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1 | INTRODUCTION

Abstract

Twenty-five years ago, intravenous thrombolysis has revolutionized the care of pa-
tients with acute ischemic stroke. Since 2015, randomized clinical trials have dem-
onstrated that mechanical thrombectomy improves functional outcome in stroke
patients over intravenous thrombolysis alone. More recently, three randomized clini-
cal trials have suggested that mechanical thrombectomy alone is noninferior to a com-
bined strategy with both intravenous thrombolysis and mechanical thrombectomy. In
the present review, we will present the last clinical and preclinical studies on the use
of thrombolysis in stroke patients in the modern thrombectomy era. At the cost of a
potential increased risk of hemorrhagic transformation, thrombolysis may promote
arterial recanalization before thrombectomy, improve the rate of successful recanali-
zation after thrombectomy, and restore microcirculation patency downstream of the
main thrombus. Besides, new thrombolytic strategies targeting tissue-type plasmi-
nogen activator resistant thrombi are being developed, which could strengthen the
beneficial effects of thrombolysis without carrying additional pro-hemorrhagic ef-
fects. For instance, tenecteplase has shown improved rate of recanalization compared
with tissue-type plasminogen activator (alteplase). Beyond fibrinolysis, DNA- and von
Willebrand factor-targeted thrombolytic strategies have shown promising results in
experimental models of ischemic stroke. New combined strategies, improved throm-
bolytics, and dedicated clinical trials in selected patients are eagerly awaited to fur-
ther improve functional outcome in stroke.
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cases, ischemic stroke is caused by embolization of a thrombus from

Each year, more than 2.7 million people die from ischemic stroke and
51.9 million years of healthy life is lost because of ischemic stroke-
related death and disabilities (World Stroke Organization). In most
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an atherosclerotic large vessel or from the heart into the intracranial
circulation.® Prompt recanalization can alleviate ischemic damages
and is currently the aim of acute stroke management, but the best
way to achieve complete reperfusion remains controversial. There
are two proven reperfusion strategies: intravenous fibrinolysis

with a recombinant form of tissue-type plasminogen activator (tPA,
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alteplase) and mechanical thrombectomy.? According to current
guidelines,® intravenous alteplase is the first line therapy and should
be initiated within 4.5 h of symptom onset. Mechanical thrombec-
tomy is indicated for large artery occlusion in the anterior circulation
in all patients within 6 h of symptom onset and in patients selected
by advanced imaging between 6 and 24 h after symptom onset. Of
note, most ischemic stroke patients are not eligible to mechanical
thrombectomy because they do not present large artery occlusion
when they arrive at the hospital. Therefore, ischemic stroke patients
can receive either alteplase alone, mechanical thrombectomy alone,
or a combined treatment starting by intravenous alteplase and fol-
lowed by mechanical thrombectomy.

With the development of mechanical thrombectomy, the role of
pharmacological thrombolysis has been questioned, especially be-
cause it might increase the risk of hemorrhagic side effects.* Yet,
even if mechanical thrombectomy achieves recanalization rates ex-
ceeding 80% in large vessel stroke, there is still room for improve-
ment: some patients with distal occlusion or tortuous anatomy are
not eligible for endovascular procedures, delay between first medi-
cal contact and actual reperfusion by thrombectomy can be as long
as several hours, and distal microthrombosis is not treatable by
endovascular means. The aims of this review are first to summary
the current state-of-the-art of reperfusion strategies and second to
present recent evidence supporting the use of clinically available or
experimental thrombolytic strategies to improve brain reperfusion

when combined with thrombectomy.

2 | FROM STROKE PATHOPHYSIOLOGY
TO CURRENT REPERFUSION STRATEGIES

Acute ischemic stroke is a time-sensitive condition. Downstream
of the arterial thrombus, collateral blood flow can maintain cellular
integrity for several hours in a brain region termed the ischemic pe-
numbra. Over time and in the absence of reperfusion, this ischemic
penumbra is recruited into the irreversibly injured ischemic core.?
On average, 2 million neurons die per minute in the hypoperfused
brain. Reperfusion is the most effective strategy to improve neu-
rological outcome in ischemic stroke patients. In 1995, the National
Institute of Neurological Disorders and Stroke rt-PA Stroke Study
Group published the first randomized clinical trial demonstrating the
safety and clinical efficacy of intravenous administration of alteplase
in the first 3 h after symptom onset.® Two other fibrinolytic agents,
desmoteplase and streptokinase, failed in clinical trials.® Since the
pivotal NINDS study, further trials have demonstrated benefit when
alteplase is administered up to 4.5 h after stroke onset in all patients,
up to 9 h after stroke onset in patients with salvageable tissue and in
patients with unknown onset time presenting a favorable profile on
magnetic resonance imaging.3 The rate of symptomatic intracranial
hemorrhage is higher with alteplase, but this increase does not ne-
gate its overall benefit.®”

Still, the rate of recanalization within 2 h after alteplase ad-

ministration remains low. A review of the Calgary Stroke program
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including 1341 patients, reported an average recanalization rate of
4.4% for internal carotid artery occlusion, 4.0% for basilar artery oc-
clusion, and 32.8% for proximal middle cerebral artery occlusion.®
Prolonged time to treatment, poor collaterals, and thrombus size
greater than 8 mm are major predictive factors for tPA treatment
failure.® This low recanalization rate for proximal occlusion and large
thrombus prompted the development of mechanical recanalization
strategies. In 2015, five randomized clinical trials demonstrated the
efficacy of mechanical thrombectomy in stroke caused by large ves-
sel occlusion in the anterior circulation when performed in the first
6 h after stroke onset.” Since then, other trials have extended the in-
dications of mechanical thrombectomy up to 24 h after stroke onset
in patients with salvageable tissue identified on imaging.’®! In the
most recent clinical trials, recanalization rates reach 80% for sub-
stantial reperfusion at the end of the procedure for occlusion of the
internal carotid artery or proximal middle cerebral artery. There was
no significant difference between the mechanical thrombectomy
and control groups for rates of symptomatic intracranial hemorrhage
in a pooled patient-level meta-analysis.”

Current guidelines advocate the use of intravenous alteplase as
first-line therapy.3 Because the benefit of alteplase is time depen-
dent, patients should be treated without delay even if mechanical
thrombectomy is being considered. Mechanical thrombectomy is in-
dicated for patients with acute ischemic stroke due to a large artery
occlusion, regardless of whether they have received intravenous al-
teplase, and should also be performed as fast as possible.*? Thus,
thrombolysis and mechanical thrombectomy are currently consid-
ered independently, setting aside the potential beneficial or delete-
rious interactions between the two treatments.

3 | RANDOMIZED CLINICAL TRIALS ON
THROMBECTOMY WITH OR WITHOUT
INTRAVENOUS THROMBOLYSIS

There are six main randomized clinical trials comparing the effects
of direct thrombectomy (dMT) vs. intravenous thrombolysis fol-
lowed by thrombectomy (IVT+MT) in patients with acute ischemic
stroke and proximal artery occlusion within 4.5 h from onset:
Direct Intraarterial Thrombectomy in Order to Revascularize Acute
Ischemic Stroke Patients with Large Vessel Occlusion Efficiently in
Chinese Tertiary Hospitals: a Multicenter Randomized Clinical Trial
(DIRECT-MT), endovascular therapy with vs. without intravenous
tissue plasminogen (SKIP) study, Multicenter Randomized Clinical
Trial of Endovascular Treatment for Acute Ischemic Stroke in the
Netherlands, Solitaire With the Intention for Thrombectomy Plus
Intravenous t-PA Versus DIRECT Solitaire stent study, A Randomized
Controlled Trial of DIRECT Endovascular Clot Retrieval Versus
Standard Bridging Thrombolysis With Endovascular Clot Retrieval,
and Direct Endovascular Thrombectomy vs. Combined IVT and
Endovascular Thrombectomy for Patients With Acute Large Vessel
Occlusion in the Anterior Circulatio (DEVT). To date, only the results
of DIRECT-MT, DEVT, and SKIP have been released.
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The DIRECT-MT study was conducted in 41 centers in China.*®
They randomized 656 patients with proximal occlusion of the ante-
rior circulation to receive either dMT (n = 327) or IVT+MT (n = 329)
at the acute phase of stroke. Primary outcome was the score on the
modified Rankin scale assessed at 90 days and was analyzed for
noninferiority. dMT was noninferior to IVT+MT (adjusted common
odds ratio 1.07 [0.81-1.40], p = .04 for noninferiority). However, it
is worth mentioning that the noninferiority margin was set at 20%
in the DIRECT-MT trial, which might be larger than the expected
benefit from thrombolysis in this population. Interestingly, dMT was
associated with a statistically significant lower rate of successful
reperfusion before thrombectomy (2.4% vs. 7.0%) and a trend for a
lower rate of overall successful reperfusion (79.4% vs. 84.5%). The
number of intracranial hemorrhages was numerically lower in the
dMT group (4.3% vs. 6.1% for symptomatic hemorrhages and 33.3%
vs. 36.2% for asymptomatic hemorrhages) but it did not reach sta-
tistical significance.

The randomized study SKIP was conducted in Japan and com-
pared the modified Rankin scale assessed at 90 days between acute
ischemic stroke patients treated with dMT or with IVT+MT (204 pa-

tients).1

There was no statistically significant difference between
the two groups for the primary outcome (59% achieved good out-
come with thrombectomy alone vs. 57% with the combination ap-
proach). Statistical significance for noninferiority was not achieved.
Importantly, the rate of any intracranial hemorrhage within 36 h was
significantly lower for dMT (34% vs. 50%; p = .02), despite the use
of a lower dose of alteplase in Japan than in most other countries
(0.6 mg/kg vs. 0.9 mg/kg). The rates of symptomatic intracranial
hemorrhage were similar. No heterogeneity across subgroup such as
age, sex, or ASPECTS at admission was found.

The DEVT trial was conducted in China at 33 stroke centers and
included 234 patients.!®> The primary endpoint was the proportion
of patients achieving functional independence at 90 days (modified
Rankin score 0-2) and was analyzed for noninferiority. A total of
54.3% of patients in the dMT group and 46.6% in the IVT+MT group
met the primary outcome (p = .003 for noninferiority). No significant
difference was detected in the rate of symptomatic hemorrhages,
but the rate of any intracranial hemorrhage was numerically higher
in the IVT+MT group (32.5% vs. 21.7%). Notably, and in contrast to
DIRECT-MT, there were more puncture access complication in the
IVT+MT group (5.1% vs. 0.9%).

In addition to these randomized studies, many observational
studies, systematic reviews, and meta-analyses of nonrandomized

studies have been published*1¢-2°

with different and sometimes op-
posite conclusions on the added benefit of intravenous thrombolysis
in patients treated by thrombectomy. It should be acknowledged
that nonrandomized studies comparing dMT with IVT+MT are sub-
ject to biases because most of the dMT patients are not eligible for
IVT because of presentation beyond the alteplase time window, an-
ticoagulation, or other reasons that can themselves influence stroke
outcome.

Overall, data from randomized trials suggest that there is no sig-

nificant extra benefit of intravenous thrombolysis in patients treated

by mechanical thrombectomy. Moreover, IVT+MT may carry an ad-
ditional risk of hemorrhagic transformation compared with dMT,
although most of these appear asymptomatic. Several factors are
important to consider when trying to translate the results of these
trials to clinical practice. First, these trials were performed according
to a “mothership” design: patients were already in a thrombectomy-
capable center when they were randomized. Thus, the delay be-
tween intravenous thrombolysis and thrombectomy were short
(median of 29 min and 97.2% of patients had delays shorter than
60 min in the DIRECT-MT trial). It is tempting to speculate that the
benefit of intravenous thrombolysis will be larger in patients who
have a delay of a few hours before thrombectomy, for instance to
allow transfer to a thrombectomy capable center. In line with this
hypothesis, in the cardiology field, intravenous thrombolysis is rec-
ommended before endovascular treatment for ST-elevation myo-
cardial infarction patients who have an anticipated delay longer
than 90 min to reach an angiography suite. Second, depending on
the local organization, start of intravenous thrombolysis might sig-
nificantly delay thrombectomy. In the DIRECT-MT trial, the median
time from randomization to arterial puncture was only 5 min higher
in patients treated with IVT+MT than in patients treated with dMT.
In real-life settings with possible larger delays, delaying thrombec-
tomy may blunt the benefit of intravenous thrombolysis. In con-
trast, the distorted workflow in these trials might have artificially
prolonged onset to IVT delay, for instance by requiring advanced
imaging before administering IVT, thereby shortening the available
time for thrombolysis to induce reperfusion. Third, there is continu-
ous progress in endovascular techniques, and it is likely that the rate
of complete reperfusion at the end of endovascular procedure will
increase.?! This is susceptible to weaken the extra benefit expected
from intravenous thrombolysis.

Pending publication of the other randomized trials, current
guidelines recommend the use of the combined approach in patients
eligible to intravenous thrombolysis. Interestingly, the higher reper-
fusion rate in patients who received intravenous thrombolysis in the
DIRECT-MT study supports the hypothesis that pharmacological
thrombolysis has the potential to improve reperfusion status over
thrombectomy alone. In the next sections, we will review the lim-
itations of current reperfusion strategies and how pharmacological

thrombolysis might still play a role to improve stroke outcome.

4 | LIMITATIONS OF CURRENT
REPERFUSION STRATEGIES

Thereis stillroom forimprovement for reperfusion strategies, evenin
patients eligible for mechanical thrombectomy. First, generalization
of mechanical thrombectomy at the acute phase poses a challenging
problem for stroke care organization. It requires a trained team of
interventional neuroradiologists, an angiography suite and several
devices to navigate in the affected artery and ultimately remove
the clot. When patients present to a stroke center that is unable to
perform mechanical thrombectomy, transfer to a secondary center
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significantly prolongs the delay before reperfusion. In the recent
Endovascular Therapy Following Imaging Evaluation for Ischemic
Stroke 3 trial for instance, median time from imaging to arterial
puncture was 59 min and median time from arterial puncture to
actual reperfusion was 38 min.*! Even if ultimately reperfusion is
achieved in most patients, this 1.5-h delay can jeopardize the benefit
of the reperfusion procedure.

Second, complete reperfusion at the end of the endovascular
procedure is achieved only in a subset of patients. In a recent ob-
servational study by the HERMES collaboration, complete or near-
complete reperfusion (when at least 90% of the impacted territory
is reperfused) was achieved in only 32% of ischemic stroke patients
(reperfusion >50% of the impacted territory was achieved in 76%).22
This lack of complete reperfusion in most patients is worrisome be-
cause it is now well established that the better the reperfusion grade,
the better the clinical outcome.?® The main explanations for this lack
of complete reperfusion are the inability to access the intracranial
circulation (especially because of the tortuosity of the extracranial
vessels), the inability to remove the main thrombus, the presence
of inaccessible distal thrombi (either spontaneous or iatrogenic due
to manipulation of the main thrombus), the risk of emboli in a new
vascular territory, and the deleterious effect of the mechanic stress
exerted by endovascular manipulation on cerebral arteries (dissec-
tion, spasm).

In the first five randomized clinical trials of mechanical throm-
bectomy that included patients treated with and without intrave-
nous thrombolysis, successful reperfusion was achieved in 71% of
the patients.9 At that time, successful reperfusion was defined as
a modified thrombolysis in cerebral infarction (mTICl) score of 2B
or 3, corresponding to reperfusion of at least 50% of the affected
vascular territory.” Recent data showed that patients with mTICI 2B
scores had significantly worse outcome than patients with mTICI 2C

and mTICI 3 scores,22’24

corresponding respectively to patients with
near-complete perfusion except for slow flow in a few distal cortical
vessels or presence of small distal cortical emboli after mechanical
thrombectomy (mTICI 2C) and patients with complete reperfusion
(mTICI 3). Therefore, it is now commonly accepted that achieving
mTICl 2C or 3 reperfusion should be the aim of reperfusion pro-
cedures. Moreover, complete reperfusion with a single pass of the
thrombectomy device is an independent factor for favorable out-
come and should also be aimed for in mechanical thrombectomy.?®
In the latest studies, mTICI 2C-3 is achieved in 54.5% to 79.5% of
patients eligible for mechanical thrombectomy. Thus, there is still
room for improvement to increase the rate of complete reperfusion.

Third, reperfusion strategies are associated with an increased
risk of hemorrhagic transformation. Hemorrhagic transformation oc-
curs in 4.4% of patients with a higher incidence within the first 24 h
and a mortality reaching almost 50%. Importantly, the addition of
mechanical thrombectomy to patients receiving intravenous throm-
bolysis is not associated with a significantly increased risk of hem-
orrhagic transformation.’ Exploratory data, however, suggest that
mechanical thrombectomy could favor hemorrhagic transformations
in patient with large infarct at baseline imaging.® In addition, it is still
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unclear if intravenous thrombolysis significantly increases the risk
of hemorrhagic transformation in patients treated by mechanical
thrombectomy as observed in the SKIP and DEVT trials.

In this context, the expected advantage of adding pharmacolog-
ical thrombolysis to mechanical thrombectomy would be to achieve
earlier and more complete recanalization, especially when patient
transfer to a comprehensive stroke center delays the start of the
thrombectomy procedure, and hopefully without increasing the risk
of hemorrhagic transformation. The lack of significant beneficial
effects of intravenous thrombolysis in the DIRECT-MT, DEVT, and
SKIP trials suggest however that refinement of existing pharmaco-
logical thrombolytic strategies will be necessary to significantly im-

prove functional outcome over thrombectomy alone.

5 | THROMBOLYSIS TO ACHIEVE EARLY
REPERFUSION

Early reperfusion is defined as reperfusion occurring before me-
chanical thrombectomy (Figure 1). According to a large meta-
analysis including 1561 patients from 13 studies,?’ early reperfusion
in patients eligible for mechanical thrombectomy occurs in one of 10
cases. Usually, these patients present a remarkably high rate of fa-
vorable outcome.?® The main predictors for early reperfusion are the
use of intravenous thrombolysis, the delay between thrombolysis
and evaluation of vessel patency (larger delays are associated with
higher reperfusion rates), thrombus length, and the occlusion site
(distal occlusion is associated with a higher reperfusion rate).2?-31
Tandem occlusions, involving occlusion of both an extracranial and
an intracranial artery (typically middle cerebral artery occlusion
with proximal internal carotid artery occlusion), are associated with
lower early reperfusion rate.®? Notably, functional outcome in the
DIRECT-MT study was not superior in patients treated by intrave-
nous thrombolysis although early reperfusion was achieved more
frequently.

A potential drawback of thrombolysis before thrombectomy is
the risk of thrombus fragmentation and migration. This is observed
by comparing the location of the thrombus on the first imaging (usu-
ally computed tomography or a magnetic resonance imaging) to the
digital subtraction angiography acquired immediately before me-
chanical thrombectomy. In the MR-CLEAN registry including 1349
patients, the incidence of thrombus migration was 22%. Intravenous
thrombolysis was associated with more thrombus migration
(OR =2.01 [1.29-3.11]) and thrombus migration was associated with
a lower chance of complete reperfusion (OR = 0.57 [0.42-0.78]).%°
Even if it might be associated with worse reperfusion at the end of
the endovascular procedure, thrombus migration after intravenous
thrombolysis was associated with improved functional outcome in
the two previously mentioned studies.®® In the DEVT trial, throm-
bus migration occurred in 17.7% of the patients in the dMT group
and in 23.9% in the IVT+MT group. In line with these results, a re-
cent study including 314 patients found that 24.9% experienced
thrombus migration after intravenous thrombolysis.>* Importantly,
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in 41.3% of these patients, mechanical thrombectomy was not per-
formed because of the inaccessibility of the thrombus. Only two of
229 patients who had received alteplase had complete recanaliza-
tion without visible distal emboli. As underlined by these studies,
thrombus migration can place the thrombus in a vessel too small for
subsequent mechanical thrombectomy and also be associated with
increased thrombus fragility and difficulty for complete retrieval.®®
Histological analysis of migrated thrombi showed that they tend to
contain higher amounts of neutrophils and lymphocytes.®*”
Overall, thrombolysis using alteplase allows early reperfusion in
one of 10 patients eligible for mechanical thrombectomy, especially
when there is a large delay between thrombolysis and mechanical
thrombectomy and when the occlusion is distal. This comes with a
risk of thrombus migration, which is associated with alower chance of

complete reperfusion after subsequent mechanical thrombectomy.

microthrombi

FIGURE 1 Schematic representation
of the target of pharmacological
thrombolysis before thrombectomy
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FIGURE 2 Schematic representation
of the target of pharmacological
thrombolysis during and after
thrombectomy
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6 | THROMBOLYSIS TO ACHIEVE
COMPLETE REPERFUSION

Whether intravenous thrombolysis improves the rate of complete
reperfusion at the end of the thrombectomy procedure remains
unproven. The rational is that intravenous thrombolysis may both
facilitate retrieval of the main thrombus by the endovascular de-
vice and promote lysis of distal thrombi inaccessible for mechanical
thrombectomy (Figure 2). Regarding the effect on the main throm-
bus, discrepant results have been reported. A study-level meta-
analysis including 5279 patients found no evidence that intravenous
thrombolysis increases the rate of successful reperfusion after
mechanical thrombet:tomy.18 The authors explained previous dis-
crepant results by the fact that some studies compared patients eli-
gible with intravenous thrombolysis to ineligible patients, therefore
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creating a selection bias. Moreover, in a study including only patients
with complete reperfusion after mechanical thrombectomy, the use
of intravenous thrombolysis was not associated with the number of
thrombectomy passes.?® In contrast, time from onset to reperfusion
was a major predictor of complete reperfusion after only a single pass
of the thrombectomy device. This parameter should be adequately
adjusted in observational studies and might have constituted a bias
in previous studies. None of the randomized trial demonstrated a
statistically significant higher rate of successful reperfusion (TICI 2b
or better) in IVT+MT vs. dMT (DIRECT-MT: 84.5% vs. 79.4%; DEVT:
87.2% vs. 88.5%; SKIP: 93.2% vs. 90.1%). Even if further evidence is
required, especially in patients with large delay between intravenous
thrombolysis and thrombectomy, the latest studies do not support a
substantial effect of intravenous thrombolysis to facilitate thrombus
retrieval during mechanical thrombectomy.

Because 6% to 26% of patients experience multifocal emboli

with distal or remote occlusions,*33?

intravenous thrombolysis
may promote recanalization of vessels beyond the site of primary
artery occlusion (Figure 1). It is also increasingly recognized that me-
chanical thrombectomy can fragmentate the main thrombus during
retrieval, leading to secondary small or medium vessel occlusion.*°
The consequences of these iatrogenic distal occlusions could be
mitigated by pharmacological thrombolysis. In line with this hypoth-
esis, in the Endovascular Treatment for Small Core and Anterior
Circulation Proximal Occlusion With Emphasis on Minimizing CT to
Recanalization Times trial, the use of IVT was associated with a 68%
reduction in the odds of infarct in a new previously unaffected terri-
tory.*! Other subgroup analyses of randomized clinical trials will pro-
vide further answers to this question. Preclinical studies also suggest
that thrombolysis may improve microvascular patency downstream
of the main thrombus. Even in the absence of early recanalization
of the main artery, thrombolysis could maintain a perfusion high
enough to prolong the viability of the penumbra and thereby in-
crease the benefit of large artery recanalization.*? In rats, after
transient monofilament middle cerebral artery occlusion, leuko-
cytes and platelets accumulate in postcapillary venules. Intravenous
thrombolysis using alteplase significantly increases percentage of
perfused microvessels and reduces infarct size, at least in part by
plasma fibrinogen depletion.“z’43 Although appealing, this hypothe-
sis has not been demonstrated in human stroke and the DIRECT-MT,
DEVT, and SKIP trials did not show additional benefit of intravenous
thrombolysis over mechanical thrombectomy alone. Moreover, a re-
cent clinical study failed to prove the existence of persistent distal
microthrombosis in patients after mechanical thrombectomy.**

An alternative use of pharmacological thrombolysis in the con-
text of mechanical thrombectomy is to perform intra-arterial in-
jection of a fibrinolytic agent during or after the thrombectomy
procedure to improve the quality of the reperfusion.*® In a recent
study in which the investigators used urokinase (a plasminogen acti-
vator) after a failed or incomplete mechanical thrombectomy in 100
patients, adjunctive treatment with intra-arterial urokinase during
or after mechanical thrombectomy was safe and improved angio-
graphic reperfusion.*® In another observational cohort including 78
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patients in whom use of the solitaire stent retriever failed to achieve
successful reperfusion, intra-arterial fibrinolysis nonsignificantly
improved the rate of revascularization success (61.2% vs. 46.6%,
p = .13) at the cost of a numerically higher rate of symptomatic in-
tracranial hemorrhage (13.9% vs. 6.8%, p = .29).%’ A recent meta-
analysis of six observational cohort studies and three observational
datasets including 2797 patients (405 with additional intra-arterial
fibrinolytics) did not find an increased risk of symptomatic intracra-
nial hemorrhage nor excess mortality after intra-arterial injection
of a fibrinolytic agent.48 Although included studies were heteroge-
neous, some studies found improved reperfusion. Recently, results
from the Intra-arterial Fibrinolytics in Thrombectomy registry have
been published.*” Of 5612 patients screened, 311 received addi-
tional intra-arterial fibrinolysis during or after mechanical throm-
bectomy, mostly because of insufficient recanalization at the end
of the procedure. In patients with available angiographic follow-up,
116 of 228 patients (50.9%) showed angiographic reperfusion im-
provement after intra-arterial fibrinolysis, which was associated
with favorable outcome. Other case series reporting the use of
intra-arterial fibrinolysis at various timepoints during or after me-
chanical thrombectomy have been published with positive effects
on reperfusion rates, but additional randomized trials are mandatory

to confirm these findings.*¢>%>*

7 | NEW FIBRINOLYTIC AGENTS

The data presented here suggest that using alteplase, the effect-
size of additional thrombolysis in patients treated by mechanical
thrombectomy will probably remain limited. Other clinically avail-
able fibrinolytics could be of interest in this indication. Accordingly,
recent studies suggest that the choice of the thrombolytic agent
influences the rate of early reperfusion. The Extending the time
for Thrombolysis in Emergency Neurological Deficits-Intra-Arterial
using Tenecteplase (EXTEND-IA TNK) trial showed twofold higher
early recanalization rate before mechanical thrombectomy following
intravenous thrombolysis with tenecteplase 0.25 mg/kg, compared
with alteplase 0.9 mg/kg.’?>® Tenecteplase is a recombinant plas-
minogen activator that has increased resistance to plasminogen ac-
tivator inhibitor 1 (PAI-1), improved fibrin specificity, and enhanced
half-life (Figure 3). Like alteplase, tenecteplase is a 527 amino acid
glycoprotein. Tenecteplase has modifications at three sites of the
protein structure: substitution of threonine 103 with asparagine,
substitution of asparagine 117 with glutamine, both within the
kringle 1 domain, and a tetra-alanine substitution at amino acids 296
to 299 in the protease domain. The enhanced half-life allows admin-
istration of the full tenecteplase dose as a bolus, whereas using al-
teplase, 10% of the total dose is administered as a bolus and 90% is
infused over 60 min. In addition to its better fibrinolytic properties,
the simpler route of administration of tenecteplase could translate
in shorter delays between thrombolysis and mechanical thrombec-
tomy. In the EXTEND-IA TNK trial, symptomatic intracranial hem-
orrhage occurred in 1% of the patients in each group, suggesting
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Plasminogen Activator Structure Inhibitors | Other names | Administration route | Halflife | FS
(8]
‘g PAI-1, PA1-2, Lysine P
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=

FIGURE 3 Comparison of alteplase and tenecteplase structures. EACA, e-aminocaproic acid; EGF, epithelial growth factor; Finger,

finger domain; FN, fibronectin domain; FS, fibrin specificity; K, Kringle domain; PAI, plasminogen-activator inhibitor; tPA, tissue-type
plasminogen activator; TXA, tranexamic acid. Star indicates mutation/substitution. For the serine protease domain, the double star indicates
a four amino acid substitution in the serine protease domain: Lys296Ala, Hys297Ala, Arg298Ala, Arg299Ala

that tenecteplase does not significantly increase the risk of hemor-
rhagic transformation compared to alteplase. Overall, tenecteplase
resulted in a better functional outcome than alteplase at 90 days.
Doses of 0.25 and 0.4 mg/kg have been tested in different trials,
but no advantage of the higher dose has been demonstrated.’®>*
Current guidelines for stroke include intravenous tenecteplase
at the 0.25 mg/kg dose for large-vessel occlusions as an alterna-
tive to alteplase. The results of ongoing randomized phase 3 trials
are awaited to define the role of tenecteplase in thrombectomized
patients. In contrast to alteplase and tenecteplase, reteplase, des-
moteplase, streptokinase, and staphylokinase (all plasminogen ac-
tivators) have not been investigated in the context of mechanical
thrombectomy.

New recombinant fibrinolytic agents with potentially better ef-
ficacy and safety profiles are currently under development, such
as opt-tPA.>> Moreover, nanomedicine has made tremendous pro-
gresses over the past few years in the design of safer and more ef-
fective fibrinolytic agents.’®>” Nanomedicine-based vectorization
of plasminogen activators aims at protecting the fibrinolytic agent
from enzymatic degradation and proteolytic inhibition, at optimiz-
ing its biodistribution to the thrombus by targeting strategies and
thereby, at diminishing its adverse effect on hemostasis. These ap-
proaches have been recently and extensively reviewed elsewhere.’®
To date, no clinical trial of these promising fibrinolytic agents has
been performed. Importantly, as a class effect, all plasminogen ac-
tivators are susceptible to induce activation of the contact phase,
including bradykinin generation, a mechanism suspected to play a
role in angioedema and brain oedema formation after fibrinolysis,
although higher fibrin specificity might mitigate this side effect.”? %!

An alternative to the administration of a recombinant plasmin-
ogen activator is the injection of drugs targeting the inhibitors of
the fibrinolytic pathway.®? Recently, new profibrinolytic drugs tar-
geting thrombin activatable fibrinolysis inhibitor (TAFI) have been
developed. In its active form, TAFI inhibits the fibrinolytic pathway
by removing tPA and plasminogen binding sites on the thrombus.
Interestingly, the concentration of TAFI in cerebrospinal fluid during
ischemic stroke is associated with stroke progression, worse out-
come, and blood-brain barrier dysfunction.63 In murine models of
ischemic stroke, inhibition of TAFI with pharmacological inhibitors
reduces microvascular thrombosis,®* but failed to improve ischemic

lesion size.®® In contrast, the use of a heterodimer diabody targeting

both TAFI and PAI-1 reduces brain damage in several rodent models
of stroke.®®®” Moreover, TAFI inhibition using exogenous adminis-
tration of matrix metalloproteinase-10 (MMP-10) effectively reduces
infarct size in experimental stroke by enhancing fibrinolysis, alone®®
or in combination with tPA.®” The use of TAFI inhibitors should
be used however with cautions according to experimental studies
showing that TAFI deficiency results in increased brain damage in
a model of thrombolysis after ischemic stroke, an effect associated
with neuronal degeneration and cell-derived microparticle produc-
tion.”® Inhibitors of a2-antiplasmin, the major inhibitor of plasmin,
have also been shown to promote fibrinolysis.”*

8 | THROMBOLYSIS BEYOND
FIBRINOLYSIS

Histological analyses of retrieved thrombi during mechanical
thrombectomy for acute ischemic stroke have revealed that these
thrombi are highly heterogeneous.”?”® This heterogeneity prob-
ably arises from unique conditions of thrombus formation in each
patient, depending for instance on the local rheological conditions.
Intracranial thrombi are made of different combinations of plate-
lets, red blood cells, fibrin, von Willebrand factor (VWF), and DNA
(Figure 4). Notably, most thrombi display a core-shell structure,
with an outer shell that impairs fibrinolysis.”* Immunohistological
analyses revealed that this outer shell is enriched in fibrin, plate-
lets, VWF, and DNA originating from neutrophil extracellular traps.
Therefore, alone or in combination with fibrinolysis, new thrombo-
lytics targeting non-fibrin components of intracranial thrombi have
the potential to increase the efficacy of pharmacological thromboly-
sis. Accordingly, recent clinical and experimental data point toward
VWF and DNA as two promising targets for thrombolysis of intrac-
ranial thrombi.

VWE is a circulating multimeric protein made of several mono-
mers linked together by disulfide bonds. It is implicated in platelet
adhesion and subsequent aggregation, especially in conditions of
high shear rates.””> Accordingly, inhibition of the interaction be-
tween platelet Gplba receptor and VWF in experimental models of
occlusive thrombosis restores vessel patency and improves stroke
outcome.”>”® Several inhibitors of Gplba-VWF interactions, tar-
geting either Gplba or the A1 domain of VWF, are under clinical
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FIGURE 4 Schematic representation of
the inner structure of intracranial thrombi
according to histological analyses. RBC,
red blood cells; VWF, von Willebrand
factor
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investigation,”” including one already approved for the treatment of
thrombotic thrombocytopenic purpura (caplacizumab, a divalent na-
nobody).”® To date, there are no clinical data in stroke on these inhib-
itors. Several molecules have also been shown to cleave VWEF, such
as a disintegrin and metalloprotease with thrombospondin type 1
repeats 13 (ADAMTS-13) and N-acetylcysteine. ADAMTS-13 is the
endogenous protease responsible for the degradation of VWF mul-
timers. In an experimental model of stroke with tPA-resistant throm-
bus, intravenous injection of recombinant ADAMTS-13 promotes
thrombus dissolution and improves outcome.”? A similar effect has
been observed using a variant of ADAMTS-13 displaying an enhanced
proteolytic activity.80 Importantly, no significant hemorrhagic trans-
formation was observed using ADAMTS-13 and a preclinical study
even showed that ADAMTS-13 reduces tPA-induced hemorrhage
after stroke.®! As a cheaper and already clinically available alterna-
tive, N-acetylcysteine is also able to reduces the size and activity of
VWEF by reducing the disulfide bonds inside VWF multimers.®? In
three experimental models of stroke in mice, N-acetylcysteine was
shown to restore vessel patency, reduce ischemic lesion size, and
improve neurological outcome.® The dose administered to observe
this thrombolytic effect (400 mg/kg) was only slightly superior to
the dose of N-acetylcysteine used to treat acetaminophen poison-
ing in humans (300 mg/kg). Importantly, N-acetylcysteine neither
induced hemorrhagic transformation nor worsened preexisting
brain hemorrhage in murine models. Moreover, in a randomized
controlled clinical trial in patients with myocardial infarction, intra-
venous N-acetylcysteine administered with low-dose intravenous
nitroglycerin was associated with reduced infarct size and doubled
myocardial salvage.8* Clinical trials in stroke patients are awaited.
Histological analyses of intracranial thrombi also revealed large
amount of extracellular DNA, especially in the thrombus shell.”
Remarkably, the presence of citrullinated histone H3, a hallmark
of neutrophil extracellular traps, is observed in most thrombi,
suggesting that this extracellular DNA comes from the nucleus of
neutrophils. In a study involving 68 thrombi, citrullinated histone
H3-positive area represented up to 13.45% of total thrombus area.®®
Interestingly, this extracellular DNA seems to inhibit alteplase in-
duced fibrinolysis as evidenced by at least three studies showing

VWF

RBC-Fibrir

Platelet-

N e © @

Fibrin DNA Neutrophil Leukocyte RBC Platelet

that ex vivo lysis of patient thrombi was faster when adding DNase
1 to tPA.8>"8” Moreover, in a mouse photothrombotic stroke model,
administration of DNase 1 recanalized the occluded vessel, whereas
tPA was ineffective.® Altogether, these data suggest that DNase
could be used as a thrombolytic agent in acute ischemic stroke. It is
in theory possible to administer a cocktail of thrombolytics including
a fibrinolytic, a VWF-degrading molecules and DNase for instance,
to maximize the reperfusion rate. The role of antithrombotic agents
such as anti-P2Y12, anti-Gpllbllla, or anti-Gplba also remains to be

investigated in the context of mechanical thrombectomy.

9 | CONCLUSION

At the cost of a potential increased risk of hemorrhagic transfor-
mation, pharmacological thrombolysis may promote arterial re-
canalization before thrombectomy, improve the rate of successful
recanalization after thrombectomy, and restore microcirculation
patency downstream of the main thrombus. However, the avail-
able results of the first randomized clinical trials suggest that cur-
rent pharmacological thrombolysis using alteplase does not improve
clinical outcome in thrombectomized patients and does not increase
the rate of successful reperfusion. New thrombolytic strategies
targeting alteplase-resistant thrombi are being developed such
as tenecteplase, ADAMTS-13, N-acetylcysteine, or DNase. These
new thrombolytic agents could strengthen the beneficial effects of
thrombolysis without carrying additional pro-hemorrhagic effects.
New combined strategies, improved thrombolytics, and dedicated
clinical trials in selected patients are eagerly awaited to further im-

prove functional outcome in stroke.
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