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Abstract
The antifibrinolytic enzyme carboxypeptidase U (CPU, TAFIa, CPB2) is an appealing target for the treatment of acute 
ischemic stroke (AIS). Increased insights in CPU activation and inactivation during thrombolysis (rtPA) with or without 
endovascular thrombectomy (EVT) are required to develop CPU inhibitors as profibrinolytic agents with optimal benefits/
risks. Therefore, CPU kinetics during ischemic stroke treatment were evaluated. AIS patients with documented cerebral 
artery occlusion receiving rtPA (N = 20) or rtPA + EVT (N = 16) were included. CPU activation during thrombolysis was 
measured by an ultrasensitive HPLC-based CPU activity method and by an ELISA measuring both CPU and inactivated 
CPU (CPU + CPUi). Intravenous blood samples were collected at admission and throughout the first 24 h. Additional in situ 
blood samples were collected in the rtPA + EVT cohort proximal from the thrombus. The NIHSS score was determined at 
baseline and 24 h. CPU activity and CPU + CPUi levels increased upon rtPA administration and reached peak values at the 
end of thrombolysis (1 h). High inter-individual variability was observed in both groups. CPU activity decreased rapidly 
within 3 h, while CPU + CPUi levels were still elevated at 7 h. CPU activity or CPU + CPUi levels were similar in in situ and 
peripheral samples. No correlation between CPU or CPU + CPUi and NIHSS or thrombus localization was found. The CPU 
system was rapidly activated and deactivated following thrombolysis and thrombectomy in stroke patients, suggesting that 
a CPU inhibitor would have to be administered during rtPA infusion and over the next few hours. The high CPU generation 
variability suggests that some patients may not respond to the treatment. EudraCT number 2017-002760-41.
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Introduction

Ischemic stroke is the first cause of disability in the Western 
world and the second cause of death [1]. Rapid blood flow 
restoration is crucial to limit adverse outcomes [2]. To date, 
the only approved pharmacological recanalization treatment 
is the recombinant tissue-type plasminogen activator (rtPA) 
[3]. However, recanalization by rtPA is achieved in less than 
50% of patients with large artery occlusions [4–6]. Although 
the breakthrough of endovascular thrombectomy (EVT) 
drastically improved recanalization rates in patients with 
large vessel occlusion [7], still 2 out of 3 patients treated 
with EVT display limited microvascular reperfusion even 
though recanalization is obtained [8]. Besides, only spe-
cialized stroke centers are capable of performing the EVT 
procedure. Thus, more efficacious pharmacological agents 
are needed.
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Procarboxypeptidase U (proCPU), also denoted throm-
bin-activatable fibrinolysis inhibitor (TAFI), is a proen-
zyme synthesized by the liver that, after activation into 
CPU (TAFIa) by the key enzymes of coagulation (throm-
bin) and fibrinolysis (plasmin) is a potent attenuator of 
fibrinolysis. CPU is unstable at 37 °C (half-life 7–15 min) 
and is rapidly inactivated into CPUi (TAFIai) [9–11].

Several studies confirmed that CPU is activated in 
ischemic stroke patients treated with intravenous throm-
bolysis and suggest that it can decrease the efficacy of 
thrombolytic therapy [12–16]. The development of CPU 
(TAFIa) inhibitors as profibrinolytic agents in combina-
tion with rtPA is, therefore, an attractive concept [10]. 
However, profibrinolytic therapy may lead to an increased 
bleeding risk. So far, CPU inhibition has not been associ-
ated with major bleeding complications but has not yet 
been tested in the clinical setting in combination with rtPA 
[17–21]. When determining the dosage and timeframe of 
the administration of an inhibitor, it is crucial to take into 
account the kinetics and the amplitude of CPU activation 
and inactivation (CPUi) during fibrinolysis.

While many studies described the mechanism of action 
of CPU in vivo, little is known about the exact kinetics 
of activation and inactivation of the enzyme in stroke 
patients. As its instability makes direct measurement 
challenging [22, 23], in most studies on stroke patients, 
proCPU or the released activation peptide were measured 
rather than CPU [14, 15, 24–26]. Only a few clinical stud-
ies evaluated the kinetics of CPU activation-inactivation in 
stroke patients receiving rtPA thrombolysis. One measured 
enzymatic CPU activity in only 4 patients [26]. The other 
measured CPU + CPUi antigen levels by ELISA [15]. Con-
trary to the CPU activity assay, the ELISA does not dis-
criminate CPU from its inactivated form CPUi. It is thus 
difficult to interpret the amount and kinetics of CPU gen-
eration solely based on CPU + CPUi measurement as the 
in vivo half-life of CPUi is unknown. Therefore, the level 
and duration of CPU activation assessed in some studies 
using CPU + CPUi ELISA may have been overestimated.

Furthermore, the potential impact of thrombectomy on 
CPU generation is largely unknown as it has not been eval-
uated in previous studies. CPU generation may decrease 
after clot removal or be sustained when the clot retriever 
is passed several times through the clot.

The primary objective of our observational study was 
to evaluate both plasma CPU and CPU + CPUi kinetics in 
patients treated with thrombolysis (rtPA cohort) without 
or with additional EVT (rtPA + EVT cohort) and to assess 
the inter-individual distribution of CPU and CPU + CPUi 
levels. We also compared differences in CPU kinetics 
according to the occlusion site, the stroke severity, and 
several hemostasis parameters. In the rtPA + EVT cohort, 

CPU and CPU + CPUi levels in the peripheral circulation 
were compared with in situ peri-thrombus levels.

Methods

Compliance with Ethical Standards

Ethical approval was obtained from the respective ethics 
committees of the investigational sites and the study was 
approved by the competent authorities. It was registered 
at https:// eudra ct. ema. europa. eu (2017–002760-41). All 
patients received standard-of-care treatment according to 
current clinical guidelines [27]. Clinical management was 
not influenced by the study design. All patients or their legal 
representatives gave their informed consent before partici-
pating in the trial. An abbreviated informed consent was 
obtained before inclusion to not delay patient care. The com-
plete informed consent was obtained from the patient and/or 
an authorized representative within 12 h (see supplementary 
material).

Study Design

Adult patients hospitalized in the study centers (supple-
mentary material) within 4.5 h after acute ischemic stroke 
(AIS) symptom onset and with a confirmed cerebral artery 
occlusion in the anterior circulation (CT or MRI) were 
screened. Their eligibility for either a thrombolytic treat-
ment (IV rtPA, 0.9 mg/kg) alone (rtPA cohort) or followed 
by EVT (rtPA + EVT cohort) was assessed according to the 
locally applicable clinical guidelines and standard-of-care 
[27]. Pregnant patients or patients with any known serious 
disease (including active malignancy and active infection) 
likely to interfere with the conduct of the study were not 
included (full inclusion/exclusion criteria are enlisted in the 
supplementary material).

The study design is summarized in Fig. 1. Samples to 
evaluate CPU and hemostasis parameters were collected at 
baseline and 6 (rtPA cohort) or 7 (rtPA + EVT cohort) addi-
tional time points over 24 h. An additional blood sample 
was collected in the rtPA + EVT cohort through the stent 
retriever catheter, close to the thrombus, just before the first 
pass. Clinical evaluations including NIHSS scores (detailed 
in supplementary material) were performed throughout the 
time-course of the study.

Laboratory Analyses

All CPU and CPUi measurements were performed in the 
Laboratory of Medical Biochemistry (University of Ant-
werp, Belgium). CPU activity was determined with high-
performance liquid chromatography (HPLC)-based method 
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using the substrate Bz-o-cyano-Phe-Arg as described in the 
supplementary material [22, 23]. CPU + CPUi antigen levels 
were determined by the Asserachrom® TAFIa/ai ELISA.

Hemostasis parameters (plasmin-α2-antiplasmin); Glu-
plasminogen, fibrinogen, and D-dimer) were assessed by 
FIRALIS (Huningue, France) as detailed in the supplemen-
tary material.

Influence of Hemolysis

Forty percent of the study samples were visually hemolyzed. 
High oxyhemoglobin (oxyHb) concentrations interfere 
with CPU generation leading to an underestimation of the 
measurements [28]. However, when oxyHb is ≤ 0.6 g/L, 
the underestimation of CPU activity does not exceed 20%. 
Besides, CPU + CPUi ELISA is not significantly influenced 
for oxyHb ≤ 10.3 g/L. OxyHb levels were dosed in all sam-
ples and these thresholds were used to select samples for 
reliable CPU or CPU + CPUi measurements.

Statistics

Statistical analyses and data plotting were performed by 
Graphpad Prism® version 8.4.1 (GraphPad Software, 
CA, USA). For the assessment of CPU-related differences 
between patients with mild to moderate and severe neuro-
logical severity scores, data were dichotomized based on 
the NIHSS score as follows: NIHSS ≤ 13 (mild to mod-
erate neurological deficit) or NIHSS > 13 (severe neuro-
logical deficit). Similarly, for the assessment of differences 
based on the occlusion site, data were dichotomized based 
on the occurrence of proximal (internal carotid artery 
(ICA), 1st segment of the middle cerebral artery (M1), or 
ICA + M1) or distal (pericallosal artery, 2nd or 3rd seg-
ment of the middle cerebral artery (M2, M3)) occlusions. 
CPU activities and CPU + CPUi antigen levels were com-
pared using non-parametric tests between the two treat-
ment cohorts (rtPA vs. rtPA + EVT). In the rtPA + EVT 
cohort, CPU activity and CPU + CPUi antigen levels in 
peripherally collected intravenous samples and in situ col-
lected intra-arterial samples were compared by a Wilcoxon 
signed-rank test. Results with P < 0.05 were considered 
statistically significant. When similar time points were 
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Fig. 1  Study design—investigation schedule. Patients were included 
in the IV-rtPA group or in the group with an additional endovascu-
lar thrombectomy (rtPA + EVT). At baseline, blood samples for CPU 
(+ CPUi) and hemostasis parameters were collected together with the 
determination of NIHSS. Additional sampling for CPU (+ CPUi) is 
indicated with green checkmarks. In the rtPA + EVT arm, a periph-
eral venous sample and an in  situ arterial sample near the clot site 

were collected at the start of EVT. Additional sampling for hemosta-
sis parameters is indicated with a blue H; NIHSS determination with 
a black N. CPU, carboxypeptidase U; ER, emergency room; NIHSS, 
National Institute of Health Stroke Scale; IV, intravenous; rtPA, 
recombinant tissue plasminogen activator; one patient from IV-rtPA 
cohort was excluded from the analysis (see consort diagram Fig. 2)
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compared between groups, a Bonferroni correction was 
applied (P < 0.007).

Sample Size Calculations

No formal calculation of sample size was performed as this 
study was exploratory. Based on previous data observed 
in patients with acute ischemic myocardial infarction [29] 
and acute ischemic stroke [15], 20 patients per cohort were 
deemed sufficient to study CPU kinetics, the primary objec-
tive of the study.

RESULTS

Baseline Characteristics

Twenty patients were included in the rtPA cohort and 17 in 
the rtPA + EVT cohort (Fig. 2). One patient (rtPA + EVT) 
did not receive the planned dose of rtPA and was excluded 
from further analysis. The baseline characteristics of the 
patients are shown in Table 1. All patients were Cauca-
sian. The mean age (± SD) was 76.3 ± 15.1 years (58.3% 
of patients were over 80 years) and 52.8% were males. The 
majority of strokes were cardioembolic (52.8%). The throm-
bolysis was initiated within 40 min (range: 15–78 min) after 
hospital admission within an average time of 2.5 ± 1.7 h after 
stroke onset.

Both patient cohorts were well-balanced regarding 
most of the baseline characteristics, except for the site of 

occlusion and NIHSS score. In the rtPA cohort, 70% of 
patients (N = 14) had a distal M2 or M3 occlusion of the 
middle cerebral artery (MCA). On the contrary, 15/16 
(93.8%) patients eligible for thrombectomy presented with 
a large vessel occlusion involving the internal carotid artery 
(ICA) or M1-MCA. The NIHSS at admission was lower 
in the rtPA cohort (median 9 (range 3–23)) than in the 
rtPA + EVT cohort (median 17.5 (range 8–23)).

CPU and CPU + CPUi Kinetics After Thrombolysis 
with and Without Thrombectomy

At arrival in the emergency room, CPU was detected in 17 
(47.2%) patients. The CPU activity increased then mark-
edly upon rtPA administration and reached peak levels at the 
end of thrombolysis (Fig. 3, Table S1). A rapid decline was 
observed within 3 h. CPU remained then low or undetectable 
until the end of the measurements. Similar to CPU activ-
ity, CPU + CPUi antigen levels increased markedly during 
rtPA administration in both treatment cohorts. A progressive 
decline was observed thereafter with CPU + CPUi antigen 
levels still elevated at 7 h (Fig. 3).

Inter‑individual Variability in CPU and CPU + CPUi

Marked variability in CPU activity and CPU + CPUi antigen 
levels was observed between patients in both cohorts (Fig. 4, 
Suppl. Figure S1). Peak levels in CPU activity ranged from 
0.2 to 15.6 U/L in the rtPA cohort and from 0.2 to 14.6 U/L 
in the rtPA + EVT cohort. CPU + CPUi peak levels ranged 

Randomized pa�ents n=37

Thrombolysis n=20
Expected samples n=140

Thrombolysis+ EVT n=17
Expected samples n=136

Total samples n=136 Total samples n=122

Non collected samples n=6
1 pa�ent excluded n=8Non collected samples n=4

Non reliable values n=2
Total samples hemolyzed n=54

Non reliable values n=4
Total samples hemolyzed n=45

Hemolyzed samples re-included 
according to OxyHb level:
CPU: OxyHb<0.6 g/L: n=21
CPU+CPUi: OxyHb<10.3 g/L: n=54

Total samples included
in analysis
CPU = 101

CPU+CPUi n=134

Total samples non hemolyzed
CPU and CPU+CPUi n=80

Total samples non hemolyzed
CPU and CPU+CPUi n=73

Hemolyzed samples re-included 
according to OxyHb level:
CPU: OxyHb<0.6 g/L: n=7
CPU+CPUi: OxyHb<10.3 g/L: n=42

Total samples included
in analysis
CPU = 80

CPU+CPUi n=115

Fig. 2  Consort diagram of blood samples. IA, intra-arterial sample collection; oxyHb, oxyhemoglobin
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from 22 to 1552 ng/mL in the rtPA cohort and from 77 to 
1241 ng/mL in the rtPA + EVT cohort.

In the overall population, a modest CPU activation upon 
rtPA administration (CPU around 0.5 U/L and CPU + CPUi 
peak levels < 50 ng/mL) was observed in 3 patients (8%), 
whereas 11 patients (31%) displayed marked CPU acti-
vation (CPU activity > 2U/L and CPU + CPUi peak lev-
els > 200 ng/mL), the remaining patients being in between. 
In the rtPA + EVT cohort, the proportion of patients with a 
marked CPU generation was higher than in the rtPA cohort 
(N = 8, 50% versus N = 3, 15%).

The kinetic pattern of CPU + CPUi differs between 
patients with some showing a plateau or a slow decrease 
following the rise observed at the end of rtPA infusion, while 
others displayed a more rapid decrease (Suppl. Figure S1).

Effect of Thrombectomy on CPU and CPU + CPUi 
Levels

No difference was found between both cohorts regarding 
the CPU or CPU + CPUi peak activity or level respectively 
(Fig. 4).

Table 1  Baseline demographic 
characteristics. Percentages are 
based on n/N 

BMI, body mass index; EVT, endovascular therapy; rtPA, recombinant tissue plasminogen activator; SD, 
standard deviation; ICA, internal carotid artery; MCA, middle cerebral artery; NIHSS, National Institutes of 
Health Stroke Scale; SD, standard deviation; TOAST, Trial of Org 10,172 in Acute Stroke Treatment.
a Cerebral occlusion at multiple locations was classified in all relevant categories.

rtPA (N = 20) rtPA + EVT (N = 16) ALL (N = 36)

Demographics
  Age, years
  Mean (SD) 77.8 (17.0) 74.5 (13.0) 76.3 (15.1)
  Gender, n (%)
  Male 13 (65.0) 6 (37.5) 19 (52.8)
  BMI, kg/m2

  Mean (SD) 25.9 (4.3) 27.19 (3.03) 26.51 (3.8)
Stroke characteristics
Time (stroke onset—initiation thrombolysis), h
  Mean (SD) 2.59 (2.1) 2.27 (1.0) 2.49 (1.7)
  Location of  occlusiona

  ICA, n (%) - 3 (18.75) 3 (8.33)
  MCA M1, n (%) 5 (25.0) 12 (75.00) 17 (47.22)
  MCA M2, n (%) 9 (45.0) 3 (18.75) 12 (33.33)
  MCA M3, n (%) 5 (25.0) - 5 (13.89)

Other, n (%) 2 (10.0) - 2 (5.56)
NIHSS at admission
  Median (Q1, Q3) 9 (6; 16.5) 17.5 (13.5; 20.5) 14.5 (8.0; 19.0)

NIHSS at admission, categorized, n (%)
  Mild: [1;4] 2 (10.00) - 2 (5.56)
  Moderate: [5;13] 11 (55.00) 4 (25.00) 15 (41.67)
  Severe: ≥ 14 7 (35.00) 12 (75.00) 19 (52.78)

TOAST, n (%)
  Cardioembolism 12 (60.0) 7 (43.8) 19 (52.8)
  Large artery atherosclerosis 2 (10.0) 1 (6.3) 3 (8.3)
  Other/undetermined 6 (30.0) 8 (50) 14 (38.9)

Medical history, n (%)
  Hypertension 11 (55) 11 (68.8) 22 (6.11)
  Atrial fibrillation 7 (35.0) 3 (18.8) 10 (27.8)
  Dyslipidemia 4 (20) 6 (37.5) 10 (27.8)
  Type 2 diabetes mellitus 4 (20) 3 (18.8) 7 (19.4)

Concomitant treatments, n (%)
  Antithrombotic 11 (55.0) 5 (31.3) 16 (44.4)
  Anti-hypertensive drugs 9 (45.0) 8 (50) 17 (47.2)
  Lipid lowering 4 (20) 6 (37.5) 10 (27.8)
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CPU/CPU + CPUi Levels in Peripheral Venous 
and In Situ Arterial Samples

Median CPU activity and CPU + CPUi antigen levels were 
similar in peripheral venous blood samples and arterial 
peri-thrombus samples (1.23 U/L vs. 1.35 U/L P = 0.1 
for CPU; and 94.22 ng/mL vs. 110.4 ng/mL P = 0.5 for 
CPU + CPUi; Fig. 5a–b). Besides, the individual pair-
ing of peripheral venous samples and those collected 

intra-arterially via the thrombectomy device did not show 
any general tendency (Fig. 5c–d).

CPU/CPU + CPUi Levels According to Cerebral Artery 
Occlusion Site (Distal vs. Proximal)

In the pooled cohorts (rtPA and rtPA + EVT combined), 
no significant differences in CPU activity or CPU + CPUi 
antigen levels at baseline or peak were noted on the basis of 
thrombus location (distal or proximal) (Suppl. Figure S2a-b 

Fig. 3  Kinetics of CPU activity (red) and CPU + CPUi antigen (blue) 
in plasma of both treatment cohorts. Panel a rtPA cohort (thromboly-
sis only), panel b rtPA + EVT cohort (thrombolysis with additional 
EVT). Arrows indicate median start and end time of EVT and the 

sample that was collected 30 min after the end of EVT (rtPA + EVT 
cohort only). The time interval of the rtPA administration is shown 
in gray. Data are presented as mean ± SEM. EVT, endovascular 
thrombectomy

Fig. 4  Comparison of the 
peak of CPU activity and 
CPU + CPUi antigen levels 
between the rtPA and the 
rtPA + EVT cohorts. Panel 
a Peak levels of CPU activ-
ity and panel b Peak levels 
of CPU + CPUi antigen. Data 
are presented as scatter plots, 
whiskers indicate median and 
interquartile range. Wilcoxon 
test, ns, not significant
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and d-e). At 24 h, the levels of CPU + CPUi antigen, but 
not CPU, were higher in patients with a proximal occlusion 
than in patients with a distal occlusion (median 68 ng/mL 
vs. 35 ng/mL; P < 0.05; Suppl. Figure S2c,f).

CPU/CPU + CPUi Levels According to Stroke Severity

Patients with a severe neurological deficit at admission 
(baseline NIHSS > 13; N = 19) had significantly higher 
(P < 0.05) CPU + CPUi antigen peak levels than patients 
with mild or moderate deficit (baseline NIHSS ≤ 13; N = 17) 
(median 101.4 vs 333.4 ng/mL) (Figure S3b), but this was 
not reflected in the CPU peak activity (Suppl. Figure S3a).

The CPU peak activity or CPU + CPUi antigen peak lev-
els (Figure S3c-d) did not differ between patients according 
to their NIHSS at 24 h.

Kinetics and Individual Variation of Hemostasis 
Parameters

The kinetics of fibrinogen, Glu-plasminogen, plasmin-
antiplasmin, and D-dimer levels were similar in both treat-
ment groups. Fibrinogen and plasminogen levels decreased 
consecutively to rtPA administration and increased there-
after to return close to baseline at 24 h. On the opposite, 
the plasmin-antiplasmin levels increased during the rtPA 

Fig. 5  CPU activity and 
CPU + CPUi antigen levels 
in relationship to sampling 
collection site. Panel a–b Over-
view of CPU activity (a) and 
CPU + CPUi levels (b) in intra-
venous (IV) peripheral or intra-
arterial (IA) samples collected 
near the occlusion site through 
the thrombectomy device. All 
samples were collected at the 
start of the EVT procedure 
(before the first pass). Data 
are presented as scatter plots, 
whiskers indicate median and 
interquartile range. Wilcoxon 
test, ns, not significant. Panel 
c–d paired individual CPU 
activities (c) and CPU + CPUi 
levels (d) collected peripher-
ally (IV) or near the occlusion 
site (IA)
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administration and decreased gradually during the follow-
ing 24 h. A low variability was observed between patients. 
D-dimer levels increased in both cohorts reaching maximal 
levels at 3 h and then decreased slowly during the rest of the 
observation period (Suppl. Figure S4a-d). No correlation 
was found between individual CPU or CPU + CPUi peak 
level and hemostasis parameters (fibrinogen, Glu-plasmino-
gen, plasmin-antiplasmin, and D-dimer peak levels).

CPU/CPU + CPUi Levels According to Clinical 
Outcomes

Three patients developed severe hemorrhagic events (two-
stroke hemorrhagic transformations and one rectal hemor-
rhage). The CPU levels in these patients were either close 
to or superior to the study median level (CPU: 1.33 U/L) 
(Suppl. Table S2).

Recanalization was evaluated at 24 h in 9 patients from 
the rtPA + EVT cohort. Eight displayed sustainable full 
recanalization at 24 h. Five patients had CPU levels below 
median levels and three higher levels. The patient with TICI 
Grade 2A at 24 h (no full recanalization) had a CPU peak 
level higher than the median (5.17 U/L) (Suppl. Table S3).

Discussion

This observational study in ischemic stroke patients showed 
that CPU is rapidly generated during thrombolysis and 
decreases also rapidly after the end of rtPA infusion, while 
CPU + CPUi levels remain elevated for several hours. There 
was marked inter-patient variability in CPU generation, with 
some patients experiencing limited activation and others 
extensive activation. In general, no significant difference 
between in situ (intra-arterial) and peripheral (intravenous) 
CPU activity, or CPU + CPUi levels, was observed. Finally, 
no correlation between CPU or CPU + CPUi and NIHSS, 
thrombus localization, or hemostasis parameters was found.

The short CPU half-life makes it difficult to measure reli-
ably, especially in acute settings such as AIS. We therefore, 
used an in-house, sensitive, specific, and validated HPLC-
assisted assay to measure enzymatic CPU activity. Particu-
lar attention was paid to preanalytical and analytical issues 
associated with measurements of ultra-low levels of CPU. 
Ex vivo proCPU activation by plasmin and thrombin was 
counteracted by the addition of d-phenylalanyl-l-prolyl-l-ar-
ginine chloromethyl ketone (PPACK) and aprotinin to the 
collection tubes which was not always the case in previously 
published studies. Additionally, samples were placed in iced 
water immediately after sample collection and centrifuga-
tion was performed at 4 °C to avoid ex vivo degradation 
of the thermolabile CPU [22, 23, 26]. By applying these 
meticulous pre-analytical procedures and using the sensitive 

in-house assay, we were able to measure CPU in all samples 
after thrombolysis, demonstrating the feasibility of this com-
plex method in real-life studies.

The net benefit of an anticoagulant or a profibrinolytic 
therapy depends on the balance between its efficacy (reca-
nalization) and safety (bleeding risk). It is, therefore, neces-
sary to ensure that it is administered at the right dose and, at 
the right time, to maximize the benefits and limit the risks. 
By measuring CPU + CPUi with the same ELISA as in our 
study, Alessi and co-workers indirectly studied CPU acti-
vation in 41 AIS patients [15]. Similar to our study, their 
results showed that CPU activation peaked at the end of the 
rtPA infusion and that CPU + CPUi remained elevated up 
to 7 h. They suggested therefore that this could represent 
the favorable time period for a CPU inhibitor administra-
tion. Our direct CPU activity measurement confirmed that 
CPU + CPUi measurements overestimate the duration of 
CPU activity post rtPA in AIS as CPU decrease rapidly to 
reach baseline within 3 h and that the favorable time window 
for CPU inactivation may be shorter. This discrepancy can 
be explained as the CPUi half-life is unknown and could be 
longer than those of CPU. The direct measurement of CPU 
activity appears thus to better reflect the CPU activity dur-
ing fibrinolysis. Additionally, it could also identify some 
patients that displayed reactivation or continuous activation 
of the CPU system.

Importantly, very high inter-individual differences (up to 
7.5-fold) in the CPU activation have been observed in this 
study (Figure S2). Some patients hardly showed any CPU 
activation, whereas several others presented with extensive 
activation. CPU and CPU + CPUi results were consistent 
excluding a measurement artifact. This high variability has 
also been noted in a subset of patients presenting with acute 
myocardial infarction but not receiving thrombolysis [29]. 
Similarly, CPU generation during in vitro clot lysis meas-
ured in the plasma of healthy volunteers was also highly 
variable [30].

Several factors may influence CPU generation. ProCPU 
is activated by thrombin, the thrombin-thrombomodulin 
complex, or plasmin. Plasmin is eightfold more potent than 
thrombin, but still, approximately 155-fold less than the 
thrombin-thrombomodulin complex [31, 32]. As expected 
upon rtPA administration, plasmin was rapidly activated by 
tPA as shown by the parallel decrease in Glu-plasminogen 
levels and the rapid increase of plasmin-antiplasmin levels 
(Figure S5). Low variability in plasmin-antiplasmin peak 
levels (range: 37–46 μg/ml), that were not correlated with 
CPU peak activity, was observed. Therefore, the variability 
in CPU generation cannot exclusively be explained by dif-
ferences in plasmin generation.

Other factors influencing CPU generation and activ-
ity include baseline proCPU values and CPU half-life. 
A positive dependency was seen between the proCPU 
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concentration and the CPU activity peak in an in vitro study 
by Leenaerts et al. [30]. ProCPU levels vary significantly in 
healthy subjects [33] and numerous single-nucleotide poly-
morphisms (SNPs) located within the proCPU gene (CPB2) 
have been described, but common variants in the 5’ and the 
3’ region explain only a modest amount of proCPU variation 
[34]. Such variability may explain some of the variations in 
CPU generation, but proCPU levels have not been measured 
in the current study.

The Thr325Ile polymorphism extends the CPU half-life 
from 8 to 15 min at 37 °C and the 325Ile variant can lead 
to a 60% increase in CPU activity [35]. CPU peaks were 
observed at the end of thrombolysis in all patients. Even 
though the CPU half-life could impact the observed CPU 
levels, it is unlikely to fully explain the marked differences 
observed in this population.

The size of the thrombus can also play a role in the vari-
ability in CPU generation upon rtPA administration. No 
difference was observed between patients with a thrombus 
localized in proximal arteries (larger thrombi expected) as 
compared with distal occlusions. However, the exact size 
and composition of the thrombi were not assessed and need 
to be explored in relation to CPU system activation.

Contrary to previous observations of Leenaerts et al. 
who measured up to eightfold higher CPU activity levels 
near the clot site in patients with acute myocardial infarc-
tion compared to peripherally collected samples [29], we 
did not observe such difference in stroke patients. This dis-
crepancy can potentially be attributed to the difficulty of 
sample collection through the thrombectomy device in the 
cerebral artery.

Relationships between CPU levels and artery recanaliza-
tion at 24 h, as well as hemorrhagic risk, were explored to 
assess the potential benefits and risks of a pharmacologi-
cal CPU inhibitor. The high level of recanalization in the 
rtPA + EVT cohort and the high variability in CPU gen-
eration prevented however any definitive conclusion to be 
drawn with regard to the benefit. Noteworthy, the high CPU 
levels observed in hemorrhagic patients do not support the 
hemorrhagic risk hypothesis, but larger sample sizes are 
required to confirm this observation.

A link between CPU activity, especially the peak CPU 
levels, and stroke severity has been suggested by sev-
eral studies [13]. However, we only observed a higher 
CPU + CPUi peak in patients with a higher NIHSS at base-
line and did not observe any other relation between NIHSS 
score and CPU levels. While Alessi et al. were also able to 
detect a significant difference in CPU + CPUi level accord-
ing to NIHSS in a study with a similar sample size, the high 
variability of CPU generation we observed in our study—
that included patients with more severe stroke—may have 
defined the need for a higher sample size to detect such dif-
ference [15].

Contrary to CPU activity that decreased within 3 h 
in all patients, CPU + CPUi antigen kinetic profiles dif-
fer between patients. In particular, two patterns were 
observed: one showing a rapid decrease after the peak 
at the end of thrombolysis, while the second displayed a 
slow decrease or a plateau. These differences may reflect 
delayed CPUi elimination and/or ongoing CPU activation. 
Indeed, in some patients, CPU activity was detected at 
T = 3 h, T = 7 h, or T = 24 h (for most at a single time 
point) evoking ongoing CPU generation possibly due to 
delayed fibrinolysis or rethrombosis. Coagulation activity 
was however not assessed making it impossible to corre-
late CPU reactivation to late rethrombosis. Of note, in one 
patient, the increase in CPU activity at later time points 
(T = 7 h and T = 24 h) coincided with a sudden decrease in 
fibrinogen levels (approximately 90% decrease vs. base-
line) which could reflect thrombin activation and rethrom-
bosis. However, no overall tendency regarding fibrinogen 
and CPU levels was observed in the study. Additionally, 
the relatively low level of late CPU activation in most 
patients does not fully support it as responsible for the 
differences in CPU + CPUi kinetics.

Our study demonstrates that a CPU inhibitor employed as 
a synergistic adjuvant of fibrinolysis may accelerate throm-
bolysis during and within a few hours after rtPA injection, 
as the CPU peak occurred at the end of rtPA infusion. How-
ever, not all patients displayed an important CPU activation. 
Noteworthy, CPU exerts its activity in a threshold-dependent 
manner, and limited activation of proCPU (1–2%) may be 
sufficient to counteract fibrinolysis [36, 37]. However, as this 
threshold is variable and dependent on the plasmin—and 
thus tPA—concentration, it may be hypothesized that not 
all patients will benefit from such treatment. As a conse-
quence, the clinical development of a CPU inhibitor requires 
the ability to select the subset of responder patients. So far, 
two CPU inhibitors were evaluated in pulmonary embolism 
(AZD9684 and DS1040) and failed to show any statistically 
significant effect on lung scintigraphy score or thrombus size 
reduction [17, 38]. Our results and those already published 
suggest that the endogenous CPU generation potential is the 
composite effect of multiple factors. Therefore, it may be 
difficult to characterize the responder patients population 
without delaying treatment administration, especially in an 
emergency situation like AIS.

Limitations

This exploratory study is limited in its sample size. However, 
it was deemed sufficient to explore the kinetic of CPU acti-
vation. Nonetheless, the high inter-individual variability as 
well as the hemolysis of some samples decreased its power 
and made some secondary data analyses impossible.
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Conclusion

In conclusion, this study demonstrates the feasibility to detect 
very low levels of CPU activity in a clinical setting especially 
in the challenging context of AIS with an appropriate CPU 
activity assay. As hypothesized, an ELISA assay measuring 
both CPU and CPUi overestimated the duration of CPU acti-
vation that peaks at the end of thrombolysis and declined 
shortly thereafter, without any impact of thrombectomy on 
the kinetics of it. The high heterogeneity observed between 
patients in CPU system activation defines the need to identify 
possible responders before developing a CPU inhibitor.
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