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Abstract

Patients with acute ischemic stroke are at a high risk of venous thromboembolism
(VTE), such as deep vein thrombosis (DVT), estimated to affect approximately 80,000
patients with stroke each year in the United States. The prevalence of symptomatic
DVT after acute stroke is approximately 10%. VTE is associated with increased rates of
in-hospital death and disability, with higher prevalence of in-hospital complications and
increased 1-year mortality in patients with stroke. Current guidelines recommend the
use of pharmacologic VTE prophylaxis in patients with acute ischemic stroke. However,
thromboprophylaxis prevents only half of expected VTE events and is associated with
high risk of bleeding, suggesting the need for targeted alternative treatments to reduce
VTE risk in these patients. Neutrophils are among the first cells in blood to respond
after ischemic stroke. Importantly, coordinated interactions among neutrophils, plate-
lets, and endothelial cells contribute to the development of DVT. In case of stroke and
other related immune disorders, such as antiphospholipid syndrome, neutrophils
potentiate thrombus propagation through the formation of neutrophil-platelet aggre-
gates, secreting inflammatory mediators, complement activation, releasing tissue fac-
tor, and producing neutrophil extracellular traps. In this illustrated review article, we
present epidemiology and management of poststroke VTE, preclinical and clinical evi-
dence of neutrophil hyperactivation in stroke, and mechanisms for neutrophil-mediated
VTE in the context of stroke. Given the hyperactivation of circulating neutrophils in
patients with stroke, we propose that a better understanding of molecular mechanisms
leading to neutrophil activation may result in the development of novel therapeutics to

reduce the risk of VTE in this patient population.

KEYWORDS
deep vein thrombosis, ischemic stroke, neutrophils, thromboprophylaxis, venous
thromboembolism
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Essentials

» Patients with acute ischemic stroke are at a high risk of venous thromboembolism (VTE).
* VTE is associated with increased risk of death and disability in patients with stroke.
« Interactions between neutrophils and other cells and factors contribute to risk of VTE.

« Current literature supports a key role of neutrophil-dependent mechanisms in promoting VTE.

[Epidemiology and clinical presentation of post-stroke venous thromboembolism (V'ﬂ\

General Patients with ] Ischemic DVT PE l-year Relative risk
population ischemic stroke| Stroke mortality 1.9
s : s — 73 —>T @ 1
5 s
( Outcome measures in patients with stroke with PE
L as compared to patients with stroke without PE. [5]
Relative risk Numbers needed
Outcome to harm
measures 343
A P fat
(.. P Death or disability
E at discharge st 2
Deep vein R : .
i .© Cardlaacrr/ézfplratory 4.44 7
o Gastrointestinal 5.01 16
s hemorrhage
Asssssasasnnass f‘lk Pneumonia 3.47 6

e OO0 » Relative risk is a ratio of the probability of an event occurring in the exposed group versus
1to2 10 0 0 the probability of the event occurring in the non-exposed group.
o] per o Number needed to harm corresponds to the number of individuals that must be exposed to
[1_ 4] 1000 the condition, so that one of them presents an adverse reaction accountable to that
) particular condition.

.

Patients with stroke are at a high risk for developing life-threatening VTE events.
Post-stroke PE is associated with significant morbidity and mortality.

{ Prevention of post-stroke VTE: non-pharmacological approach

—

Intermittent Pneumatic Compression (IPC)

Thigh-length IPC is recommended starting at admission, for patients within «
72 hours of acute ischemic stroke onset who have restricted mobility. &

(CLOTS) 3 trial [6] ( 3
e

In a meta analysis of seven randomized
A multicentre, parallel-group, randomised e % controlled trials that included 3,551 stroke
controlled trial, N=2876 immobile ischemic stroke patienjtg patients, IPC was associated with:

[
l l ¢ Reduction in DVT incidence
No IPC 2 Ipc =R (Risk ratio =0.50) \ 1

N=1438 LSeED

e Increase in survival by 4.5 days

[ 1077 No VTE [0 1156 No VTE

W49 PE W 42 PE o However, mean gain of only 0.9 days in

W 3120VT el uality-adjusted survival during the 6-

T quality-adjusted survival during the
Total VTE N=282 L month follow-up. [7] J
N=361
Limitations of IPC in prevention of post-stroke VTE:
P<0.05 ; e Adherence issues

(complete adherence in <1/3" patients)

Numbers needed to treat: 18 * Moderate efficacy

\ ‘ Relative risk reduction: 0.78

The Number Needed to Treat (NNT) is the number of patients you need to treat to prevent one additional bad outcome

Although moderately efficacious, IPC is an effective and inexpensive method of reducing the
risk of VTE in immobile stroke patients
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[ Prevention of post-stroke VTE: pharmacological approach ]

2%
L
2%

Unfractionated heparin (prophylactic dose)
Direct oral anticoagulants (Dabigatran/Rivaroxaban/Apixaban)

Anticoagulants : Low molecular weight heparin (Enoxaparin/Dalteparin/Danaparoid),
Antiplatelet agents: Aspirin/Clopidogrel f

[ International Stroke ]

Trial (IST) [8] [ TOAST trial [9]

Clinical|Trials

5 ' }?M -

)

No aspirin  Aspirin No heparin Heparin Placebo+best medical care Danaparoid+best medical care
N=9716 N=9718 N=9719  N=9714 N=638 N=628
f PE Relative ) f — h
risk Numbers needed VTE Relative Fisk Numbers needed
to treat to treat
L o fop )
Heparin 0.65 341 i J 0.28 62
L Aspirin  0.73 484 ) L
i e ) ( Relative risk )
ngTlorrhage Relative risk TE—— Ml et
\ : J 2 to harm
A to harm N o
k.o Heparin 3.4 105 Peripheral 2.1 24
L “"Aspirin” 19 T 187 ) | and brain bleeds )
( Antithrombotics reduce the risk of post-stroke VTE but increase bleeding risk )
[ Prophylactic-dose subcutaneous heparin in patients with acute ischemic ]
stroke

(In a most recent comprehensive meta analysis to examine VTE prophylaxis in patients
with acute ischemic stroke,

Prophylactic anticoagulants (low molecular weight heparin (LMWHSs) or heparinoids) treatment
was associated with

o Statistically significant reductions in symptomatic pulmonary embolisms (odds ratio (OR),
0.69) and in DVTs (OR, 0.21). [10]

« No significant effect on mortality or functional status. [10]

¢ However, statistically significant increases in symptomatic intracranial hemorrhage (OR,
1.68) and symptomatic extracranial hemorrhages (OR, 1.65). [10]

(&

i o Prophylactic
H Risk of A nonsignificant reduction subcutaneous ,hepa"n
(I ) bleeding in combined death and treatment did not
)/ DVT disability improve overall
k mortality and
was associated with

a significant risk of

@ bleeding.

PE

Since the benefits of prophylactic-dose heparin is not well-established, there is a critical need for
novel, safe, and effective treatment option to reduce post-stroke VTE
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[ Immune mechanisms leading to deep vein thrombosis }
( von Willebrand factor Redblood cells ) (™ Degranulating) [ )
Monocyte Y€9 9
" VWF .R )%ﬂ neutrophil
Platelet “
_Monocyt & #
Tw X Aémj Mlcropartl;:les
- - with tissue fact
ICAM-1 £ ReC r\, 0

h

Neutrophil  @»

Iecms ;

Integrin
S‘9

ATP)

5~ VD%& o
(Vascular cell adrilt;.slon \;SGL 1 A;}ia\(:f:td ‘
L (P-selectin glycoprotein NeutrSphiI extracellular traps
ligand:1) ) J U (NETs) Y
Selectins NETSs, microparticles |
endothelial Inflammasome. . Binding of circulating Inflammasome yjth tissye factor
. dysfunct:og.l VWE " leukocytes and platelets "_"'1 initiate the
o A h i
e to the er:dothellum —_— coagulatlglrL’cascade
&”, yz@ 3
o, Mg L o ﬁ-ﬂ}@
- bl

{ Hyperactivated circulating neutrophils in acute phase of human ischemic stroke }

l [20,21] 1[22] [23-25¢ [24]1
—A - N\ [
Increased Increased gene expression Increased levels of Increased elastase levels
neutrophil to lymphocyte in circulating neutrophils e %
ratio 1. 5100 calcium binding NETs and

citrullinated Elastase,

g grftt)%ls ssufgoaAssx d h H3
X an istone Cathepsin G
< S100A12 (HCit) o E
. 2. Matrix . ﬂ ‘

metalloproteinase 9 " l
(MMP9) Increase in

Increased circulating

neutrophils 3. Arginase 1 (ARG1) N
4. Formyl peptide
receptor 1 (FPR1) Soluble junctional adhesion
molecule C (JAM-C) and
> Bt/ ymehoma CD54"%", C-X-C motif
Inte rin alpha M chemokine receptor 1
6. Glyco?1 | (PYGL) (gCDllFi)) (CXCR1'w)
Increased phosphorylase (PYGL, TeqtrophiTs
A Reactive oxygen I
plasma myeloperoxidase . N-a i s;aecie);yg -
(MPO) levels Platelet-
neutrophil MPO-DNA
aggregates complexes :
m Increased neutrophil reverse
® transendothelial migration
L L ) J L J

Increased proinflammatory neutrophils in acute phase of stroke
may initiate and promote venous thrombosis through multiple mechanisms
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Neutrophil hyperactivation following stroke in preclinical models

)

. Cerebral % )
I [26] ischemia/reperfusion ) )

\
Increased plasma levels l[27] Pyruvate PKM2
of C-X-C motif ligand,1 | ~ | Kinase M2 A7eoRiel]
(CXCL1) Bone marrow (PKM2)
o activation Increased nuclear
o sympathetic translocation!

Increased gene expression
in circulating neutrophils

Release of C-X-C Motif
Chemokine Receptor 2 (CXCR2)-
positive neutrophils

Myeloid
NF- Activation of Mg:hgenlmr

TS nuclear factor(NF)- )
£ B and p38 (—'—‘—’—w
) mitogen-activated I Control  Stroke

protein kinases ¢
Monocyte Megakaryocyte Neutrophil  Red blood
:

Signal transducer and
activator of

transcription 3 (STAT,

phosphorylation /

Lymphoid
progenitor cell

~ 2
\./ “ @ Increased cytokines

and NETS release

@5 -y - T cel Il NK cell
L J L cel B cel el J L

J

[

Peripheral neutrophil hyperactivation, increased bonemarrow neutrophil release, and elevated

cytokine secretion, all contribute to DVT progression

]

Targeting neutrophils for the prevention of post-stroke VTE:
in vivo preclinical reports, part 1

Neutrophil extracellular trap |nh|b|t|on may reduce post-stroke thrombus formation.

24

Vine ‘m”i““ "H
®

DNase 1

-

[29-32]

In vivo P-selectin inhibition, E-selectin
inhibition or P-selectin glycoprotein ligand-1
(PSGL-1) glycomimetics lead to :

1. reduced leukocyte recruitment
2. less platelet-neutrophil interactions
3. reduced generation of tissue factor
containing microparticles
all of these may reduce post-stroke VTE

\

[33-41])

(7 = -~ (A disintegrin and metalloproteinase with
Hypoxia Arginine a thrombospondin type 1 motif, member 13)
Inflammation NH o ADAMTS1 >y
H NJ\NW ltra-large VWF LN
Increased H i

PAD4 levels ~ l
Chromatin

)L decondensatior:

L)

inhibition of DVT

L PAD4 inhibition CltruII|ne [42-47]]

N

50f 9
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Targeting neutrophils for the prevention of post-stroke VTE:
in vivo preclinical reports, part 2

( 3\

NLRP3 inflammasome inhibition, IL-1B-neutralizing antibody, the IL-1 receptor inhibitor anakinra, or
adenosine receptor agonism may reduce post-stroke DVT

NLRP3: NLR family pyrin domain containing 3

Protein
kinase A

Dipyridamole
Regadenoson
‘ Adam:sin .
[ receptors . @
e %o “‘\
—p . ATP % it
A g } il Reduced
ctivate Inflammasomé celies thrombosis
neutrophil activation Caspase-l NETosis [48-54]

(&

( Targeting the AnxA1/Fpr2/ALX pathway inhibits NETosis and increases neutrophil apoptosisj
AnxAl: Annexin 1

Fpr2: Formyl peptide receptor 2

ALX: Aristaless-Like Homeobox protein

ERK1/2: Extracellular signal-regulated kinase 1/2 Reclicsd
AKT: Protein kinase B (PKB, or Akt)

NETosis may reduce post-
stroke thrombosis

>

AnxA1 mimetic
peptide Increased

Ac2-26 Fpr2/ALX \ 8 ) apoptosis

[55-571

Targeting platelet-neutrophil interactions for the prevention of post-stroke VTE ]

[isoquercetin] (@9

PSGL-1

N

X

DVT

may reduce
post-stroke VTE

cGMP: Cyclic guanosine monophosphate
COX1: Cytochrome c oxidase |

GPlba: glycoprotein Ib alpha

ICAM-2: Intercellular adhesion molecule 2
Mac-1: Macrophage-1 antigen PE
NO: Nitric oxide

PSGL-1: P-selectin glycoprotein ligand-1

PDI: Protein Disulfide Isomerase

P-G6: Pegylated glycomimetic of the N terminus of PSGL-1
TxA2: Thromboxane A2

[34, 58-64]

Inhibition of platelet-neutrophil interactions may help to reduce post-stroke VTE
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Summary

)

Ischemic stroke (

4

Intermittent
pneumatic

e o4
<

Anticoagulants

i e

Y

Increased

Current standard of care for the prevention of post-stroke VTE

compression (IPC)===p moderately efficacious,

N

/fi(, 5
Generally safe, inexpensive / " § ]/ A%
A EAT
adherence issues, < o
may cause skin irritation e

Prophylactic anticoagulants
reduce the risk of post-stroke
VTE at the expense of
increased bleeding risk

risk of VTE

Ideal thera

[
!

Increased
morbidity and mortality

i &

Reduces VTE rate without
increasing bleeding risk

for the prevention of post-stroke VTE

) i 'u/
DNase 1

Targets immune
Improves stroke related 1 echanisms without
morbidity and mortality  causing immune

suppression

J

Thromboprophylaxis is moderately efficacious and is associatedwith risk og bleeding, suggesting
the need for novel treatments to reduce VTE risk in patients with ischemic stroke
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