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Targeting platelets to improve post-thrombotic syndrome?
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Venous thromboembolism (VTE) encompasses deep vein throm-
bosis (DVT) and its associated complications, which includes pul-
monary embolism (PE), when a thrombus embolizes from its initial
venous location to the lungs, and also postthrombotic syndrome
(PTS) when the vein wall becomes fibrosed during the course of
thrombus resolution. VTE is one of the leading causes of mortality
and morbidity worldwide. Globally, there are 10 million people per
year diagnosed with VTE and it is the third leading cardiovascular
disease after myocardial infarction and stroke.! Notably, while other
cardiovascular diseases have been on the decline, the incidence
of DVT is still increasing.? In the United States, the management
of VTE-related events cost an estimated $7 to $10 billion per year
for 375 000 to 425 000 newly diagnosed patients, whereas in the
United Kingdom, it represents £640 million per year for ~100 000
patients.>* Anticoagulants remain the treatment of choice in DVT
to limit thrombus extension and prevent its recurrence. Whereas
they have contributed to improved outcomes for DVT patients, they
also incur elevated bleeding risk, and particularly in cases when the
thrombus has reached an appreciable size, they have limited efficacy
while still increasing the bleeding risk.>¢ Between 20% and 50% of
patients diagnosed with DVT develop PTS long-term sequelae such
as leg pain, swelling, cramps, itching, and ulcers for the most severe
cases (5%-10%).” There is currently no treatment fully alleviating
these symptoms, although evidence suggests direct oral anticoag-
ulants, in particular rivaroxaban, reduce incidence of PTS compared

with vitamin K antagonists.”® Therefore, identifying novel strategies
to specifically target PTS after DVT are certainly warranted.

The formation of a pathological thrombus and its resolution
in DVT can be defined by three main stages. The initiation of a
venous thrombus usually starts in the valve pockets of the large
veins and involves the combination of different factors including
alteration and/or reduction in blood flow that may trigger local
hypoxia, endothelial cell dysfunction, and elevated hypercoagula-
bility.>!® Within the first week (stage 1), the thrombus is composed
mostly of red blood cells with few other cells, including platelets.
At this stage, the thrombus is firmly attached to a small area at
the vessel wall initiation site. Progressively, fibrin becomes more
prominent within the thrombus with evidence of immune cells
infiltration and endothelial cells covering partially the thrombus
(stage 2 to ~7 weeks). After a year (stage 3), the remaining tissue
contains mostly collagen produced by invading fibroblasts with
few leukocytes.™ The mechanisms that drive thrombus resolution
are not fully understood but involves various inflammatory cells
including neutrophils, macrophages, and T cells, but also endo-
thelial cells that drive fibrinolysis, collagenolysis, and neovascu-
larization.® Importantly, thrombus maturation and restoration of
vessel patency often goes hand in hand with vessel wall fibrosis
and intimal thickening. Poor thrombus resolution is one of the
strongest predictors of PTS, whereas venous hypertension caused
by venous reflux also contributes to PTS symptoms.®”*? Murine
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models of thrombosis have been invaluable for our understand-
ing of DVT as such studies are generally not possible in human
DVT patients. Although the complete ligation of the inferior vena
cava (IVC) offers reproducible thrombus in size, the partial ligation
model is thought to more closely resemble the human scenario
where perturbation of blood flow in the venous valves pockets
plays a crucial role in DVT initiation.* Importantly, mouse thrombi
in the stenosis IVC model are remarkably similar histologically to
thrombi extracted from human DVT patients.*
The role of platelets in early events of DVT have been estab-
lished. Indeed, depletion of platelets in mice led to protection in the

IVC stenosis model.*

Platelets are thought to facilitate leukocyte re-
cruitment in particular neutrophils are one of the first cells present
at the site of injury.14 The importance of the von Willebrand factor
A1-GPlba axis in DVT has been demonstrated by various studies
showing that inhibiting that interaction provide protection in this
model.***® Disrupting that interaction was also accompanied with
a greatly diminished number of leukocytes recruited at the site of
stenosis.***> More recently, von Willebrand factor-primed platelets
have been shown to interact with neutrophils via SLC44A2,* one of
two susceptibility loci recently identified for VTE by genome wide
association studies.?®?! Additional roles for platelets in DVT have
been highlighted during the propagation of the thrombus in DVT via
P-selectin and HMBGI1 released from activated platelets, which pro-
motes leukocyte recruitment, activation, and subsequent NET forma-
tion. 22225 |n this issue of the Journal of Thrombosis and Haemostasis,
DeRoo et al explored the role of platelets in later stages of DVT. Their
results are exciting and uncover a novel role for platelets in thrombus
maturation, fibrosis, and remodeling of the injured vein.

In this study, the authors used the stenosis model of the IVC
to evaluate the role of platelets in later stages of venous throm-
bosis. First, they established at which time point postsurgery
thrombus formation, resolution, and vein wall remodeling oc-
curs. Thrombus length and volume gradually decreased from 2 to
16 days. However, there was no difference between days 8 and
2, suggesting that thrombus resolution was limited. Thrombus
fibrosis measured as collagen content was significantly present
2 weeks postsurgery, whereas fibrosis in the vein was already evi-
dent after a week. These timings are in line with those of the stasis
model in which maximal thrombus formation has been reported to
be reached around 2 to 4 days and thrombus resolution initiated
around 2 weeks postinduction.5'26 To evaluate the role of plate-
lets in thrombus resolution and later stages of DVT, the authors
therefore chose to deplete platelets in mice subjected to partial
ligation of the IVC 2 days postsurgery, after the formation of a
sizable thrombus. Although the reduction in platelet counts did
not affect the size or length of the thrombus 10 days after IVC ste-
nosis, it had an appreciable effect in the thrombus and vessel wall
architecture. Indeed, collagen content was reduced by ~50% in
the thrombus of mice injected with platelet-depleting anti-GPlba
antibodies compared with control mice. In addition to diminished

thrombus fibrosis in these mice, a significant decrease in smooth

muscle cell invasion was also detected in their thrombi. Another
important finding from this study by DeRoo et al is that a signifi-
cant reduction in the intimal thickening of platelet-depleted com-
pared with control mice was observed, suggesting platelets not
only influence thrombus maturation and resolution but also vein
wall remodeling. The authors speculate that platelets influence
these processes via molecules such as TGF-p, bFGF, or PDGF that
are released upon platelet activation.

These results could have potentially important clinical impli-
cations because it is known that as venous thrombi progress into
resolution stages and fibrosis increases, they are generally more
resistant to pharmacological therapy.26 As mentioned previously,
slower thrombus resolution and recanalization combined with
vein wall thickening are associated with development of PTS.26%7
Targeting platelets after DVT onset may therefore facilitate throm-
bus resolution without posing the risk of subsequent excessive vein
wall remodeling. Importantly, thrombi analyzed at day 10 postste-
nosis were significantly smaller than at day 2, indicative that throm-
bus resolution was initiated in platelet-depleted mice as seen for
control mice. As stated by the authors, however, this time point rep-
resents one of the limitations of the study because thrombus reso-
lution was likely not complete as the thrombus length and volume at
day 16 were 3.2 mm and 3.4 mm?, respectively, and at day 10 were
estimated to be 7.4 mm and 13.1 mm?® (similar to those found at
day 8 for the control mice). Based on the very promising results ob-
tained at day 10, further evaluation of the therapeutic value to tar-
get platelets after thrombus formation in the DVT stenosis model at
a later timepoint is warranted. Perhaps defining the mechanism by
which platelet depletion decreases thrombus fibrosis, smooth mus-
cle cell invasion, and vein wall thickening should be established first
so that one is not limited by the immune response associated with
administration of antibodies for efficient platelet depletion.

Anucleated platelets continue to amaze us by their multifac-
eted functions. They are increasingly recognized as immune cells
that orchestrate various inflammatory conditions or fight infec-
tions. Although their role in thrombosis had been more tradition-
ally associated with the arterial system, it is becoming clear that
they also play a key role in venous thrombosis. Although we are a
long way away from fully understanding exactly how platelets con-
tribute to later stages of DVT, the manuscript by DeRoo et al pro-
vides exciting perspectives on developing new therapeutic options

to prevent PTS during the thrombus resolution phase in DVT.

CONFLICT OF INTEREST

All authors declare that they have no conflicts of interest to declare.

AUTHOR CONTRIBUTION
Isabelle |. Salles-Crawley developed, wrote, and proofread this

commentary.

ORCID

Isabelle I. Salles-Crawley https://orcid.org/0000-0001-7394-0587


https://orcid.org/0000-0001-7394-0587
https://orcid.org/0000-0001-7394-0587

REFERENCES

1.

10.

11.

12.

13.

14.

Gregson J, Kaptoge S, Bolton T, et al. Cardiovascular risk fac-
tors associated with venous thromboembolism. JAMA Cardiol.
2019;4(2):163-173.

Heit JA, Spencer FA, White RH. The epidemiology of venous throm-
boembolism. J Thromb Thrombolysis. 2016;41(1):3-14.

Grosse SD, Nelson RE, Nyarko KA, et al. The economic burden
of incident venous thromboembolism in the United States: a re-
view of estimated attributable healthcare costs. Thromb Res.
2016;137:3-10.

House of Commons Health Committee. The Prevention of Venous
Thromboembolism in Hospitalised Patients. Second Report of
Session 2004-05, H.0.C.H. Committee, Editor. 2005.

Nicklas JM, Gordon AE, Henke PK. Resolution of deep ve-
nous thrombosis: proposed immune paradigms. Int J Mol Sci.
2020;21(6):2080.

Henke P, Sharma S, Wakefield T, Myers D, Obi A. Insights from ex-
perimental post-thrombotic syndrome and potential for novel ther-
apies. Transl Res. 2020;225:95-104.

Kahn SR, Comerota AJ, Cushman M, et al. The postthrombotic syn-
drome: evidence-based prevention, diagnosis, and treatment strat-
egies: a scientific statement from the American Heart Association.
Circulation. 2014;130(18):1636-1661.

LiR, Yuan M, Cheng J, et al. Risk of post-thrombotic syndrome after
deep vein thrombosis treated with rivaroxaban versus vitamin-K
antagonists: a systematic review and meta-analysis. Thromb Res.
2020;196:340-348.

Wolberg AS, Rosendaal FR, Weitz JI, et al. Venous thrombosis. Nat
Rev Dis Primers. 2015;1:15006.

Budnik I, Brill A. Immune factors in deep vein thrombosis initiation.
Trends Immunol. 2018;39(8):610-623.

Fineschi V, Turillazzi E, Neri M, Pomara C, Riezzo I. Histological
age determination of venous thrombosis: a neglected foren-
sic task in fatal pulmonary thrombo-embolism. Forensic Sci Int.
2009;186(1-3):22-28.

van Rij AM, Hill G, Krysa JO, et al. Prospective study of natural
history of deep vein thrombosis: early predictors of poor late out-
comes. Ann Vasc Surg. 2013;27(7):924-931.

Diaz JA, Saha P, Cooley B, et al. Choosing a mouse model of venous
thrombosis. Arterioscler Thromb Vasc Biol. 2019;39(3):311-318.

von Bruhl ML, Stark K, Steinhart A, et al. Monocytes, neutrophils,
and platelets cooperate to initiate and propagate venous thrombo-
sis in mice in vivo. J Exp Med. 2012;209(4):819-835.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

jﬂ.' | 357

Brill A, Fuchs TA, Chauhan AK, et al. von Willebrand factor-medi-
ated platelet adhesion is critical for deep vein thrombosis in mouse
models. Blood. 2011;117(4):1400-1407.

Chauhan AK, Kisucka J, Lamb CB, et al. von Willebrand factor and
factor VIII are independently required to form stable occlusive
thrombi in injured veins. Blood. 2007;109(6):2424-2429.

Yamamoto H, Vreys |, Stassen JM, et al. Antagonism of VWF inhibits
both injury induced arterial and venous thrombosis in the hamster.
Thromb Haemost. 1998;79(1):202-210.

Lei X, Reheman A, Hou Y, et al. Anfibatide, a novel GPIb complex
antagonist, inhibits platelet adhesion and thrombus formation in
vitro and in vivo in murine models of thrombosis. Thromb Haemost.
2014;111(2):279-289.

Constantinescu-Bercu A,Grassi L, Frontini M, et al. Activated al-
phallbbeta3 on platelets mediates flow-dependent NETosis via
SLC44A2. Elife. 2020;9:e53353.

Germain M, Chasman D, de Haan H, et al. Meta-analysis of
65,734 individuals identifies TSPAN15 and SLC44A2 as two sus-
ceptibility loci for venous thromboembolism. Am J Hum Genet.
2015;96(4):532-542.

Hinds DA, Buil A, Ziemek D, et al. Genome-wide association anal-
ysis of self-reported events in 6135 individuals and 252 827 con-
trols identifies 8 loci associated with thrombosis. Hum Mol Genet.
2016;25(9):1867-1874.

Yago T, Liu Z, Ahamed J, McEver RP. Cooperative PSGL-1 and
CXCR2 signaling in neutrophils promotes deep vein thrombosis in
mice. Blood. 2018;132(13):1426-1437.

Etulain J, Martinod K, Wong SL, Cifuni SM, Schattner M, Wagner
DD. P-selectin promotes neutrophil extracellular trap formation in
mice. Blood. 2015;126(2):242-246.

Stark K, Philippi V, Stockhausen S, et al. Disulfide HMGB1 de-
rived from platelets coordinates venous thrombosis in mice. Blood.
2016;128(20):2435-2449.

Dyer MR, Chen Q, Haldeman S, et al. Deep vein thrombosis in mice
is regulated by platelet HMGB1 through release of neutrophil-ex-
tracellular traps and DNA. Sci Rep. 2018;8(1):2068.

Mukhopadhyay S, Johnson TA, Duru N,, et al. Fibrinolysis and
inflammation in venous thrombus resolution. Front Immunol.
2019;10:1348.

Chandrashekar A, Garry J, Gasparis A, Labropoulos N. Vein
wall remodeling in patients with acute deep vein thrombo-
sis and chronic postthrombotic changes. J Thromb Haemost.
2017;15(10):1989-1993.



