI, as mon-
itored by phosphorylation of VASP, which resulted in enhanced
platelet aggregation and thrombus formation. Here, VASP served
as a readout of cGKI activation, not necessarily as an established
component of the mechanism. Moreover, HMGB1 induced phos-
phorylation of MAPK/ERK in platelets, which has been proposed
to be downstream of ¢cGKI signaling (37) and which occurred in a
TLR4-dependent fashion in our study. Thus, our findings confirm
a stimulatory effect on platelets upon activation of cGKI-dependent
pathways, which may be critical for inflammation-induced abnor-
mal platelet activation and aggregation.

Taken together, for the first time to our knowledge, we
show that platelets are the major source of HMGB1 within
thrombi and identify platelet-derived HMGBI1 as a target for
antithrombotic therapy. Interfering with HMGB1-driven com-
plex formation of MyD88/GC and activation of ¢cGKI in plate-
lets may help us develop new treatment strategies for patients
with abnormal coagulation.

Methods

Animals

Hmgbl Pf4 mice were generated by crossing floxed Hmgbl mice
(Hmgb1"! mice, termed Hmgbl Flox mice) (35) with Pf4-Cre trans-
genic mice (36) (The Jackson Laboratory). As both mouse strains
were on a C57BL/6 background, all progeny used in our study were
generated with C57BL/6 mice with pure genetic backgrounds.
Pf4-Cre Hmgbl"' offspring (termed Hmgbl Pf4 offspring) were
confirmed using standard genomic PCR genotyping techniques.
Deletion of Hmgbl was confirmed by immunofluorescence staining
for HMGBI1 (2 pg/ml antibody) and Western Blot analysis (1 pg/ml
antibody) of isolated platelets using an anti-HMGBI polyclonal anti-
body (rabbit IgG; ab18256, Abcam). Circulating platelet counts were
assessed using an automated cell counter (Vi-CELL, Beckman Coul-
ter). Male mice were used for experiments at an age of 8 to 12 weeks.
C57BL/6 mice were purchased from The Jackson Laboratory. Global
Rage knockout (Rage”"), global Tir2 knockout (Tlr27°), global Tir4
knockout (Tlr47"), and global Myd88 knockout (Myd88~-) mice were
bred, genotyped, and housed at either the University of Pittsburgh
(Rage”~, Tlr27-, and Tlr47") (60, 61) or the University of Tiibingen
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(Tlr47- and Myd887") (62, 63). Platelet-specific TLR4 knockout
mice (termed Tlr4 Pf4 mice) were generated by crossing floxed Tlr4
(Tlr4"" mice, termed Tlr4 Flox mice) with Pf4-Cre transgenic mice
as described previously (30). Smooth muscle-specific cGKIp rescue
mice, i.e., transgenic mice with global CGKI knockout and selective
reexpression of ¢cGKIB in smooth muscle cells (termed CGKI KO),
were generated as previously described (64). Platelets from these
mice are cGKI-deficient (CGKI7) and were used in this study.
Smooth muscle-specific cGKIp rescue mice and litter-matched con-
trol animals that express cGKI in platelets were bred, genotyped,
and housed at the University of Tiibingen, Germany. We used these
rescue mice to study cGKI, since conventional global ¢cGKI knock-
out mice have a decreased life span, disturbed platelet activation,
and other abnormal cell functions (65).

Bleeding time

Mice were anesthetized, and a 3-mm segment of the tail tip was
removed with a scalpel. Tails were submerged in PBS, and bleeding
was monitored as previously described (66). Bleeding time was quan-
tified in seconds (time from initiation to cessation of blood flow).

Clotting assays

Blood was obtained via cardiac puncture from mice, and freshly gen-
erated plasma was used. Assays for PT, aPTT, and TT were performed
using a hemostasis analyzer (Diagnostica Stago Start 4) according to
the manufacturer’s protocol. Where indicated, we injected tail veins of
mice with rtHMGB1 (1 pg/g body weight; R&D Systems) or PBS control
30 minutes prior to the measurements.

Isolation of human and murine platelets

Human and murine platelets were isolated as previously described (13).
Venous blood from healthy volunteers was collected in acid-citrate-
dextrose buffer and centrifuged at 430 g for 20 minutes. Platelet-rich
plasma (PRP) was added to Tyrodes-HEPES buffer and centrifuged at
900 g for 10 minutes. The supernatant was discarded, and the platelet
pellet was suspended in Tyrodes-HEPES buffer (pH 7.4; supplemented
with CaCl,, 1 mmol/l; MgCl,, 1 mmol/I). For the preparation of murine
platelets, mice were anesthetized with isoflurane and blood was drawn
from the retro-orbital plexus into anticoagulated tubes. PRP was
obtained by centrifugation at 260 g for 5 minutes, followed by another
centrifugation step at 640 g for 5 minutes to pellet the platelets.

Platelet aggregometry

Platelet aggregation was assessed using either impedance
aggregometry (whole blood) or light transmission (isolated plate-
lets) as indicated using a ChronoLog aggregometer (Model 700).
Aggregation of isolated platelets was performed at a concentra-
tion of 2 x 108 platelets per pl in Tyrodes-HEPES buffer (pH 7.4).
After adjusting the measurement according to the manufacturer’s
protocol, platelets were activated with either collagen (2 pg/ml;
ChronoLog) or CRP (2 pg/ml; provided by Richard Farndale, Uni-
versity of Cambridge, Cambridge, United Kingdom), and platelet
aggregation was measured in the presence or absence of 200 ng/ml
rHMGBI1 and in the presence or absence of the MEK/ERK inhibitor
U0126 (10 uM; Cell Signaling) for 10 minutes at 37°C with a stir
speed of 1,200 rpm. Analysis was performed using the aggrolink-8
software (ChronoLog).
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Flow chamber

Heparinized whole murine (C57BL/6, Tlr47/-, Myd887-, CGKI”-, and
Hmgbl Pf4 mice and respective control animals) or human blood
from healthy volunteers was diluted 3:1 with Tyrodes-HEPES buf-
fer (pH 7.4) and perfused through a transparent flow chamber (slit
depth 50 um) over a collagen-coated surface (200 pg/ml) with high
shear rates (1,700 s) for 5 minutes as described previously (46). After
perfusion, the chamber was rinsed for 5 minutes by perfusion with
Tyrodes-HEPES buffer, and pictures were taken from 4 to 5 different
microscopic areas (using x20 optical objectives). Thrombus area was
analyzed with AxioVision software (Carl Zeiss), and the mean per-
centage values were determined for each experimental run. In certain
experiments, blood was preincubated with 400 ng/ml rHMGBI for 30
minutes at room temperature. In another set of experiments, blood
was preincubated with an Alexa Fluor 488-conjugated anti-HMGB1
monoclonal antibody (5 pg/ml, mouse IgG2B; clone 115603, R&D
Systems) for 30 minutes prior to imaging the forming thrombi using a
Nikon ECLIPSE Ni-E microscope (Nikon).

FeCl, thrombosis model

FeCl,-induced thrombosis was performed on the mesenteric artery
as previously described (46). Briefly, mice were anesthetized with
intraperitoneal pentobarbital sodium (50 mg/kg body weight; Oak
Pharmaceuticals). After a midline abdominal incision, the mesen-
tery was exteriorized and the mesenteric artery was injured by top-
ical application of a Whatman filter paper soaked with 10% FeCl,
(Sigma-Aldrich) for 30 seconds. Core temperature was maintained
via heat lamp at 37°C and monitored by rectal probe. Vessel blood
flow was monitored using laser Doppler imaging (Moor Instru-
ments), which measures the flux of blood (blood x area™ x time™).
Time to occlusion was determined by visual cessation of flow. Equal
areas of the control and ischemic vessel from the same anatomical
regions were compared. Where indicated, mice were treated by tail
vein injection with rHMGB1 (1 pg/g body weight) or PBS control in
the presence or absence of the ¢GKI inhibitor DT-2 (0.5 pg/g body
weight) 30 minutes prior to induction of thrombosis.

Clot analysis
Following FeCl,-induced thrombosis, the excised intravascular clot was
suspended in lysis buffer (Cell Signaling), dissociated by sonication, and
centrifuged at 7,000 x g for 10 minutes. The supernatant was then con-
centrated 10-fold with Amicon Ultra Centrifugal Filter Units (10 kDa;
Merck Millipore), lysed with lysis buffer, and subjected to Western blot
analysis using anti-HMGB1 polyclonal antibody (1 pg/ml, rabbit IgG;
ab18256, Abcam) and anti-actin polyclonal antibody (1:1,000, rabbit
IgG; ab1801, Abcam) as internal loading control.

For immunofluorescence staining, clots were fixed in 4% para-
formaldehyde after isolation and snap frozen in liquid nitrogen. The fol-
lowing primary antibodies were used for staining: anti-fibrinogen poly-
clonal antibody (5 pg/ml, rabbit IgG; ab34269, Abcam), anti-HMGB1
polyclonal antibody (2 pug/ml, rabbit IgG; ab18256, Abcam), anti-CD41
monoclonal antibody (2 pg/ml, rat IgGlk; 553847, BD Biosciences),
anti-Ly6G monoclonal antibody (0.5 pg/ml, rat IgG2bk; 550291,
BD Biosciences), and anti-citH3 polyclonal antibody (1 pg/ml, rabbit
IgG; ab5103, Abcam). Goat anti-rabbit IgG (1:200, Cy3 presented as
red for anti-citH3 and anti-HMGBI antibodies; 111165144, Jackson
Laboratories), goat anti-rat IgG (1:200, Cy5 presented as white for
Volume 125  Number 12
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anti-CD41 and anti-Ly6G antibodies; 112175143, Jackson Laborato-
ries), and Alexa Fluor 488-conjugated goat anti-rabbit IgG (1:100,
green for anti-fibrinogen antibody; A-11008, Invitrogen) were used
as secondary antibodies. Nuclear staining was carried out with DAPI
(1:10,000; Abcam). Imaging was performed using either an Olympus
Fluoview 1000 (Olympus) or a Nikon Al confocal microscope (Nikon).

Murine polytrauma and hemorrhagic shock model

Hmgbl Pf4 and Hmgbl Flox control mice were subjected to experi-
mental trauma and hemorrhagic shock. The animal research pro-
tocol complied with the regulation regarding the care and use of
experimental animals published by the US NIH and was approved by
the Institutional Animal Use and Care Committee of the University
of Pittsburgh.

Bone matrix preparation for pseudofracture. Donor bones (tibia
and femur) were removed from an age- and weight-matched syngenic
donor, crushed using a mortar and pestle, and resuspended in PBS as
described previously (67).

Polytrauma and hemorrhagic shock. Mice were anesthetized with
intraperitoneal pentobarbital sodium (50 mg/kg body weight) and
inhaled isoflurane (Abbott Laboratories). A left groin exploration
was performed, and the left femoral artery was cannulated with
tapered PE-10 tubing and connected to a blood pressure transducer
(Micro-Med) for continuous mean arterial pressure monitoring dur-
ing the experiment (67). Induction of polytrauma was carried out
in four steps. (a) Soft tissue injury was performed using an 18-cm
curved hemostat crushed with 270 psi on the bilateral lower extrem-
ities. (b) Previously prepared bone solution was injected bilaterally
into the posterior muscles of each thigh at a volume of 0.15 cc using
a 20-gauge needle. (c) 30% of the total blood volume (based on 80
ml blood/kg body weight) was rapidly removed within 1 minute
using a 1-cc syringe and a 30-gauge needle via closed cavity car-
diac puncture. (d) A midline incision was made under the xyphoid,
exposing the right middle lobe of the liver, which was crushed 4
times at 80 psi using a 12.5-cm curved hemostat. Laparotomy was
closed, and animals were recovered for 120 minutes. All mice were
reanesthetized with i.p. sodium pentobarbital (20 mg/kg) as neces-
sary throughout the experiment.

Resuscitation. Following the 120-minute shock period, mice were
resuscitated with Ringer’s lactate solution (3 times shed blood volume)
over a 5-minute period. Animals were observed for indicated times after
resuscitation. Mice were sacrificed under inhalational anesthesia via
cardiac puncture technique. Control (sham) animals underwent anes-
thesia and femoral cannulation without induction of trauma or hemor-
rhage. Blood samples were obtained via cardiac puncture at indicated
time points. Organs (liver and lung) were removed and fixed in 2% para-
formaldehyde for immunohistochemistry and immunofluorescence.

Measurement of serum transaminase levels and cytokine array
following trauma and hemorrhagic shock

To assess hepatic function and cellular injury following trauma/hemor-
rhagic shock, plasma levels of aspartate aminotransferase and alanine
aminotransferase were measured using the Dri-Chem 7000 Chemis-
try Analyzer (Heska). To quantify changes in inflammation following
trauma/hemorrhagic shock, blood was collected at the time of sacrifice
and a cytokine array was performed using a colorimetric mouse cytokine
ELISA plate array (Signosis) according to the manufacturer’s protocol.
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Histopathology

Paraformaldehyde-fixed lung and liver samples derived from Hmgbl
Pf4 and Hmgbl Flox mice during experimental trauma/hemorrhagic
shock were processed in a Shandon Excelsior ES tissue processor
(Thermo Scientific) with alcohol dehydration and xylene infiltration.
Standard H&E staining was performed to detect injured areas and
intravascular thrombosis.

Detection of platelets, immune cells, and NETs in liver and/or lung
with immunofluorescence staining

Immunofluorescence staining of paraffin-embedded tissue sections
of lung and liver were carried out with Hmgbl Pf4 and Hmgbl Flox mice
during experimental trauma/hemorrhagic shock and with C57BL/6
mice that received tail vein injections of either rHMGBI1 (1 pg/g body
weight) or PBS control. Stainings were performed using anti-F-actin
monoclonal antibody (2 ug/ml, mouse IgM; ab205, Abcam) and anti-
CD41 polyclonal antibody (2 pg/ml, rabbit IgG; ab63983, Abcam) or
anti-Ly6G monoclonal antibody (0.5 pg/ml, rat IgG2bk; 550291, BD
Biosciences) and anti-citH3 polyclonal antibody (1 ug/ml, rabbit IgG;
ab5103, Abcam). Stainings were further processed as described above.
Quantification was performed using a ratio of CD41 to total actin,
LyG6 to total DAPI, or citH3 to total DAPL.

Human sample collection inclusion and exclusion criteria for trauma
patients

Inclusion. Characteristics for inclusion include blunt traumatic injury;
intact cervical spinal cord; patient arrival <6 hours of injury; admission
to intensive care unit (ICU) from the emergency department; and at
least one of the following: lactate >2.5; base deficit >-3; hypotension,
with systolic blood pressure <90 mmHg before arriving at the hospital
or trauma bay; receiving blood in trauma bay; or requirement for rapid
transport to the operating room with trauma, prior to CT.

Exclusion. Characteristics for exclusion include age <18; antici-
pated survival <24 hours; anticipated survival <28 days due to preex-
isting condition; isolated traumatic brain injury (Glascow coma score
<8 after ICU admission) and brain CT abnormality within 12 hours of
injury; inability to obtain consent from the subject or legally authorized
representative; preexisting immunosuppression; transplant recipient;
chronic high doses of steroids (>20 mg prednisone equivalents per
day); admission to the ICU primarily for substance withdrawal; known
HIV-positive status and CD4 count <200 cells per mm?; or inability to
obtain first blood sample within 6 hours of injury.

Flow cytometric evaluation of HMGB1and CD62P expression on platelets
Blood samples from trauma patients and healthy volunteers were
obtained from the antecubital vein and collected in citrate phosphate
dextrose adenine, diluted 1:30 with PBS, and incubated with APC-
conjugated anti-CD42b monoclonal antibody (mouse IgGlk; 17-0429-
42, eBioscience) and Alexa Fluor 488-conjugated anti-HMGB1 monoclo-
nal antibody (mouse IgG2B; clone 115603, R&D Systems) or respective
isotype control antibodies for 30 minutes. Flow cytometry was carried out
with a FACSCanto flow cytometer using DIVA software (BD Biosciences).
Platelets were gated based on their characteristic scatter properties and
expression of CD42b. Platelet surface expression of HMGBI1 was deter-
mined by HMGB1 mean fluorescence intensity of CD42b-positive events.
For murine studies, platelets were isolated from blood derived from
transgenic mice and controls as described above and indicated. Resting
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and activated (CRP, 0.5-2 pg/ml; collagen, 2 pg/ml; ADP, 30 uM; Sigma-
Aldrich) platelets were treated with either LPS (5 pg/ml; Sigma-Aldrich) or
rHMGBI1 (200 ng/ml) or control (PBS) for 30 minutes. Samples were then
incubated with either FITC-conjugated anti-CD62P monoclonal anti-
body (rat LEW IgG1; 553744, BD Biosciences) or APC-conjugated anti-
CD62P monoclonal antibody (mouse IgGlx; 17-0626-82, eBioscience).

ATP release from platelets

ATPrelease was determined to study secretion of platelet dense granules.
Isolated murine platelets were adjusted to a concentration of 2.5 x 108 per
uland activated with CRP (3 pg/ml). After calibration of one sample with
ATP standard (ChronoLog), ATP concentrations were determined using
the ChronoLume luciferin assay (ChronoLog) on a Lumi-Aggregometer
(model 700; ChronoLog) according to the manufacturer’s protocol.

SICM

Isolated human platelets were added to a culture plate (Cellstar,
627160, Greiner Bio-One) coated with either collagen (100 pg/ml;
Takeda Pharma) or vWF (10 pg/ml; Novus Biologicals) and allowed
to adhere and spread for 30 minutes in the presence or absence of
200 ng/ml rHMGBL1. High-resolution SICM topography images were
obtained using a custom-built setup in back-step/hopping mode (57).
The scan area was typically set to 10 x 10 um? and a pixel resolu-
tion of between 20 x 20 and 64 x 64 was chosen, depending on the
required time resolution. Platelet-spreading areas were calculated by
custom-written software. Briefly, the platelets were manually selected
in the SICM images, and the area of all pixels with height values above
50 nm was calculated. The dynamic platelet-spreading behavior was
determined with time-lapsed SICM imaging of adhering platelets. To
obtain platelet area growth exponents, the platelet-spreading area was
calculated as a function of time and fit with a power law distribution. A
larger area growth exponent corresponds to a larger relative increase
of spreading area in a defined time interval. The power-law behavior
of cell area during spreading has been described previously for plate-
lets using reflection interference contrast microscopy (68).

Immunoblot for phosphorylation of ERK

Isolated murine platelets derived from WT or Tlr47-mice (3 x 10® plate-
lets per ml) were kept untreated or incubated with 100 to 200 ng/ml
rHMGBI for 15 minutes in the presence or absence of the MEK/ERK
inhibitor U0126 (10 uM). Processed samples were washed with PBS
and lysed in immunoprecipitation buffer (Tris pH 7.4, 15 mM; NaCl, 155
mM; EDTA, 1 mM; sodium azide, 0.08 mM) supplemented with pro-
tease/phosphatase inhibitor cocktail (Cell Signaling) for 60 minutes at
4°C. Protein concentrations in cell lysates were determined with Brad-
ford protein assay (Bio-Rad), and 40 pg of protein was resolved by 8.5%
SDS-polyacrylamide gel electrophoresis. Immunoblotting onto PVDF
membranes (Immobilon P; Millipore) was performed using the Semi-
Dry Transfer Cell System (Peqlab). Membranes were incubated over-
night at 4°C with p44/42 MAPK (ERK1/2) monoclonal antibody (1:500;
rabbit IgG; 9102, Cell Signaling) or phospho-p44/42 MAPK (ERK1/2)
monoclonal antibody (1:1,000; rabbit IgG; 9101, Cell Signaling). For
detection, corresponding secondary fluorochrome-labeled antibodies
and the Odyssey infrared imaging system (LI-COR) were used.

Western blot analysis of VASP phosphorylation
Isolated murine platelets derived from WT, Tlr47~, and Myd88~- mice
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(3 x 108 platelets per ml) were kept untreated or incubated with graded
doses of rHMGBI (20-400 ng/ml) or LPS (5 pug/ml; Sigma-Aldrich)
for 15 minutes or the ¢cGMP analog 8-Br-cGMP (100 pM; Biolog) for
5 minutes at room temperature. In certain experiments, platelets
were treated with conditioned media derived from resting or CRP-
activated (5 pg/ml) WT platelets in the presence or absence of the spe-
cific HMGBI inhibitor glycyrrhizin (10 pg/ml; Merck Millipore) (13).
The preparations were then centrifuged at 640 g for 5 minutes, pellets
were lysed in immunoprecipitation buffer, and protein concentrations
were determined as described above. 40 ug of protein was resolved by
8.5% SDS-PAGE, and immunoblotting onto PVDF membranes was
performed as described previously. Membranes were incubated over-
night with anti-VASP monoclonal antibody (1:1,000, rabbit IgG; 3132,
Cell Signaling), and anti-tubulin monoclonal antibody (1:1,000, mouse
IgG1; 3873, Cell Signaling) or anti-actin polyclonal antibody (1:1,000,
rabbit IgG; ab1801, Abcam) was used as internal loading control. Anti-
body binding was detected with corresponding secondary fluores-
cence-labeled antibodies and the Odyssey infrared imaging system.
Densitometric analysis was performed with Image] software.

Immunofluorescence staining of intracellular MyD88 and GC in platelets
Human or murine platelets were isolated as described above (107 plate-
lets per ml) and incubated with the NO-donor DEA/NO (1 uM; Axxora)
for 5 minutes, LPS (5 pg/ml) for 15 minutes, or rtHMGB1 (200 ng/ml) for
15 minutes. Untreated isolated platelets served as controls. Subsequently,
platelets were fixed with 1% paraformaldehyde, applied to 0.01% poly-
L-lysine-coated coverslips, and permeabilized with 0.3% Triton X-100.
After blocking with 1% BSA-PBS for 1 hour, cells were incubated over-
night at 4°C with anti-GC o 1 polyclonal antibody (10 pg/ml; rabbit IgG;
ab50358, Abcam). After washing with PBS plus 0.3% Triton X-100 plus
0.1% Tween-20, platelets were incubated with Alexa Fluor 488-tagged
goat anti-rabbit IgG (1:100; A-11008, Invitrogen) for 2 hours at room
temperature. Following another washing step, platelets were incubated
with anti-MyD88 polyclonal antibody (2 pg/ml; goat IgG; sc-8196, Santa
Cruz), washed, and incubated with Alexa Fluor 568-tagged donkey anti-
goat IgG (1:100; A-11057, Invitrogen). The corresponding IgG antibod-
ies (Santa Cruz) served as control. The coverslips were mounted with
Antifade Fluorescence Mounting Medium (Dako). Confocal immuno-
fluorescence analysis was performed using a LSM510 META confocal
laser scanning microscope and ZEN 2012 imaging software (Carl Zeiss).

Coimmunoprecipitation studies

Isolated murine platelets (10° platelets per ml) were kept untreated
or incubated with rHMGB1 (20 or 100 ng/ml) or LPS (5 pg/ml) for 15
minutes or DEA/NO (1 uM) for 5 minutes at room temperature. The
preparations were then centrifuged at 640 g for 5 minutes, and the
pellets were lysed in immunoprecipitation buffer supplemented with
protease/phosphatase inhibitor cocktail for 60 minutes at 4°C. Protein
concentrations in platelet lysates were determined, and 90 to 100 pg of
protein was used for the immunoprecipitation carried out overnight at
4°C with anti-MyD88 polyclonal antibody (2 pg/ml, goat IgG; sc-8196,
Santa Cruz) or anti-GC o 1 polyclonal antibody (8 pug/ml, rabbit IgG;
ab50358, Abcam) and the respective IgG controls followed by 2 hours
of incubation with washed sepharose beads (GE Healthcare) at 4°C.
Samples were washed 4 times in immunoprecipitation buffer, solubi-
lized in Laemmli buffer, and run on a 8.5% SDS-PAGE gel for detection
of GC (83 kDa) or MyD88 (33 kDa).
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cGMP levels in platelets

Isolated platelets from Myd887- and WT mice were kept untreated or
incubated with rHMGB1 (20 or 100 ng/ml), LPS (5 pg/ml), or DEA/
NO (1 uM) for 5 minutes. cGMP concentrations were determined using
a cGMP Enzyme-Linked Immunoassay Kit (¢cGMP Direct Biotrak EIA;
GE Healthcare) according to the manufacturer’s instructions.

Statistics

All data are presented as mean * SD for n = 3 unless stated otherwise.
Statistical significance was determined with the 2-tailed Student’s ¢ test
or 1-way ANOVA with Tukey’s post-hoc test using Graph Pad Prism soft-
ware (GraphPad). A Pvalue of less than 0.05 was considered significant.

Study approval

Animal handling and care complied with published regulations by the
US NIH and German law for the protection of animals, and experiments
were approved by the local authorities (the Institutional Animal Use and
Care Commiittee of the University of Pittsburgh and Regierungsprasid-
ium Tibingen). Healthy volunteer and trauma patient blood samples
were used following approval of the Institutional Review Board of the
University of Pittsburgh (PRO 08010232). Written informed consent
was received from participants prior to inclusion in the study.
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