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Abstract

Traumatic brain injury (TBI) is a leading cause of death and disability. Patients with isolated TBI
lose a limited amount of blood to primary injury, but they often develop secondary coagulopathy,
resulting in delayed or recurrent intracranial and intracerebral hematoma. TBI-induced
coagulopathy is closely associated with poor outcomes for these patients, including death. This
secondary coagulopathy is consumptive in nature, involving not only brain-derived molecules,
coagulation factors, and platelets, but also endothelial cells in a complex process now called
endotheliopathy. A key question is how a localized injury to the brain is rapidly disseminated to
affect hemostasis systemically, as this is not directly affected the way it is in trauma to the body
and limbs, especially with hemorrhagic shock. Increasing evidence suggests that the adhesive
ligand von Willebrand factor (VWF), which is synthesized in and released from endothelial cells,
plays a paradoxical role in both facilitating local hemostasis at the site of injury and also
propagating TBI-induced endotheliopathy and coagulopathy systemically. This review discusses
recent progress in understanding these diverse activities of VWF and the knowledge gaps in
defining their roles in TBI and associated coagulopathy.
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Trauma is the leading cause of death among people under 50 years of age, more than cancer
and cardiovascular diseases combined, and contributes substantially to healthcare costs and
lost productivity. Uncontrolled hemorrhage accounts for 30-50% of all trauma fatalities [1,
2] and is caused by direct injury to the vasculature and secondary coagulopathy. This
secondary coagulopathy is increasingly recognized as an integral part of hemorrhage-
induced dysregulation of microvascular endothelial cells (endotheliopathy), which can
progress into hemorrhagic blood failure [3, 4], leading to multiple organ failure, and late
death in survivors of hemorrhage [5, 6]. The new term “hemorrhagic blood failure” defines
the complex interplay among blood components (cells and soluble factors), the endothelium,
and oxygen deficits (shock) during acute trauma [4]. This term combines endotheliopathy,
which defines primary and secondary endothelial injuries after trauma, with coagulopathy
and tissue ischemia due to severe blood loss. Although trauma prevention is primarily a
public safety issue, preventing and treating secondary coagulopathy is a major goal of
trauma resuscitation. Secondary coagulopathy after trauma and hemorrhagic shock is caused
by significant blood loss due to vascular injury (hemorrhagic shock), hemodilution and
hypothermia due to fluid resuscitation, metabolic acidosis due to tissue ischemia, and
dysfunctional platelets, coagulation, and fibrinolysis [7-11].

TRAUMATIC BRAIN INJURY-INDUCED COAGULOPATHY

Secondary coagulopathy is equally common in patients with TBI [12-14], even though these
patients do not suffer significant blood loss; are restricted in fluid resuscitation to prevent
high intracranial pressure, cerebral edema, and tissue ischemia; rarely develop hypothermia
(but often develop fever); and are unlikely to develop systemic metabolic acidosis. These
differences suggest that TBI-induced coagulopathy (TBI-IC) differs mechanistically from
coagulopathy arising after extracranial trauma and hemorrhagic shock. TBI-IC has been
extensively reported in the literature for its clinical presentations, confounding factors, and
association with poor outcomes [15]. While traditional laboratory hemostatic assays (e.g.,
INR and platelet counts), which focus on individual components of hemostatic system, have
been widely used to diagnose TBI-IC, there is increasing use of viscoelastic assays (e.g.,
thromboelastogram) to globally evaluate hemostasis in patients with acute TBI. In a study of
572 patients with either TBI, extracranial injures or combined, TBI-IC is independently
associated with activated clotting time (<128 seconds), angle (<65 degrees), and functional
fibrinogen levels (<356) but not with maximum amplitude, hyperfibrinolysis, fibrinolysis
shutdown, or partial thromboplastin time [16]. However, the underlying mechanism of TBI-
IC remains poorly understood. This lack of understanding has significantly hindered the
development of more effective and targeted treatments. A critical question is how a localized
brain injury is rapidly disseminated to alter hemostasis systemically, which is not directly
affected as in patients with extracranial trauma and hemorrhagic shock. While critical for
local hemostasis at the site of injury, increasing evidence suggests that the adhesive ligand
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VWE is also a key causal and disseminating factor in secondary endotheliopathy and
coagulopathy. These paradoxical activities may be attributed to the unique structures and
adhesive activities of VWEF in resting state and during the acute phase reaction of TBI.

STRUCTURE AND FUNCTION OF VWF

VVWEF is a large multimeric glycoprotein, encoded by the VIWF gene on the short arm of
chromosome 12 [17, 18]. It is synthesized as a single-chain propolypeptide of 2,813 amino
acids and contains multiple and repeated domains [19, 20] . The Al domain contains the
binding site for glycoprotein (GP) Iba, which is the ligand binding subunit of the VWF
receptor GP Ib-1X-V complex on the surface of platelets. The A3 domain binds collagen,
which is a major component of the subendothelial matrix. Through these two domains, VWF
captures platelets to the endothelial matrix exposed at the site of vascular injury to initiate
the process of forming a hemostatic plug. The A2 domain contains the Y2605-\1606 peptide
bond, which is cleaved by the metalloprotease ADAMTS13 (a disintegrin and
metalloprotease with thrombospondin type 1 repeats, number 13) to reduce the size and
adhesive activity of VWF [21, 22]. The C domain contains an RGD sequence that binds
integrins.

VWE is synthesized primarily in endothelial cells and megakaryocytes. In the endoplasmic
reticulum of these cells, newly synthesized pro-VWF monomers first dimerize through
disulfide bonds in the CK domain [23]. A variable number of dimers then multimerize
through N-terminal disulfide bonds in the Golgi and post-Golgi compartments, where
posttranslational modifications also occur [24, 25]. This multi-domain multimeric structure
allows VWF to bind multiple receptors on a platelet to induce activation (i.e., receptor
crosslinking) [26, 27] and on different platelets and other cells (i.e., cell-coupling) to
aggregate them, for example under high fluid shear stress [28]. Upon synthesis, VWF is
either secreted constitutively as smaller multimers or stored in Weibel-Palade bodies of
endothelial cells and a-granules of platelets, where multimerization continues. As a result,
the VWF in these storage granules is enriched in large and ultra-large forms of multimers
(ULVWEF) [24, 28].

When activated or injured, human endothelial cells release stored ULVWF multimers [28-
30] and anchor them to their surfaces with CD62p [31] and/or integrin a.,p3 [32] in vitro.
ULVWF multimers are also anchored to the endothelial surface in vivo in a mouse model,
but the anchorage appears to require other molecules [33]. It has recently been reported in a
mouse model of ischemic stroke that the cytoskeletal protein vimentin is translocated to the
surface of activated endothelial cells and anchors ULVWF multimers [34]. The anchored
ULVWEF multimers are stretched by the hydrodynamic forces of blood flow (unfolding), and
then rapidly but partially cleaved by ADAMTS13 before release into circulation [35].
Hydrodynamic forces generated by blood flow are therefore a key factor in regulating the
rate and location of VWF cleavage [35-37]. Because of cleavage, circulating VWF
multimers are smaller in molecular mass and, more importantly, bind platelets poorly in
solution unless they are immobilized onto the subendothelial collagen at the site of vascular
injury or activated by high fluid shear stress [38-41]. By contrast, ULVWF multimers
freshly released from activated endothelial cells and platelets are intrinsically active and
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hyper-adhesive, capable of spontaneously binding platelets in solution and endothelial cells
[42, 43]. This hyperadhesive activity can be defined as forming multivalent and thus stronger
bonds with the receptor [44]. This difference in adhesive activity also suggests that the
receptor-binding Al domain is hidden in the globular structure of less active plasma VWF
multimers but exposed on the surface of hyper-adhesive ULVWF multimers [45, 46]. The
fact that both VWF and constitutively active ADAMTS13 circulate in blood during
homeostasis but VWF is not completely cleaved to minimal fragments, suggests that
ADAMTS13 primarily cleaves ULVWF anchored to the endothelial surface and has less or
no activity toward the circulating plasma type of VWF multimers. The limited and selective
cleavage of ULVWF multimers by ADAMTS-13 therefore serves as a safeguard against
spontaneous intravascular platelet aggregation induced by hyperadhesive ULVWF multimers
and resultant thromboembolism, as is seen in patients with thrombotic thrombocytopenic
purpura [22, 47, 48], while maintaining the basic hemostatic activity of VWF. This
safeguard is disrupted during acute TBI.

VWEF IN TRAUMATIC BRAIN INJURY-INDUCED COAGULOPATHY

As an acute phase reactant, VWF is a key part of the hemostatic defense system for
preventing blood loss upon vascular injury. Individuals with VWF deficiency (von
Willebrand disease [49]) not only develop spontaneous mucocutaneous bleeding (in rare
cases, intracranial hemorrhage) but also suffer much severe hemorrhage upon injury [50-
52]. The level of plasma VWF is approximately 10 pg/ml at baseline [53], but it can increase
more than 100% during acute TBI, and it is thus widely used as a marker for endothelial
injury [54-56]. A high level of circulating VWEF is closely associated with severity of injury
and poor prognosis [54-57]. However, there is increasing evidence that VWEF is not merely a
marker but may also promote TBI-IC by activating platelets to express procoagulant activity
and produce procoagulant extracellular vesicles to propagate consumptive coagulopathy.
VWEF can also mediate the adhesion of platelets, leukocytes, and extracellular vesicles to
endothelial cells to facilitate inflammatory endotheliopathy at the site of injury and
elsewhere [35, 58—-65]. These non-hemostatic activities may be associated with
hyperadhesive VWF multimers found during the acute phase reaction of TBI.

We recently demonstrated in mouse models of lateral fluid percussion injury that TBI
induces a rapid but transient increase in plasma VWF, reaching its peak 3 hours post-injury
[59]. VWF found during acute TBI is also hyper-adhesive, as defined by its enhanced ability
to bind collagen and by the elevated levels of circulating VWF-bound extracellular vesicles
from platelets [59, 66]. This hyper-adhesive activity continues to be detected after
adjustment for high VWF antigen, suggesting that VWF is intrinsically active, as compared
to the plasma VWF found in healthy subjects. Consistent with these findings, VWF-
containing microvascular thrombaosis has been detected in the peri-contusion cortex and the
hippocampal CA3 region of rats subjected to severe TBI, potentially contributing to TBI-
induced cerebral ischemia [67]. These findings suggest that the measurement of plasma
antigen alone is not sufficient to define the pathological activity of VWF, and it raises the
question why VWF becomes hyperadhesive during acute TBI. While no direct evidence
available in the literature, circumstantial evidence suggests that VWF may become
hyperadhesive (or activated) through several distinct but also closely related pathways.
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Slowing the kinetics of VWF cleavage by ADAMTS-13

The molar ratio of ADAMTS-13 and VWF is approximately 1:7 in health subjects during
homeostasis, sufficient for maintaining basal hemostasis without causing either bleeding or
thrombosis. However, patients with acute TBI have a lower ratio of ADAMTS-13 activity to
VVWEF antigen in their plasma [56]. This clinical finding is supported by the enhanced VWF
adhesive activity in mice subjected to severe TBI [59, 66]. One likely explanation for this
TBI-induced imbalance between VWF and ADAMTS-13 is the substantial release of VWF
from injured or activated endothelial cells. The VWEF release is more significant during TBI
because the vascular network of the brain is far denser than that of other organs in order to
accommodate 20% of total cardiac output, even though the human brain makes up only 2%
of total body weight [68]. Cerebral endothelial cells also appear to express a higher level of
VWEF than other vascular beds [69, 70]. In contract, plasma ADAMTS-13 is not increased
but rather moderately reduced during acute TBI [56] This moderate reduction in circulating
ADAMTS-13 is associated with coagulopathy, endothelial damage, and mortality [56].
There is no an intracellular storage pool of ADAMTS-13, as it is for VWF and, while not
examined specifically in TBI, an analysis of the ADAMTS13 gene promotor has indicated
that the ADAMTS13 transcription is not changed after being exposed to proinflammatory
stimuli such as endotoxin, TNF-a, IL-6, and IL-1pB, which are known to trigger the acute
phase reaction [71]. Endothelial cells and platelets also synthesize or contain ADAMTS-13
and may release it upon activation [72, 73], but their contribution to plasma ADAMTS-13 is
presently not known. In addition, TBI patients may have reduced ADAMTS-13 synthesis
because of preexisting or trauma-induced pathologies of the liver [74], the primary site of
ADAMTS-13 synthesis [75, 76]. Finally, TBI and resultant cerebral edema increase
intracranial pressure, which reduces cerebral blood flow and thus the fluid shear stress
critical for cleaving ULVWF multimers. As a result, the amount of ULVWF multimers
released from injured endothelial cells may significantly overwhelm the capacity of
ADAMTS-13 to cleave them, slowing the kinetics of VWF cleavage.

Consistent with this TBI-induced VWF and ADAMTS-13 imbalance, we have shown that
exogenous recombinant ADAMTS-13 given 30 min after TBI reduces injury-induced
vascular leakage, consumptive coagulopathy, and neurological deficits in wild-type VWF
sufficient C57BI/6J mice, without impairing the baseline hemostasis [59]. We also found
that mice with ADAMTS-13 deficiency on the background of high plasma VWF [77]
develop worse coagulopathy, have severe neurological deficiencies, and suffer more death
during acute TBI [59]. The size of VWF multimers has not been examined in patients with
acute TBI and hemorrhagic shock, but the proportion of large VWF multimers (>5000 kDa)
is increased in patients with trauma compared to small multimers (<5000 kDa). These
trauma patients also develop moderate ADAMTS-13 deficiency [78], suggesting that VWF
multimers are less cleaved.

Modifying VWF adhesive activity by inflammatory and oxidative mediators

TBI is known to induce extensive oxidative stress [79, 80], which can chemically modify
VWF multimers and ADAMTS-13, making the former hyperadhesive and resistant to
cleavage and the latter less active in cleaving VWEF in vitro [81-83]. The oxidation can occur
on both cysteine and methionine residues at multiple locations. Free cysteine thiols in the C
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domains can be oxidized to form intermultimer disulfide bonds and laterally associated
fibrils [84, 85]. The methionine residue 1606 at the cleavage site can be oxidized, rendering
VWE resistant to ADAMTS-13 [82]. Furthermore, ADAMTS-13 can also be oxidized to
become less active in its enzymatic activity [83] and potentially lose its disulfide bond-
reducing activity [86], aggravating the deficit of VWF cleavage caused by increased VWF
release. Though not specifically studied in a TBI setting, these in vitro observations provide
extensive but circumstantial evidence to suggest that TBI-induced oxidative stress may be a
factor in the development of TBI-induced imbalance between VWF and ADAMTS-13. Our
recent study provides a source of oxidative stress in blood during acute TBI. We detected
morphologically intact or partially damaged extracellular mitochondria in the peripheral
blood of mice subjected to acute TBI [87]. These cell-free mitochondria expose the anionic
phospholipid cardiolipin to promote coagulation [87], and are also metabolically competent
to produce reactive oxygen species, which activate platelets to express anionic phospholipids
and undergo microvesiculation to release procoagulant extracellular vesicles [88].

In addition, ADAMTS-13 activity may also be inhibited by inflammatory cytokines such as
IL-6 [89], which is significantly elevated in the peripheral blood of TBI patients [90, 91].
These individual reports call for more comprehensive studies to mechanistically define the
overall influence of oxidative stress and inflammation on the pathogenesis of TBI-IC,
beyond clinical association studies.

Altering VWF structure

One structural difference between intrinsically active ULVWEF and less active plasma VWF
multimers is that the receptor-binding A1 domain is hidden in the globular structure of
plasma VWEF but exposed on the surface of ULVWF multimers [45, 46, 81, 92]. The Al
domain is hidden in plasma VWF because it forms a complex with the adjacent A2 domain
[93-95]. High fluid shear stress appears to disrupt this complex because it facilitates VWF
binding to its receptor GP Iba on platelets [96, 97] and its cleavage by ADAMTS-13 [36,
37]; however, the differential requirements for the two processes are not known. By contrast,
the A1 domain is exposed on ULVWF multimers, as it is readily detected in VWF from TTP
patients using a nanobody made against the A1 domain [92]. Another nanobody that blocks
VWEF and GP Iba interaction [98] has been developed into a humanized single-variable
domain immunoglobulin (caplacizumab) and has been approved for treating patients with
TTP [99, 100]. We have recently shown that the recombinant VWF A2 protein binds to the
exposed Al domain to form complex with active VWF multimers in plasma of TBI mice.
The binding blocks the hyper-adhesive activity of VWF to reduce vascular permeability and
cerebral edema, increase cerebral blood flow, prevent TBI-induced consumptive
coagulopathy, and improve the outcome of TBI [66]. Two recent studies have provided a
structural basis for the two states of the A1-Az2 interaction. They show that an A1-A2
complex is formed when the two vicinal cysteine residues (C1669-C1670) ijn the A2 domain
are reduced (free thiols), but that it disassociates when the two cysteines are oxidized [101,
102]. This finding offers a novel pathway for activating plasma VWF in an oxidative stress
environment, which is well-documented in acute and severe TBI and means to selectively
block the activated VWF.
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Although they have been discussed individually, these potential causes of VWF
hyperadhesive activity are not mutually exclusive, but indeed are closely associated and in
some cases synergic. However, we are still at an early stage in distinguishing the roles of
VWEF multimers in ensuring hemostasis and contributing to the pathogenesis of TBI-IC. For
example, thromboelastography detects multiple variations in its hemostatic profile and is
increasingly used to evaluate hemostasis during acute TBI [16, 103] , but the impact of VWF
on these thromboelastographic parameters is not known. Changes in platelet reactivity
identified by thromboelastography in patients with TBI could be further examined for the
impact of VWF.

VWF ON VASCULAR PERMEABILITY

A hallmark of trauma-induced endotheliopathy is dysfunction of the endothelial barrier. We
have recently shown that extracellular vesicles released from injured brains are not only
procoagulant and responsible for the development of consumptive coagulation, but also
disrupt the integrity of the endothelial barrier, resulting in vascular leakage and interstitial
bleeding in the brain and lungs [62]. This extracellular vesicle-induced vascular permeability
is mediated by hyperadhesive VWF bound to the vesicles [66] because it is blocked by a
VWEF polyclonal antibody [59] and by the recombinant A2 protein, which forms a complex
with the A1 domain exposed on hyperadhesive VWF found in TBI mice [66]. Furthermore,
VWEF on the surface of extracellular vesicles from platelets, endothelial cells, glial cells, and
neurons may mediate these vesicles to interact with other target cells and deliver biologically
active cargo molecules carried by these vesicles [66]. In addition to mediating the adhesion
of extracellular vesicles to endothelial cells, VWF can also induce endothelial permeability
by recruiting platelets, which have been shown to induce vascular permeability in conditions
of inflammation [60, 61]. We have shown that extracellular vesicle-induced endothelial
permeability is enhanced by live but not lyophilized platelets [62], suggesting that VWF
activates platelets to release biologically active molecules such as vascular endothelial
growth factor, that are known to disrupt the endothelial barrier [104, 105].

In contrast to the detrimental effects of hyperadhesive VWF, several reports have
demonstrated the importance of VWF for maintaining endothelial homeostasis. VWF-
deficient mice have an elevated expression of the tight junction protein claudin-5 and
improved integrity of the blood-brain barrier, but paradoxically are sensitized for hypoxia-
induced endothelial injury and permeability [106]. VWF-deficient mice and VWF-efficient
mice treated with a VWF antibody both developed an alleviated permeability of the blood-
brain barrier after being subjected to acute ischemic and hemorrhagic stroke [107, 108]. One
potential explanation for the phenotype is that VWF deficiency results in the defective
biogenesis of Weibel-Palade bodies, where CD62p also resides, leading to reduced CD62p
expression and recruitment of leukocytes to the endothelium [109]. Studying VWF or
ADAMTS-13-deficient mice may provide vital information about the likely outcomes for
patients with von Willebrand disease or TTP, but the findings may not be directly applicable
to TBI patients with significantly elevated plasma VWF and moderately reduced
ADAMTS-13 activity [55, 56]. For example, VWF deficiency inevitably results in more
severe bleeding upon traumatic injury, which is a confounding variable that is difficult to
stratify for the purpose of evaluating endothelial barrier function and secondary
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coagulopathy after injury. In VWF-sufficient mice, both exogenous ADAMTS13 and the
blocking of active VWEF protect the integrity of the blood-brain barrier after TBI [59, 66]
and acute ischemic stroke [107, 110].

Given the significant variation in VWF expression among different regions of the brain [69,
70], the impact of VWF may also depend on the type and location of injury. For example,
ischemic stroke induces primarily cortical tissue ischemia, whereas hemorrhagic stroke often
occurs in the basal ganglia. Traumatic injury induces an initial physical impact to the cortical
tissue followed by disseminated ischemic and inflammatory secondary injuries to the
cortical and grey matter tissues.

SUMMARY

Secondary coagulopathy is a life-threatening complication of TBI that remains difficult to
manage clinically. Current laboratory tests can accurately diagnose coagulopathy after it has
occurred but cannot accurately predict when it will occur or how severe it will become. As a
result, there are no effective and targeted prophylactic measures for preventing TBI-IC or
reducing its severity. Recent studies have begun to distinguish consumptive coagulopathy
induced by TBI from that induced by extracranial injuries and hemorrhagic shock. They
have also begun recognizing the diverse activities of VWF for facilitating trauma hemostasis
and promoting TBI-IC, as summarized in Figure 1. However, key knowledge gaps remain.
For example, can hemostatic and proinflammatory activities be attributed to different types
of VWF multimers? What laboratory tests are appropriate for accurately differentiating these
diverse activities of VWF? Studies of VWEF structure and function correlation are mostly
focused on the homologous A domains, and the question remains whether structural changes
in other domains influence VWEF interaction with other partners, such as FVIII and integrins,
in an acute injury? Can the hyperadhesive activity of VWF be selectively blocked with
minimal influence on its hemostatic activity? These questions can be answered by
examining not only VWF antigen, but also changes in structure and activity in combination
with the evaluation of ADAMTS-13 synthesis, release, and activity in patients. Findings
from clinical studies could help to develop a panel of complementary laboratory tests that
globally evaluate VWF functions. These clinical evaluations can provide new markers for
predict the role of VWF in causing TBI-IC and also identify new agents that can be
evaluated in vitro and in animal models for reducing the hyperadhesive activity VWF while
maintaining its basic hemostasis activity.
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VWEF in hemostasis at the site of cerebral injury
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TBI induces two closely related, but distinct processes: local hemostasis to seal the vascular

injury (top panel) and systemic endotheliopathy and coagulopathy that affect remote

cerebral tissue and remote organs (bottom panel). VWEF is critical for both processes. For the
former, VWF immobilized to the subendothelium captures platelets to the site of injury and
contributes to the subsequent platelet activation and aggregation to seal the vascular injury.
For the latter, trauma and resultant cerebral ischemia induce the injured brain cells to release

brain-derived extracellular vesicles (BDEVS) that express the procoagulant anionic
phosphatidylserine (PS), tissue factor (TF), and potentially other biologically active

molecules, activate endothelial cells to release uncleaved and hyperadhesive (UL)VWF, and
disrupts the blood-brain barrier. The hyperadhesive VWF binds BDEVs to become VWF-

bound BDEVs that are released into circulation. These VWF-bound BDEVs bind and
activate endothelial cells in the vascular beds remote from the injury site to release
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procoagulant extracellular vesicles (eEVs) and more intrinsically active VWF multimers.
These active VWF multimers can be either anchored to endothelial surface through anchor
molecules (e.g., CD62p, integrin avp3, and vimentin) to capture platelets and leukocytes,
inducing secondary endotheliopathy or released into circulation, where they bind and
activate platelets to express procoagulant activity and to release procoagulant extracellular
vesicles (pEVs). Extracellular vesicles from multiple types of cells express abundant
procoagulant anionic phospholipids and some also express tissue factor, causing a systemic
hypercoagulable state that rapidly turns into consumptive coagulopathy.
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