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While efficient at treating B-cell malignancies, Bruton tyrosine
kinase (BTK) inhibitors are consistently reported to increase the
risk of bleeding. Analyzing platelet aggregation response to colla-

gen in platelet-rich plasma allowed us to identify two groups in the healthy
population characterized by low or high sensitivity to ibrutinib in vitro.
Inhibition of drug efflux pumps induced a shift from ibrutinib low-sensitive
platelets to high-sensitive ones. At a clinically relevant dose, acalabrutinib,
a second-generation BTK inhibitor, did not affect maximal collagen-induced
platelet aggregation in the ibrutinib low-sensitive group but did inhibit
aggregation in a small fraction of the ibrutinib high-sensitive group.
Consistently, acalabrutinib delayed aggregation, particularly in the ibrutinib
high-sensitive group. In chronic lymphocytic leukemia patients, acalabruti-
nib inhibited maximal platelet aggregation only in the ibrutinib high-sensi-
tive group. Acalabrutinib inhibited collagen-induced tyrosine-753 phospho-
rylation of phospholipase Cγ2 in both groups, but, in contrast to ibrutinib,
did not affect Src-family kinases. Acalabrutinib affected thrombus growth
under flow only in the ibrutinib high-sensitive group and potentiated the
effect of cyclooxygenase and P2Y12 receptor blockers in both groups. Since
the better profile of acalabrutinib was observed mainly in the ibrutinib low-
sensitive group, replacement therapy in patients may not systematically
reduce the risk of bleeding.

Introduction

Bruton tyrosine kinase (Btk) inhibitors are efficient therapeutic agents for the treat-
ment of chronic lymphocytic leukemia (CLL), mantle-cell lymphoma and
Waldenström macroglobulinemia.1-3 However, these drugs are recognized to increase
the rate of bleeding in up to 50% of treated patients.4,5 Most bleeding events are of
grade 1-2, and include spontaneous bruising, petechiae and hematomas, but, in 5%
of patients, they are of grade 3 or higher.6-9 Such an incidence of bleeding warrants
concerns, particularly during invasive procedures or surgery or when Btk inhibitors
are associated with antithrombotic therapy.4,5

Several studies have now clearly shown that the first-in-class Btk inhibitor, ibru-
tinib, causes platelet dysfunction in a significant proportion of treated patients. In
vitro, in normal platelets, the drug has been shown to affect activation mechanisms
downstream of the collagen receptor GPVI, GPIb and αIIbβ3 integrin.10-13 Btk and
Tec are two members of the same family of tyrosine kinases involved in platelet
activation, at least via their contribution to phospholipase Cγ2 (PLCγ2) phosphory-
lation.14,15 Experimental mouse models of Btk invalidation have shown that Btk is
involved in collagen/GPVI and von Willebrand factor/GPIb-IX-V-induced platelet
activation.14,16 However, patients with X-linked agammaglobulinemia do not have a
bleeding phenotype and their Btk-deficient platelets exhibit only a weak defect,
suggesting compensation of Btk by Tec.14,17,18 Accordingly, invalidation of both Btk
and Tec in mice was required to impair platelet responses evoked by GPVI
agonists.15
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Like ibrutinib, the second-generation Btk inhibitor, acal-
abrutinib, inhibits Btk by covalent modification of the cys-
teine residue C481 in the ATP binding domain. While
ibrutinib is known to irreversibly inhibit both Btk and Tec,
acalabrutinib exhibits a higher specificity towards Btk and
less activity on Tec,9,19,20 although a recent study suggests
that its selectivity for Btk over Tec is not substantial.21 At
the highest clinically achievable doses, ibrutinib has also
been shown to inhibit Src-kinases in washed human
platelets.10-13 Src-kinases are essential for platelet activation
and act upstream of Btk and Tec in the GPVI signaling
pathway.22 Their inhibition has been shown to induce
bleeding in vivo.23 Of note, acalabrutinib seems to have less
inhibitory potential than ibrutinib on Src-kinases.19,24 A
clinical trial that enrolled 61 relapsed CLL patients demon-
strated the efficacy of acalabrutinib and did not document
any major bleeding although a significant incidence of
low-grade bleeding including petechiae (16%) and contu-
sions (18%) was observed.9 Using an elegant experimental
mouse model of arterial thrombosis and platelets from
acalabrutinib-treated patients, it was also shown in this
study that this second-generation Btk inhibitor has fewer
anti-platelet effects than ibrutinib. Another recent study in
a small cohort of patients also documented significant
low-grade bleeding in acalabrutinib-treated patients and
less platelet dysfunction in these patients than in ibrutinib-
treated patients.24 Of note, a very recent report suggests
that ibrutinib and the second generation Btk inhibitors,
acalabrutinib and tirabrutinib (ONO/GS-4059), have the
capacity to prevent platelet thrombus formation on
human atherosclerotic plaque homogenate.25
There are only limited available data on the effects of sec-

ond-generation Btk inhibitors to guide physicians who
switch from ibrutinib to another kinase inhibitor (e.g. in the
case of bleeding, or co-medication with antithrombotic
drugs). Therefore, we evaluated in this study whether acal-
abrutinib could represent a safer option. We first identified
two groups of healthy donors based on their sensitivity to
collagen-induced platelet aggregation inhibition by ibruti-
nib in vitro. We then characterized the differences and simi-
larities in the effects of acalabrutinib and ibrutinib in the
two groups and analyzed the impact of an association of
acalabrutinib with antiplatelet drugs. Our data suggest that
switching Btk therapy may not be a systematically good
option for patients who bleed under ibrutinib treatment,
and that the association of any of these Btk inhibitors with
antiplatelet drugs significantly potentiates the inhibition of
collagen-induced platelet aggregation.

Methods

Reagents
The sources of the reagents used in this study are provid-

ed in the Online Supplement.

Preparation of human platelets 
Human platelets from adult healthy volunteers who had not

taken aspirin or any anti-platelet or anti-inflammatory drugs in the
preceding 10 days or CLL patients were isolated from blood col-
lected under citrate. All experiments were performed within 1 h
after blood sample collection for healthy donors and within 2 h
after blood sample collection for CLL patients. Platelet-rich plasma
(PRP) and washed platelets were prepared as indicated in the
Online Supplement and elsewhere.23

Light transmission aggregometry
Platelet aggregation was monitored in siliconized glass cuvettes

under continuous stirring (1000 rpm) at 37°C using a turbidimetric
method in a multi-channel aggregometer (SD Medical, France).
Platelet aggregation was monitored for 10 min and the extent of
platelet aggregation and area under curve (AUC) were analyzed
using Thrombosoft 1.6 software (SD Medical, France).  

Ex vivo model of thrombosis under flow conditions
Glass microcapillaries (Cellix System, New York, NY, USA)

were coated with 50 mg/mL type I collagen from equine tendon
overnight at 4°C and saturated with a solution of 1% bovine
serum albumin (fatty acid-free) in phosphate-buffered saline for 30
min. Heparin-anticoagulated whole blood from healthy human
donors was pre-treated with ibrutinib, acalabrutinib or vehicle
(dimethylsulfoxide) for 60 min at 37°C and platelets were labeled
with DiOC6 (2 mM, 10 min at 37°C). Blood was then perfused
through the microfluidic system for the indicated times at an arte-
rial shear rate of 1500 s-1 as previously described.26 Platelet adhesion
and thrombus formation were measured in real time with an epi-
fluorescence microscope (Axiovert 200; Zeiss) with a 40X oil
immersion objective (Plan-Apo 40x/1.3 Oil DIC UVVIS-IR) and a
Colibri LED System light source (Zeiss, Jena, Germany). The
results were recorded in real time (acquisition rate: 1 frame every
30 s) using a high resolution CCD cooled camera (Orca-R2,
Hamamatsu, Hamamatsu City, Japan). Image sequences of the
time-lapse recording and surface coverage were analyzed using
Image J software. 

Statistical analysis
Data are presented as mean ± standard error of the mean (SEM).

Statistical analyses were performed using one-way analysis of
variance (ANOVA) with the Bonferroni post-test (GraphPad
PRISM software, San Diego, CA, USA). P-values <0.05 were con-
sidered statistically significant. Two-way ANOVA with the
Bonferroni post-test was used for statistical analysis of the surface
coverage in the thrombus formation assay and a one sample t-test
was applied to analyze thrombus volume at 180 s. 

Ethical approval
Ethical approval for collecting blood from patients and healthy

volunteers was granted by the Hémopathies Inserm Midi-Pyrénées
(HIMIP) collection declared to the French Ministry of Higher
Education and Research (DC 2008-307 collection 1) and a transfer
agreement (AC 2008-129) was obtained after approval from the
ethical committee Comité de Protection des Personnes Sud-Ouest et
Outremer II and the Toulouse Hospital Bio-Resources biobank,
declared to the Ministry of Higher Education and Research (DC
2016-2804). In accordance with French law, clinical and biological
annotations of patients’ samples were declared to the Comité
National Informatique et Libertés (CNIL), the French data protection
authority.

Results 

Effect of ibrutinib and acalabrutinib on collagen-induced
platelet aggregation in healthy donors
It is important to note that only a subset of ibrutinib-

treated patients develop spontaneous bleeding and have a
defect in collagen-induced platelet aggregation.3,10,11
Moreover, we consistently observed great heterogeneity in
the intensity of the in vitro effect of ibrutinib on collagen-
induced platelet aggregation in PRP from healthy donors
(unpublished observation). We therefore first tested the effect
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of ibrutinib at the clinically achievable dose of 0.5 mM on
collagen-induced platelet aggregation in PRP from 70
healthy volunteers. Ibrutinib inhibited collagen-induced
platelet aggregation (maximal platelet aggregation <50%) in
56% of healthy donors while it had no or little effect (max-
imal platelet aggregation >50%) in the remaining 44%
(Figure 1A). Interestingly, when we performed this aggre-
gometry assay again 6 months later in 29 out of the 70
donors, the response profile was comparable. Indeed, the
same donors were either sensitive or resistant to ibrutinib
(Figure 1A). Figure 1B highlights the important difference in
the dose-dependent effect of ibrutinib in the two groups.
This effect was probably not related to an apparent differ-
ence of collagen sensitivity among the healthy donor popu-
lation since the maximal platelet aggregation in response to
a low dose of collagen (3.3 mg/mL) was not significantly dif-
ferent in the two groups. Moreover, increasing the collagen

concentration from 3.3 µg/mL to 6 µg/mL reduced but did
not overcome the inhibitory effect of ibrutinib in the high
sensitivity group (Online Supplementary Figure S1). These
two groups will hereafter be referred to as ibrutinib “high
sensitive” (HS) and “low sensitive” (LS) donors. To further
characterize this marked difference, similar experiments
were performed in the presence of drug efflux pump
inhibitors, reserpine and verapamil, in LS donors (Online
Supplementary Figure S2). While these two drugs alone or in
combination had no effect on collagen-induced platelet
aggregation, each drug significantly increased ibrutinib sen-
sitivity. In combination, they induced high ibrutinib sensi-
tivity in LS donors. Since it was recently shown that the
effects of ibrutinib are incubation time-dependent,27 we also
performed a time-course analysis of the effects of ibrutinib
treatment (Online Supplementary Figure S2C). We found that
incubation with ibrutinib for 1 h caused the maximal inhi-
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Figure 1. Effect of ibrutinib and acalabrutinib on collagen-induced platelet aggregation in vitro, in healthy donors. Platelet-rich plasma (PRP) from healthy volun-
teers was treated or not with ibrutinib (A-D) or acalabrutinib (ACP) (C-E) at the indicated concentrations for 1 h at 37°C and stimulated with collagen 3.3 mg/mL.
Platelet aggregation was assessed by turbidimetry during 10 min and results, expressed as percentage of maximal platelet aggregation and area under the curve,
are mean ± standard error of mean. A maximal platelet aggregation response below 50% indicated ibrutinib high-sensitive donors (HS, in red, n=39) while a maximal
aggregation response above 50% indicated ibrutinib low-sensitive donors (LS, in blue, n=31). The same analysis was performed 6 months later (After 6 months) in
29 out of the 70 healthy donors (A). Platelet aggregation curves showing representative platelet responses to ACP and ibrutinib on PRP from ibrutinib HS healthy
donors are shown (D). The numbers of donors analyzed in each experiment were: (A) n=70, after 6 months: n=29; (B) LS: n=15, HS: n=7; (C) n=52; (E) LS: n=10,
HS: n= 12. *P<0.05, **P<0.01, ***P<0.001, #P<0.05, ##P<0.01, ###P<0.001 according to one-way analysis of variance. 
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bition and that the effect of the efflux pump inhibitors was
visible at 30 min and maximal at 1 h in the LS group. These
data are in agreement with those from Nicolson et al.27 and
suggest that the intra-platelet concentration of the drug cor-
relates with the aggregation defect.
Thus, with regard to collagen-induced platelet aggrega-

tion in the normal population, two groups of individuals
were distinguished based on their in vitro sensitivity to ibru-
tinib, as previously found in CLL patients treated with this
drug.10,11
Since acalabrutinib could be an option for patients requir-

ing a switch from ibrutinib therapy, we analyzed its effect
at the clinically relevant dose of 2 mM in the two groups.
Acalabrutinib was less efficient than ibrutinib on maximal
platelet aggregation induced by collagen (Figure 1C, D). The
ibrutinib LS donors were not affected by acalabrutinib and
a large proportion of ibrutinib HS donors were not or only
weakly affected. In a small percentage of donors (10%)
both drugs strongly inhibited collagen-induced platelet
aggregation. Dose-dependent curves illustrate the lack of
effect of acalabrutinib in the LS group and its relatively
weak effect in the HS group (Figure 1E). However, while
acalabrutinib was less efficient than ibrutinib on maximal
platelet aggregation, it consistently delayed the aggregation
response (Figure 1D). This is illustrated by a decrease in the
area under the aggregation curve (Figure 1C,  D). This effect
was dose-dependent and more pronounced in the ibrutinib
HS group (Figure 1E). It is noteworthy that acalabrutinib
had no impact on platelet aggregation induced by thrombin
receptor activating peptide (TRAP), the thromboxane A2
analog U46619 or ADP but did affect to some extent
platelet aggregation induced by the GPVI agonist, collagen-
related peptide, particularly in the HS group (Online
Supplementary Figure S3). Of note, the drug efflux pump
inhibitors alone or in combination did not significantly
amplify the effect of acalabrutinib on maximal platelet
aggregation but tended to increase its impact on the delay
of aggregation in response to collagen (3.3 mg/mL) in the LS
group (data not shown).
The effect of acalabrutinib on collagen-induced platelet

aggregation was also tested in vitro in PRP from 16 Btk
inhibitor-naïve CLL patients. The maximal platelet aggrega-
tion evoked by collagen was reduced compared to that of
healthy donors but two groups, ibrutinib LS (n=4) and ibru-
tinib HS (n=12), were again identified (Figure 2A). While
acalabrutinib had no significant effect in ibrutinib LS CLL
patients, it significantly decreased the maximal platelet
aggregation in ibrutinib HS CLL patients (Figure 2B). In the
ibrutinib HS group, only one patient was not sensitive to
acalabrutinib.

Acalabrutinib is less efficient than ibrutinib at inhibiting
signaling events downstream of GPVI
We then compared the impact of acalabrutinib and ibru-

tinib on tyrosine phosphorylation events downstream of
GPVI using washed platelets. Compared with PRP, in
which plasma proteins are known to bind and sequester the
drug, acalabrutinib was more efficient at inhibiting colla-
gen-induced aggregation of washed platelets. In ibrutinib
LS donors the half maximal inhibitory concentration (IC50)
was 1.07 ± 0.35 mM, while it was 0.69 ± 0.44 mM in HS
donors (Figure 3A). Both ibrutinib and acalabrutinib strong-
ly inhibited Btk autophosphorylation in ibrutinib LS and HS
groups (Figure 3B). Ibrutinib was very efficient at blocking
PLCγ2 phosphorylation on the Btk-dependent phosphory-

lation site Tyr753 in both groups. Acalabrutinib at 1 or 2
mM significantly inhibited PLCγ2 Tyr753 phosphorylation
in both groups (Figure 3B). The observed stronger effect of
ibrutinib on PLCγ2 phosphorylation would be consistent
with an off-target effect of this drug on Tec and possibly Src
kinases. Indeed, consistent with previous reports,10,24 ibruti-
nib significantly affected Src activation as assessed by the
intensity of its tyrosine 418 phosphorylation. The effect of
ibrutinib was more pronounced in the ibrutinib HS group
(44 ± 6% inhibition in the HS group vs. 15 ± 5% in the LS
group, P<0.01, n=7 for HS and n=10 for LS). Interestingly,
while ibrutinib inhibited Src particularly in the HS group,
acalabrutinib had no or very little effect on Src activation in
both groups. The improved profile of acalabrutinib over
ibrutinib on global tyrosine phosphorylation events was
confirmed by western blot analysis of the pan-tyrosine
phosphorylation pattern in response to collagen stimulation
(Online Supplementary Figure S4).

Weak impact of acalabrutinib on thrombus formation on
collagen under flow
Ibrutinib has been shown to affect thrombus formation

and stability on a collagen matrix under flow12,24 and firm
platelet adhesion on von Willebrand factor.10 Given the dif-
ference of effects of acalabrutinib observed in the two
groups of healthy donors, we performed platelet adhesion
and thrombus formation assays under an arterial shear rate
to mimic the in vivo situation. Whole blood, treated or not
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Figure 2. Effect of ibrutinib and acalabrutinib on collagen-induced platelet
aggregation in vitro in patients with chronic lymphocytic leukemia. Platelet-
rich plasma from 16 Bruton kinase inhibitor-naïve patients with chronic lympho-
cytic leukemia was treated or not with ibrutinib or acalabrutinib (ACP) for 1 h at
37°C and stimulated with collagen 3.3 mg/mL. Platelet aggregation was
assessed by turbidimetry during 10 min. (A) Four patients were identified as
having low sensitivity (LS) to ibrutinib (reduction of maximal platelet aggrega-
tion <50%, blue) and 12 as having high sensitivity (HS) to ibrutinib (reduction of
maximal platelet aggregation >50%, red). (B) Results, expressed as percentage
of maximal aggregation in the two groups, are mean ± standard error of mean.
**P<0.01, ***P<0.001 according to one-way analysis of variance.
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with 0.5 mM ibrutinib or 2 mM acalabrutinib for 1 h, was
perfused over a collagen matrix and platelet adhesion and
thrombus formation were monitored by real-time imaging.
Acalabrutinib had no effect on platelet surface coverage in
both groups, indicating that platelet adhesion was spared
(Figure 4A, B). However, while this drug had no impact on
the thrombus volume in the ibrutinib LS group of healthy
donors, it significantly decreased thrombus volume in the
HS group (Figure 4A, B). As expected, in similar conditions,
ibrutinib significantly decreased surface coverage and
thrombus volume in the ibrutinib HS group and tended to
decrease thrombus volume in the LS group.

Effect of associations of antiplatelet drugs and ibrutinib
or acalabrutinib
The management of bleeding risk in patients with cardio-

vascular disease under dual antiplatelet therapy for primary
or secondary prevention treated with Btk inhibitors is of
concern in clinical practice.4,5,28 There is currently little infor-
mation to guide clinicians in making decisions about
antiplatelet therapy concurrently with Btk inhibitors. We
therefore tested the effect of combinations of ibrutinib or
acalabrutinib with indomethacin (an aspirin-like drug) or
cangrelor (ARC69931MX), an antagonist of the P2Y12 ADP
receptor, on platelet aggregation evoked by collagen in PRP
from the two groups of healthy donors (Figure 5). In both

groups, platelet aggregation was significantly inhibited by
indomethacin and to a lesser extent by cangrelor.
Importantly, the combination of indomethacin or cangrelor
with ibrutinib at a clinically relevant dose amplified the
inhibition of platelet aggregation in the ibrutinib HS group.
In the ibrutinib LS group, ibrutinib at 0.5 mM did not have
a significant effect on the maximal platelet aggregation
induced by collagen but increased the effect of
indomethacin or cangrelor (in accordance with the 6-8%
grade 3-4 bleeding events reported in clinical trials).
Interestingly, acalabrutinib, at a clinically relevant dose
which had no impact on maximal platelet aggregation
induced by collagen, also strongly potentiated, in a dose-
dependent manner, the effect of indomethacin and can-
grelor in both groups (Figure 5A, B). These data indicate
that these two Btk inhibitors potentiated the effect of
cyclooxygenase inhibition and P2Y12 antagonism, even in
the ibrutinib LS group (Figure 5).

Discussion

The first-generation Btk inhibitor ibrutinib has revolu-
tionized the therapy of CLL and mantle cell lymphoma but
the drug can cause some side effects such as atrial fibrilla-
tion and bleeding.1-3,28 The occurrence of side effects is the
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Figure 3. Effect of ibrutinib and acalabrutinib on tyrosine phosphorylation events. (A) Washed platelets from healthy donors were treated or not with increasing
doses of acalabrutinib (ACP) for 1 h at 37°C and stimulated with collagen 3.3 mg/mL. Platelet aggregation was assessed by turbidimetry during 10 min and results,
expressed as percentage of maximal aggregation, are mean ± standard error of mean (SEM). Ten donors with low sensitivity (LS) and eight with high sensitivity (HS)
to ibrutinib were analyzed. **P<0.01, according to one-way analysis of variance (ANOVA). Half maximal inhibitory concentrations (IC50) were determined using
GraphPad Prism software. (B) In parallel to aggregation, the effect of ibrutinib and acalabrutinib on platelet tyrosine phosphorylation events (PLCγ2 phosphorylation
on Tyr-753 and Src phosphorylation on Tyr-418) in response to 1 min stimulation with collagen 3.3 mg/mL was assessed by western blotting. The results of the west-
ern blot quantification by densitometric analysis are shown as means ± SEM from ten independent experiments for LS and seven independent experiments for HS.
*P<0.05, **P<0.01, according to one-way ANOVA. Representative western blots are shown for each group.

A

B



major reason for discontinuing ibrutinib during the first
year of treatment, with this translating into shorter progres-
sion-free and overall survivals.29 Management of bleeding is
therefore of paramount importance, especially in the 10-
12% of cases who develop atrial fibrillation and require
anticoagulation (which increases the risk of grade 3-4 bleed-
ing). The second-generation irreversible Btk inhibitor, acal-
abrutinib, with less off-target kinase inhibition, is expected

to improve the safety profile, including bleeding, of Btk
inhibition.9,19,24 In this study we characterized the effects of
acalabrutinib on platelet functions in vitro and ex vivo and
compared these effects with those of ibrutinib.
We performed a series of assays on two populations of

healthy donors characterized by high or low sensitivity to
ibrutinib, based on the degree of inhibition of collagen-
induced platelet aggregation in PRP achieved by the drug.
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Figure 4. Effect of acalabrutinib on platelet thrombus formation ex vivo on collagen under arterial flow. (A, B) DIOC6-labeled platelets from healthy donors with (A)
low sensitivity (LS) or (B) high sensitivity (HS) to ibrutinib (determined on the basis of their aggregation response as in Figure 1) pre-incubated with acalabrutinib
(ACP) 2 mM, ibrutinib 0.5 mM or dimethylsulfoxide (control) for 1 h at 37°C were perfused through a collagen-coated microcapillary at a physiological arterial shear
rate of 1500 s-1 for 180 or 360 s. Surface coverage (%) and thrombi volume (% of vehicle response) were analyzed using ImageJ software. Results are presented as
mean ± standard error of mean of three or four independent experiments. *P<0.05, **P<0.01, ***P<0.001 according to two-way analysis of variance (ANOVA) for
surface coverage, one-way ANOVA for thrombi volume at 360 s and a one sample t-test for thrombi volume at 180 s. 
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We provide evidence that one factor contributing to predis-
pose platelets to ibrutinib sensitivity in vitro is the drug
efflux pump system. Indeed, inhibition of drug efflux
pumps was sufficient to induce ibrutinib sensitivity in the
LS group of healthy donors. This suggests that the actual
dose of ibrutinib reaching intracellular targets is critical and
will determine the extent of inhibition of Btk and Tec and
possibly other undesired targets such as Src-kinases. These
data are in line with those of a very recent study suggesting
that the ibrutinib-mediated increase of bleeding is due to
off-targets effects of the drug occurring because of unfavor-
able pharmacodynamics.27 The authors propose that the
bleeding side effect of ibrutinib may be avoided by reduc-
tion of the dose. Our data suggest that an efficient platelet
drug efflux pump system may limit the multifactorial
antiplatelet effects of ibrutinib. This is important new infor-
mation to take into consideration when interpreting the
results of in vitro experiments with ibrutinib. Moreover, it
could be interesting to analyze a potential link between
polymorphisms of drug efflux pumps and the risk of bleed-
ing in patients treated with ibrutinib. These data may also
stimulate pharmacists to look for intake of P-glycoprotein
inhibitors among co-medications in patients with pro-
longed bleeding under ibrutinib. Since verapamil increases
the plasma concentrations of amiodarone and likely the
intra-platelet concentration of ibrutinib, cardiologists may
favor the use of β-blockers when prescribing drugs to lower
the heart rate. Evaluating the sensitivity of a patient’s
platelets to ibrutinib before starting therapy could also help
clinicians to establish a personalized therapeutic strategy.
Our standard in vitro aggregation tests indicated that acal-

abrutinib had no effect on the maximal platelet aggregation
response in the ibrutinib LS group of healthy donors. In the

ibrutinib HS group of healthy donors, acalabrutinib affected
maximal platelet aggregation only in a few cases. However,
acalabrutinib consistently delayed platelet aggregation in
both groups. As expected, acalabrutinib had no effect on
platelet aggregation induced by TRAP, U46619 or ADP.
These data point to a better profile of acalabrutinib on
platelets from healthy donors compared to that of ibrutinib.
Importantly, when acalabrutinib was tested on PRP from

CLL patients, it had no effect on the maximal platelet aggre-
gation response in the ibrutinib LS group, but significantly
inhibited platelet aggregation in the ibrutinib HS group of
patients. These data suggest that a switch from ibrutinib to
acalabrutinib therapy may not be systematically appropri-
ate to prevent bleeding in CLL patients.5 The results from
clinical trials show that, although no grade 3 bleeding was
observed in relapsed CLL patients treated with acalabruti-
nib, low-grade hemorrhages occurred in a significant pro-
portion of patients, comparable with those observed with
ibrutinib.4,9,24
Ibrutinib has been shown to reduce the stability of

platelet thrombus on collagen24 and firm platelet adhesion
on the von Willebrand factor matrix.10 Consistent with the
data reported by Bye et al.,24 we found here that acalabruti-
nib had no effect on thrombus formation on collagen in the
ibrutinib LS group of healthy donors. However, in the ibru-
tinib HS group, while acalabrutinib did not affect platelet
adhesion it was able to significantly reduce thrombus vol-
ume. Again these data show a better profile of acalabruti-
nib, although with some significant impact in the ibrutinib
HS group.
The effects of ibrutinib and acalabrutinib on the Btk-

mediated tyrosine phosphorylation of PLCγ2 on Tyr-753
and on the Src autophosphorylation site Tyr-418 (activated
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Figure 5. Effect of ibrutinib and acalabrutinib in association with anti-platelet drugs. (A, B) Platelet-rich plasma from healthy donors with (A) high sensitivity (HS) or
(B) low sensitivity (LS) to ibrutinib was pre-treated or not with the indicated doses of acalabrutinib (ACP) or ibrutinib for 1 h at 37°C and anti-platelets drugs (10 mM
indomethacin and/or 10 mM ARC69931MX) were added 10 min before stimulation with collagen 3.3 mg/mL. Platelet aggregation was assessed by turbidimetry dur-
ing 10 min and results, expressed as percentage of maximal aggregation, are the mean ± standard error of mean of three to five independent experiments. *P<0.05,
**P<0.01, ***P<0.001 according to one-way and two-way analyses of variance.
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form of Src-kinases) were investigated in washed platelets
from the two groups of healthy donors. Ibrutinib, at the
clinically relevant dose of 0.5 mM, inhibited phosphoryla-
tion at both sites, with a significantly more intense effect in
the ibrutinib HS group. The strong inhibition of phospho-
rylation observed in the ibrutinib HS group correlated with
the inhibition of platelet aggregation. The weaker inhibi-
tion of phosphorylation in the ibrutinib LS group was
accompanied by a weaker decrease of aggregation.
Acalabrutinib efficiently inhibited Btk phosphorylation, sig-
nificantly decreased PLCγ2 Tyr-753 but had no effect on Src
phosphorylation in either group, even at a dose of 2 mM
which is above the 1.3 mM mean peak of free plasma drug
concentrations measured in patients.9 These data are consis-
tent with the better selectivity of acalabrutinib on Btk, also
shown by the whole tyrosine phosphorylation profile of
collagen-stimulated platelets. However, it is worth noting
that while a dose of 2 mM acalabrutinib had no effect on Src
activation it did decrease platelet aggregation significantly
in the ibrutinib HS group.
A relevant clinical scenario is the association of Btk

inhibitors with dual antiplatelet therapy in patients with
cardiovascular diseases, particularly after percutaneous

coronary intervention with stent placement. The current
dual antiplatelet therapy is based on aspirin and a P2Y12

ADP receptor antagonist such as clopidogrel, prasugrel,
ticagrelor or cangrelor. Our data are consistent with those
of a previous study showing that ibrutinib amplifies the
effect of cangrelor on platelets12 and also demonstrate that
acalabrutinib strongly potentiated the effect of
indomethacin or cangrelor on platelet aggregation
induced by collagen both in the ibrutinib HS and LS
groups of healthy donors. This is important information
for guiding therapeutic strategies in patients under
antiplatelet therapy at high risk of bleeding.
In conclusion, this study provides new insights into the

impact of the first- and second-generation Btk inhibitors,
ibrutinib and acalabrutinib, on platelets and contributes
to the improvement of evidence-based recommendations
for a safer use of these targeted therapies.
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