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von Willebrand factor (vWF) has a key role in initiating platelet aggregation,
and thereby thrombus formation, that is dependent on its ability to form
appropriately sized multimers. Ultralarge multimers promote the forma-
tion of the microvascular thrombi that are hallmarks of the life-threatening
condition thrombotic thrombocytopenic purpura (TTP). In this issue of
the JCI, Chen et al. show that the drug N -acetylcysteme (NAC) can decrease
the size of vWF multimers in vitro and in vivo, resolving thrombi in mice.

These data suggest that NAC could potentially be used to treat thrombotic

conditions such as TTP.

vWF is a large protein that functions as a
multimer in the complex process of hemo-
stasis. Some thrombotic diseases are associ-
ated with the formation of ultra-large vVIWE
multimers (ULVWEF). Notable among such
diseases is thrombotic thrombocytopenic
purpura (TTP), where ULVWF result from
acquired or congenital abnormalities of
the physiological regulator of vWF multi-
mer size, a disintegrin-like and metallopro-
teinase with thrombospondin repeats-13
(ADAMTS13). The life-threatening condi-
tion is characterized by acute episodes of
microangiopathic hemolytic anemia and
thrombocytopenia, with or without renal
failure or neurologic abnormalities, and
an approximate mortality rate of 20% (1).
Current frontline treatment involves pro-
tracted plasma exchange, with its associ-
ated complications, and in some patients,
adjuvant treatment with corticosteroids
(1). There is thus a clear clinical need for
better therapeutic approaches for the treat-
ment of TTP. In this issue of the JCI, Chen
and colleagues (2) report that N-acetylcys-
teine (NAC), a free thiol-containing com-
pound used for the treatment of chronic
obstructive lung disease and as an antidote
for toxicity due to acetaminophen, reduces
intra- and intermolecular disulfide bonds
in both human and mouse vWF, decreas-
ing its multimer size and downregulating
vWF function (Figure 1). Importantly, the
use of NAC in patients with either chronic
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obstructive lung disease or acetaminophen-
induced toxicity is not associated with
bleeding, suggesting that NAC (or related
compounds) could potentially be used in
the treatment of thrombotic diseases asso-
ciated with ULVWF such as TTP.

vWF and thrombosis

vWEF is a key adhesive protein in the vascula-
ture that enables circulating, resting plate-
lets in flowing blood to become localized
and initiate platelet aggregate (thrombus)
formation (3, 4). Multivalent vWF multim-
ers support the initial adhesion of circu-
lating platelets to an injured blood vessel
where subendothelial matrix is exposed
or a diseased vessel where endothelial cells
are activated. This involves an interaction
between vWF and the primary platelet
receptor, glycoprotein Iba (GPIba), the
ligand-binding subunit of the GPIb-IX-V
complex. Engagement of GPIb-IX-V leads
to activation of the platelet integrin o3
(GPIIb-IITa), which binds to vWF or other
ligands, such as fibrinogen, and medi-
ates platelet aggregation. The interaction
between GPIba and vWF is adapted to
function at elevated shear stress, as occurs
at high arterial shear rates or at pathologi-
cal shear within a stenosed artery, with the
binding domains on both the receptor and
ligand undergoing conformational activa-
tion to enhance adhesion (5, 6).

Synthesis and secretion of vWF in mega-
karyocytes/platelets or endothelial cells
starts from a complex gene of 178 kb and 51
introns. The gene encodes a precursor pro-
tein that initially assembles as a large disul-
fide-linked, tail-to-tail, dimeric progenitor,
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followed by cleavage of the pro-domain, and
formation of head-to-head disulfide-linked
multimers of 20,000 kDa or more (4). Each
subunit of approximately 275 kDa com-
prises domains D'-D3-A1-A2-A3-D4-B1-B2-
B3-C1-C2. The Al domain (VWF-A1l) con-
tains the GPIba-binding site, the A2 domain
contains the ADAMTS13 cleavage site, the
A3 domain contains a collagen-binding site,
and the C1 domain contains an Arg-Gly-Asp
(RGD) sequence that binds o

VWF-A1 binds GPlbx

The vWF-Al domain was identified as
the GPIba-binding site using biochemi-
cal approaches more than 20 years ago.
Proteolytic digestion of purified human
vWF by trypsin or dispase generated a
disulfide-linked homodimeric 52/48-kDa
fragment (7) or a 39/34-kDa monomeric
fragment (8), respectively, that bound to
GPIba and blocked binding of vWF (frag-
ments had two molecular weights due to
variable glycosylation). These analyses
provided evidence that (a) intermolecular
disulfide bonds involved in forming vWF
multimers were present within the 52/48-
kDa fragment (based on the dimeric tryptic
fragment) and (b) that vWF-A1 contained
an intramolecular disulfide bond (based
on the apparent molecular weight of the
39/34-kDa fragment under nonreduc-
ing and reducing conditions). Amino acid
sequencing showed that this intramo-
lecular disulfide bond must involve Cys
residues C1272-C1458 (C509-C695 in the
mature sequence). Subsequent analysis of
crystal structures of GPIba,/vWEF-A1 inter-
active domain complexes, mutagenesis
studies examining this interaction under
shear conditions, and in silico modeling of
individual receptor/ligand bonds have pro-
vided detailed understanding of how vWE
can support platelet adhesion under shear
conditions (5, 6, 9-11). This involves con-
formational activation of shear-dependent
catch-slip bonding. In catch bonds, force
enhances the binding interaction to pro-
long bond lifetime due to conformational
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changes; in slip bonds, force lowers the
energy barrier to shorten bond lifetime. The
catch/slip bonds and strength of the inter-
action thus regulate attachment/detach-
ment, enabling the circulating platelets to
roll, firmly adhere, or detach depending
on shear force (5, 6). ULVWF multimers
expressed on activated endothelial cells are
highly prothrombotic and also bind plate-
lets with high avidity (12). What is also now
clear is that the mechanisms by which vIWE
multimer composition is regulated are crit-
ical for normal or pathological vWF func-
tion (3, 4, 13) and that therapeutic control
of aberrant vWF multimerization could
have a major impact on clinical conditions
such as TTP.

ADAMTS13 and TTP

At increased shear stress, vIWF becomes
susceptible to proteolysis by ADAMTS13,
which cleaves vWF within the A2 domain
(between Y1605 and M1606), decreasing
vWF multimer size and GPIb-dependent
platelet adhesion (13). Shear stress applied
to large multimers anchored to endothelial
cells induces conformational changes to
A2, facilitating proteolysis not only by
ADAMTS13, but also by granzyme B from
cytotoxic lymphocytes and other proteases
that cleave in the same region (14-16). Fur-
ther, the cleavage point in large vWF multi-
mers is predominantly in the central region
of the multimer rather than near the ends
(13), maximizing the reduction of vWF
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multimer size and hence their prothrom-
botic tendency. This means the downsizing
of multimers by ADAMTS13 and the regu-
lation of ADAMTS13 activity are carefully
balanced to optimize vWF multimer size
within a healthy range for normal func-
tion. Indeed, dysfunctional ADAMTS13,
due to autoimmune or other causes, leads
to thrombotic problems. TTP is the best-
known clinical example of ADAMTS13 dys-
function; it is a multifactorial disease where
defective ADAMTS13 activity due to autoan-
tibodies, mutations, or deficiency can result
in ULVWEF multimers, thrombocytopenia
due to vWF-binding platelets, and multi-
ple thrombotic microangiopathies (1, 13).
Acute thrombotic episodes can be triggered
by other prothrombotic conditions, such as
increased inflammation (17, 18).

Breaking the bonds

Whereas ADAMTS13 reduces vWF multim-
er size by proteolysis within A2, essentially
the same effect can be achieved by chemical
reduction. In this regard, ADAMTS13 has
recently been shown to reduce vWF multi-
mer size in a second way, in that it can also
facilitate disulfide bond reduction of vWF
(19). Reducing intermolecular disulfide
bonds leads to shorter multimers, but there
has been little evidence regarding whether
this process could either be relevant in vivo
or utilized as a therapeutic approach. Chen
and colleagues (2) examined the effects on
the size and reactivity of ULVWF of a free
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Figure 1

Regulation of vVWF-dependent thrombosis
under shear conditions. VWF is normally
expressed as ultralarge, prothrombotic mul-
timers on activated endothelial cells. These
ultralarge multimers are prothrombotic in that
they support the initial adhesion of circulat-
ing platelets via an interaction with the GPlba
subunit of the platelet receptor GPIb-1X-V,
leading to microthrombi formation. In healthy
individuals, ADAMTS13 cleaves within the
VWF-A2 domain, releasing smaller vVWF
multimers into the circulation that no longer
spontaneously bind platelets. In patients with
TTP, ADAMTS13 activity is deficient, result-
ing in vascular microthrombi. In their study in
this issue of the JCI, Chen et al. (2) show that
the drug NAC can also decrease vVWF mul-
timer size by reducing intersubunit disulfide
bonds to form smaller VWF multimers, follow-
ing initial reduction of the intrasubunit disulfide
(C1272-C1458) of the A1 domain.

thiol-containing reducing agent, NAC,
which is already used clinically, but not for
the treatment of TTP. NAC was shown to
reduce the intra-Al disulfide bond as well
as intersubunit disulfide bonds in vWF,
altering both the mean multimer size and
platelet adhesive function, as shown in a
number of functional assays, for example,
shear-dependent occlusive aggregate forma-
tion in the PFA100 system. The influence
of shear forces on NAC-induced demulti-
merization of vWF was demonstrated both
in vitro and in vivo (in mice) and occurred
efficiently upon exposure to shear. NAC
treatment also decreased the appearance
of platelet-ULVWEF strings on the surface
of activated human endothelial cells. In
other experiments, NAC was injected into
ADAMTS13-deficient mice, which have
abnormally large vWF multimers. NAC, at
doses comparable to those achieved in plas-
ma of patients treated for acetaminophen
overdose, was shown to profoundly inhibit
the formation of ionophore-provoked mes-
enteric thrombi seen in mice without NAC
treatment (2). Importantly, there was no
measurable impact on tail-bleeding time
in NAC-treated mice (2). This is consis-
tent with the fact that clinical use of NAC
in patients with either chronic obstructive
lung disease or acetaminophen toxicity is
not known to be associated with bleeding
and implies that NAC could be used to treat
pathological shear-related thrombosis in
the context of TTP.
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There are, however, a number of caveats to
the view that NAC could be used to treat con-
ditions such as TTP. As shown by Chen et al.
and others, NAC has an inhibitory effect
on platelet function beyond that involving
GPIb/vWF interaction, such as inhibition
of adenosine diphosphate- and collagen-
induced platelet aggregation and nitric
oxide scavenging by reactive oxygen species
(2,20). NAC also impedes coagulation (21).
The lack of effect of NAC on bleeding time
therefore needs to be treated with caution,
given that acute episodes of TTP are associ-
ated with thrombocytopenia and that Chen
and colleagues did not assess NAC efficacy
in an acute animal model of TTP. Neverthe-
less, their work (2) suggests a potential new
therapeutic approach that may show superi-
ority and a better safety profile than current
clinical treatment. The results of future pre-
clinical evaluation of NAC in animal models
of TTP are therefore eagerly awaited.
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