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HMGB1 COORDINATES VENOUS THROMBOSIS
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Figure 6. HMGB1 contributes to platelet accumulation in venous thrombosis. (A-G) Left, Immunofluorescence staining for CD41 (red) from cross-sections of the IVC.
Nuclei are counterstained with DAPI (blue); bar, 200 pm. Images representative of n = 3 experiments. Right, Quantification of platelet-covered area. Results are mean *

SEMT. (A) BoxA compared with control (n = 5 each). (B) Hmgb1~/~ fetal liver cell chimeras (n = 3) compared with Hmgb

7+

chimeras (n = 5). (C) Left, Immunofluorescence

for CD41 in Hmgb1~'~ chimeras compared with Hmgb1~'~ chimeras receiving wild-type platelets, Hmgb1~/~ platelets, or wild-type neutrophils (n = 3 each). Right,
Quantification of platelet-covered area. Dotted line indicates mean in Hmgb1™* bone marrow chimeras (n = 3 each). (D) TIr2~'~ compared with control (n = 3 each). (E)

Tir4~'~ compared with control (n = 3 each). (F) Rage /'~

to compare results between 2 groups, 1-way ANOVA followed by LSD—post hoc test for 3 groups.

compared with control (n = 5 each). (G) Myd88~'~ compared with control (n = 3 each). The Student t test was used
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Therefore, we determined the effect of HMGBI1 inhibition by BoxA
on initial leukocyte accumulation by intravital microscopy and found
a significant reduction in BoxA-treated animals (supplemental
Figure 1D). Because neutrophils play an important role in DVT
formation,>>® propagating the thrombotic process by releasing
prothrombotic NETs,%**7 we next focused on this leukocyte
subset. Inhibition of HMGB1 or lack of blood cell-derived HMGB1
had no significant effect on neutrophil accumulation, but signif-
icantly reduced NET formation (Figure 4A-D), suggesting that
HMGBI acts prothrombotic at least in part by supporting NETosis.
Specificity of the staining was confirmed through isotype control
antibodies (supplemental Figure 2A). Consistent with the finding
that HMGB 1 boosts NET formation through RAGE in vitro,1 'NETosis
during DVT formation was virtually abolished in mice lacking RAGE,
whereas TLR2 and TLR4 appear to be dispensable for this process.
Also, Myd88~~ mice had a significantly decreased NET formation
(Figure 4E-H; supplemental Figure 2B-E). Infusion of WT platelets, but
not of Hmghl ™~ platelets or WT neutrophils, into HMGBI-null
chimeras rescued the capacity of HMGB1-null neutrophils to form
NETs (Figure 41; supplemental Figure 2F). Together, these data
implicate that platelet-derived HMGBI1 increases the capacity of
neutrophils to form NETS in a process largely mediated by RAGE in
vivo.

Platelet derived HMGB1 supports monocytes accumulation

Although neutrophils are mainly important for propagation of DVT by
activating the intrinsic pathway of coagulation, monocytes initiate clot
formation by delivering TF that activates the extrinsic pathway.*®
Inhibition of HMGBI1 through BoxA resulted in a significantly
decreased monocyte recruitment as visualized by intravital microscopy
(supplemental Figure 3A). Deficiency of blood cell-derived HMGB1
resulted in significantly reduced monocyte accumulation within the
thrombus after 48 hours, which could be significantly increased by WT
platelets, but not by Hmgbhl '~ platelets nor by wild-type neutrophils
(Figure SA-C; supplemental Figure 3B). The DAMP receptors RAGE
and TLR2 mediated HMGB1-dependent monocyte accumulation
through Myd88, whereas TLR4 had no significant effect (Figure 5D-G).
In summary, platelet-derived HMGB1 supports monocyte recruit-
ment to the developing venous thrombus through RAGE and TLR2
in a Myd88-dependent manner.

HMGB1 fosters platelet accumulation in venous thrombosis

Having shown that platelet HMGB1 drives sterile inflammation during
DVT, we next asked whether it also impacts on platelet recruitment
during venous thrombogenesis. Indeed, platelets do not only release
HMGB]I, but are also activated by the DAMP in an autocrine/paracrine
manner.! 12174849 We found that BoxA treatment and even more so
lack of blood cell-derived HMGB1 decreased platelet recruitment
particularly at early stages of thrombus formation as assessed by
intravital microscopy and histology (Figure 6A-B; supplemental
Figure 3C-D). Reconstitution of Hmghl ’~ bone marrow chimeras
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with wild-type platelets resulted in a trend toward increased platelet
accumulation, whereas wild-type neutrophils had no effect (Figure 6C).
TLR2, TLR4, RAGE, and Myd88 deficiency each had no significant
effect on platelet accumulation after 48 hours (Figure 6D-G). Hence,
platelets are not only a source of HMGB1 in DVT, but their early
recruitment at the site of thrombus formation is also promoted by
HMGBI.

HMGBA1 is rendered prothrombotic by oxidation

Because HMGB1 not only boosts innate immune cell accumulation but
also modulates the activation of inflammatory cells depending on the
redox state, we next determined whether the prothrombotic effect
of HMGBI is influenced by oxidation.'® Infusion of nonoxidizable
3S-HMGBI into Hmgbl ™"~ chimeras could not significantly increase
thrombus formation and had no impact on the incidence of thrombosis.
However, disulfide HMGBI significantly increased thrombus weight
as well as the incidence of thrombosis (Figure 7A). Analysis of these
thrombi indicated that disulfide HMGBI1 significantly increased NET
formation and platelet accumulation compared with Hmghl "~
chimeras, whereas monocyte recruitment could be only increased
nonsignificantly by both HMGB1 redox forms (Figure 7B-D;
supplemental Figure 3E-F).

Next, we determined in vitro whether the prothrombotic effect of
HMGBI1 depends on the redox state. First, we determined the redox
form of HMGBI in resting as well as activated platelets by mass
spectrometry: resting platelets contained reduced HMGB1, whereas
stimulation of platelet-rich plasma with thrombin resulted in the
formation of sulfony]l HMGB1 within 30 minutes (supplemental
Figure 4A-B). However, only disulfidle HMGB1 significantly de-
creased clot formation time in extem tests indicating an effect on
platelets, whereas neither nonoxidizable 3S-HMGBI1 nor sulfonyl
HMGBI1 had an effect (Figure 7E). To analyze the impact of the
HMGBI1 redox forms on platelets in more detail, we performed whole-
blood aggregometry, where also only disulfide HMGB1 significantly
increased aggregation. In addition, we assessed whether the different
redox forms might sensitize platelets for a following stimulus and
preincubated whole blood first with HMGB1 and then stimulated it
with ADP. In this setting, only the nonoxidizable form had a significant
effect. The aggregation induced by disulfide HMGBI1 could not be
augmented further by subsequent stimulation with ADP (Figure 7F).
Because, disulfidle HMGB1 significantly increased maximum clot
firmness in the Fibtem assay, excluding an effect on platelets, we
investigated the effect of HMGB1 on TF expression in monocytes,
which are the main source of TF in DVT (Figure 7E).® Using real-time
reverse transcriptase polymerase chain reaction (RT-PCR), we could
show that only disulfide HMGB1 induced a significant upregulation of
TF as well as of the cytokines IL-6 and IL-1@ (Figure 7G). Finally, we
characterized the impact of the HMGB 1 redox forms on NET formation
in vitro: disulfide HMGB1 was significantly more potent in inducing
NETosis than the reduced form, consistent with the in vivo results
(Figure 7H). These differences in the biological effect of different

Figure 7. The prothrombotic effects of HMGB1 depend on the redox state. (A) Thrombus weight in Hmgb1~/~ chimeras (n = 10) treated with buffer compared with
Hmgb1~'~ chimeras (n = 5 each) receiving 3S- or disulfide HMGB1. Lines indicate mean. (B) Quantification of NETs, (C), monocytes, (D), and platelet covered area from
immunofluorescence stainings of Hmgb1~'~ chimeras receiving buffer, 3S-, or disulfide HMGB1 (n = 3 each). (E) Extem (left) and Fibtem (right) 6 hours after IV injection of
3S- (n = 3), disulfide HMGB1 (n = 3), or sulfonyl (n = 3) compared with control (n = 5). (F) Fold increase in whole-blood aggregation after incubation with 3S-, disulfide, or
sulfonyl HMGB1 compared with control stimulated with buffer. This was followed by stimulation by ADP in the groups indicated (n = 4-6). (G) Results from RT-PCR for TF
(left), IL-18 (middle), and IL-6 (right) of peripheral blood human monocytes incubated with different redox forms of HMGB1 and LPS for 3 hours shown as fold increase
compared with control stimulated with the respective buffer (n = 3 each). (H) Left, Quantification of NET formation in vitro after stimulation of isolated human neutrophils with
buffer, 3S-, disulfide, or sulfonyl HMGB1 (n = 3 each). Right, Representative images of immunofluorescence stainings for MPO (red) and Hoechst (blue); bar, 50 um. Results
are mean = SEM. *P < .05. The Student t test was used to compare results between 2 groups, 1-way ANOVA followed by LSD—post hoc test for 3 groups.
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HMGBI1 redox forms could be explained by their differential binding
to RAGE: SPR analysis showed a higher association rate of disul-
fide HMBGI to RAGE compared with nonoxidizable HMBG1 and
sulfonyl HMBGT1 at first glance. Because the sensorgrams did not
follow a typical 1:1 binding shape, we performed IM analysis to
discriminate between the different binding events. Interestingly, IM
analysis revealed 2 high-affinity binding events of nonoxidizable
HMBG1 (6 nM and 32 nM) and sulfonyl HMBG1 (0.2 nM and
120 nM) to RAGE. Whereas the overall affinities of the lower-affinity
binding events are similar for all 3 RAGE redox forms, the higher-
affinity binding event is indeed shaped not only by a higher association
rate for disulfide HMGBI, but also to a drastically higher dissociation
rate. For the sulfonyl HMGBI, the high-affinity binding is barely
detectable (12% peak weight) and might explain its biological inactivity
(supplemental Figure 4 C-E). In conclusion, reduced HMGB 1 released
from platelets is rendered prothrombotic by oxidation and disulfide
HMGBI induces platelet aggregation, NET formation, and TF
production in monocytes.

Discussion

DVT is one of the most common cardiovascular disorders and has to
be considered a sterile inflammatory process that results in vessel
occlusion due to aberrant activation of immunothrombosis.® Targeting
the inflammatory response that culminates in DVT formation could
therefore represent a promising strategy to treat or prevent DVT
formation without affecting physiological hemostasis. However,
although the cells triggering DVT formation have largely been
identified over the past years, the molecular cascades involved in
translating sterile inflammation into a thrombotic disorder remain
incompletely understood. >+ %43

Here, we identified HMGB1 as the key factor in the reciprocal
communication between platelets, neutrophils, and monocytes in-
ducing clot formation.® We demonstrate that platelets deliver reduced
HMGBI to the affected vein thereby inducing the recruitment and
activation of innate immune cells, particularly monocytes, in a process
involving RAGE, TLR2, and MydS88. Platelet-derived disulfide
HMGBI also boosts monocyte TF and cytokine expression, triggers
the formation of prothrombotic NETS, and supports platelet accumu-
lation in an autocrine/paracrine fashion. Enhanced platelet accumula-
tion and NETosis in turn results in additional HMGB1 deposition
setting off a vicious circle propagating DVT formation (supplemental
Figure 5). Notably, unlike loss of blood cell-derived HMGBI,
deficiency of the known HMGBI receptors TLR2, TLR4, or RAGE
was not sufficient to inhibit venous thrombus formation, but combined
deficiency of downstream signaling in Myd88 ™'~ mice significantly
reduced thrombus formation. A contribution of the IL-1 receptor,
which also signals through Myd88, on thrombus formation could
be excluded. This indicates that HMGBI1 acts on all receptors
synergistically and that these receptors have redundant functions in
DVT formation. Hence, our study identifies HGMB1 as a potential
new target for the treatment and prevention of DVT.

HMGBI is a ubiquitous protein primarily found in the cell nucleus
and upon activation of cells HMGB1 can be actively secreted into the
extracellular space. In addition, cell necrosis results in uncontrolled
release of HMGBI into the extracellular compartment.'®*® The
pathophysiological importance of HMGBI1 as a trigger of inflammatory
responses has been documented in several disease settings, particularly
sepsis, where disseminated intravascular coagulation is augmented by
HMGBI1°° and even late inhibition of HMGBI resulted in improved
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survival in mice.'® In the setting of experimental microvascular
thrombosis induced by FeCls, platelet-derived HMGBI1 has recently
been demonstrated to contribute to the inflammatory response and
small vessel occlusion.!” Moreover, HMGBI contributes to ischemia/
reperfusion injury and has been shown to be a critical mediator of sterile
muscle injury as seen in trauma.'>>'3

We could show here that during DVT, HMGB1 accumulates in
the absence of overt luminal or vascular cell necrosis and is delivered
by blood cells, mainly platelets, but at later stages also by NET-
ting neutrophils. In line with that, HMGBI1 could be detected during
the resolution phase of DVT in murine venous thrombi.>* It has been
shown previously that platelets actively expose HMGBI1 on their
surfaces after activation in vitro.'>*® In line with our observation in
mice, HMGBI1 has recently been reported in human coronary artery
thrombi, where it also colocalized with platelets and NETs.!!**33 This
is in contrast to scenarios dominated by tissue necrosis, where HMGB1
mostly derived from dying cells within the tissue is important for
induction of the inflammatory response.>® Therefore, we could identify
activated platelets as the main source of HMGB1 in venous thrombosis
in vivo.

But how is HMGBI involved in the prothrombotic cross-
communication between platelets, monocytes, and neutrophils
promoting venous thrombosis formation? For recruitment of innate
immune cells, mainly reduced all-thiol HMGB 1 is important, which is
present in resting platelets and exposed after activation.*”® Once
recruited to the vessel wall, myeloid leukocytes and activated platelets
in turn release reactive oxygen species, resulting in the formation
of disulfide HMGB1.">° It has been shown recently that in the
extracellular space HMGBI is oxidized quickly: the half-life for all-
thiol HMGB1 within the serum is 17 minutes before it is oxidized into
disulfide HMGB1 in vitro.”” In addition, in a model of ischemic stroke
mainly all-thiol HMGBI is found after 2 hours in serum samples,
whereas both all-thiol and disulfide HMGB1 are found after 24 hours.*>
Therefore, reduced HMGBI1 released from platelets is probably
oxidized quickly within the blood stream. Disulfide HMGB1 activates
immune cells and, as we show here, has profound prothrombotic
effects by promoting formation of NETS, platelet aggregation, and
TF expression of monocytes. Terminal oxidation to the inert sulfonyl
form of HMGBI1 prevents an overshooting immune response. This
could be explained by different binding characteristics of the HMGB1
redox forms to RAGE. SPR and IM analysis suggest 2 binding sites
for HMBG1 on RAGE. In line with this, a second binding epitope
of HMGBI to RAGE has been proposed recently.”® So far, only
1 binding site for HMGB1 on RAGE has been identified, but this was
never analyzed with different HMGB 1 redox forms.>**' Whereas 1 of
the 2 potential binding sites can be bound similarly by the different
HMBGT1 redox variants, the other site probably discriminates between
the different redox states. We report here that RAGE, but not TLR2/4,
isinvolved in NETosis induced by platelet-derived HMGB1 in venous
thrombosis. NETs in turn, provide a prothrombotic scaffold and
expose even more disulfide HMGBI1 on their extracellular DNA
strands.®? Moreover, NETSs have been shown to contribute to venous
as well as arterial thrombosis through other mechanisms,%#+4647
including their ability to bind and/or activate platelets, TF, and FXII
altogether leading to acceleration of thrombus formation.>¢4>63

In addition to neutrophils, monocytes are essential for venous
thrombosis because they are the main source of blood-derived TF in this
model.*® It has been demonstrated that HMGB1 induces monocyte
migration in vitro mediated by forming a complex with CXCL12 and
activating the CXCR4 receptor, while RAGE also contributes.**
Interestingly, heparin inhibits the binding of HMGB1 to macrophages,
thereby preventing their activation, a mechanism that might contribute
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to heparin’s antithrombotic activity.®> Here, we show in vivo that
platelet-derived HMGB1 is essential for the recruitment and
accumulation of monocytes in the setting of venous thrombosis
through RAGE and TLR2. Moreover, we could show that disulfide
HMGBI1 induces the expression of TF, IL-6, and IL-18 in
monocytes. This initiates the extrinsic pathway of coagulation
and augments the activation status of innate immune cell.
Treatment of mice with the competitive HMGB1 antagonist BoxA
significantly decreased thrombus weight, but had no effect on the
incidence of thrombosis, implicating that BoxA impairs propaga-
tion of thrombosis rather than its initiation and is less potent than
deficiency of blood-derived HMGB1. Consistent with this, initial
monocyte recruitment was impaired, but accumulation of mono-
cytes was not significantly reduced in BoxA-treated mice, whereas
NET formation was abolished, which is mainly implicated in
propagation of venous thrombosis. Because HMGBI1 induces the
expression of several chemokines and cytokines in addition to its
promigratory effects, long-term inhibition of HMGB1 could
potentially impair immune responses.15’16’37’55’64’66’67 However,
inhibition of HMGB1 over several days to weeks in the setting of
arthritis and atherosclerosis in mice had no reported negative effect
and mice were not prone to infection.®®%? In addition, inhibition of
HMGBI in sepsis reduced lethality indicating that it could be a
target for regulation of overshooting immune responses.'®'®
However, the long-term effects of HMGBI1 inhibition in humans
might be different to mice.

During DVT, HMGB1 does not only coordinate sterile inflamma-
tion, but also directly acts on platelets in an autocrine/paracrine manner
supporting platelet recruitment in a positive feedback loop. This in turn
facilitates further leukocyte recruitment, monocyte activation, and
boosts NET formation.® But how exactly does HMGB1 activate
platelets? In vitro, it has been shown that HMGB1 can bind to activated
platelets via RAGE and TLR4, leading to platelet activation in the latter
setting.**** For microvascular thrombosis, signaling of HMGBI
through TLR4 and Myd88 has been demonstrated to be involved in
platelet activation and granule secretion in vivo.'” However, this is
not exclusive because other DAMPs, including histones, can acti-
vate platelets through similar pattern recognition receptor—dependent
pathways.*® In the setting of venous thrombosis, we could not identify a
single receptor exclusively mediating all effects of HMGB1 on
platelets. This can be explained by the absence of an oxidizing agent like
FeCl; in our model of macrovascular thrombosis in contrast to the
previous study addressing microvascular thrombosis.'” Consistent with
this, we show here that the prothrombotic effects of HMGB1 depend on
the redox state of the DAMP protein: all-thiol HMGB1 sensitizes
platelets toward additional agonists, such as ADP, but has little direct
effects on platelet aggregation. In contrast, disulfidle HMGB1 causes
aggregation of whole blood even in the absence of additional platelet
agonists.

In conclusion, using an in vivo model of macrovascular venous
thrombosis, we demonstrate that platelets contain all-thiol HMGBI,
and are the major source of HMGB1 in DVT. HMGBI1 is exposed on
the platelet surface in its reduced form, but following release it is rapidly
oxidized to the disulfide and sulfonyl forms. The disulfide form of
HMGB]1 appears to be most relevant for DVT, and in fact we found that
3S-HMGB/1, which cannot be oxidized, and the sulfonyl form have
a limited impact on DVT. The different forms of redox HMGB1 act
via multiple receptors: CXCR4, activated by a complex between
reduced HMGB1 and CXCL12; TLR4, activated by disulfide
HMGBI1; TLR2; and RAGE. Which redox forms interact with
TLR2 and RAGE was not previously clear; we provide evidence
here that all redox forms of HMGB 1 interact with RAGE, except the
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disulfide form with higher affinity. In venous thrombosis, the order
of events starts with luminal accumulation of HMGB, which then
(1) recruits and activates monocytes to the developing thrombus,
promoting the oxidation to disulfide HMGBI1, which in turn
provide TF thereby activating the extrinsic pathway of coagulation,
and proinflammatory mediators like IL-6 and IL-1(3 thereby
initiating a vicious circle of leukocyte recruitment and activation;
(2) induces NET formation through RAGE, which propagates DVT
development; (3) synergizes with NET-derived HMGBI1 in venous
thrombus formation; and finally (4) fosters platelet activation in an
autocrine/paracrine manner mediated by oxidized HMGBI.
Therefore, different redox forms of HMGB1 orchestrate the inter-
play between platelets, neutrophils, and monocytes, which is nec-
essary for the development of venous thrombosis in vivo. This
DAMP might therefore be an attractive new target for anti-
inflammatory strategies in DVT prophylaxis.
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