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Pirtobrutinib results in reversible platelet dysfunction

compared to ibrutinib and acalabrutinib

Covalent, non-reversible Bruton tyrosine kinase in-
hibitors (BTKi) ibrutinib and acalabrutinib have changed
the management landscape of several chronic B-cell
malignancies. However, BTKi have demonstrated some
challenging off-target toxicities and relatively high rates
of discontinuation due to toxicity in non-trial patient
populations.”? A pooled analysis of the long-term follow-
up of 424 patients receiving ibrutinib enrolled in chronic
lymphocytic leukemia (CLL) trials® reported any grade
bleeding adverse events (AE) in 55% (using multiple AE
terms for bleeding) including grade >3 bleeding events
in 5%. A recent pooled analysis of 1,040 patients receiv-
ing the more selective, second generation BTKi acala-
brutinib reported hemorrhage AE of any grade in 482
patients (46%, grade =3, 3%).* The high rates of bleeding
AE with covalent BTKi have been attributed to inhibition
of platelet tyrosine kinases which results in impaired
signaling and function downstream of platelet GPVI, in-
tegrin o, B, and GPIb.>" Off-target inhibition of TEC and
Src family kinases (SFK) expressed by platelets has been
implicated in the mechanism of bleeding as patients
with X-linked agammaglobulinemia (XLA), that lack
functional BTK, do not suffer from increased bleeding.®
Pirtobrutinib (formerly Loxo-305) is a non-covalent oral
BTKi® that demonstrates a greater than 300-fold selec-
tivity for BTK versus 363 (98%) of 370 other kinases re-
ducing the potential risk for off-target toxicities and
impressive early clinical activity in mantle cell lym-
phoma (MCL), chronic lymphocytic leukemia (CLL), Wal-
denstrom’s macroglobulinemia (WM) and Richter
transformation (RT) of CLL in patients resistant or intol-
erant to covalent BTK inhibition in the BRUIN phase Ib/II
trial.®"® Although follow-up remains relatively short
(median, ~9 months), grade 1-2 bruising or bleeding was
reported in only 22% (20% grade 1, 2% grade 2, 15%
treatment-related) with no grade 3-5 bleeding de-
scribed. In order to establish whether the lower rates
of bleeding reported in pirtobrutinib trials corresponded
with milder platelet dysfunction relative to covalent
BTKi ibrutinib and acalabrutinib, we investigated platelet
function in patients with non-Hodgkin lymphoma or CLL
receiving treatment with covalent and non-covalent
BTKi.

We initially characterized the relative effects of BTKi on
platelet signaling and function (Figure 1A) following in
vitro treatment of blood samples from healthy donors
using procedures approved by the University of Reading
Research Ethics Committee. Ibrutinib caused complete

inhibition of Src tyrosine autophosphorylation (half
maximal inhibitory concentration [IC, ]=1.9 pyM) stimu-
lated by the specific GPVI agonist, collagen-related pep-
tide (CRP-XL). Acalabrutinib caused partial inhibition at
higher concentrations (>1 uM) while pirtobrutinib did not
cause dose-dependent inhibition of SFK activity (Figure
1B). Release of Ca?" from intracellular stores down-
stream of GPVI is dependent on both BTK and TEC®" and
was inhibited by ibrutinib (IC, =0.74 pM) and pirtobruti-
nib (IC_,=0.73 pM) with similar potency, but acalabrutinib
(IC,,=4.2 uM) was less potent (Figure 1C), suggesting that
all three inhibitors inhibit both TEC and BTK within the
concentration range tested. Future studies could assess
the effects of BTKi in the absence of platelet stimulation
to elucidate effects on constitutive kinase activity.
Ibrutinib and pirtobrutinib inhibited aggregation evoked
by CRP-XL with equal potency (IC,,=3.3 uM) while aca-
labrutinib (IC,,=19.1 uM) was again less potent (Figure
1D).

Blood samples were obtained from BRUIN phase Ib/II
trial CLL and B-cell non-Hodgkin lymphoma patients
(Table 1) receiving pirtobrutinib monotherapy (n=20), and
CLL non-clinical trial patients receiving either ibrutinib
monotherapy (n=10) or acalabrutinib monotherapy (n=10)
under Oxford Radcliffe Biobank research tissue bank
ethics, HTA License Number 12217, Oxfordshire C
REC:09/H0606/515, project approval code 21/A027 and
in accordance with the Declaration of Helsinki. Analysis
of platelet function using high throughput plate-based
aggregometry (PBA) indicated that aggregation stimu-
lated by CRP-XL was absent in 75% of patients receiving
pirtobrutinib, 80% receiving ibrutinib and 40% receiving
acalabrutinib (Figure 1E). Responses to 3, 1 and 0.3
pg/mL CRP-XL were significantly higher in patients re-
ceiving acalabrutinib relative to ibrutinib or pirtobrutinib.
Responses to collagen were absent in 95% of patients
receiving pirtobrutinib, 100% receiving ibrutinib and 70%
receiving acalabrutinib (Figure 1F). These data indicate
that platelet activation downstream of GPVI is impaired
by all three BTKi, but that acalabrutinib caused milder
inhibition of GPVI signaling, with ibrutinib and pirtobruti-
nib causing similar levels of platelet inhibition. Small dif-
ferences in aggregation responses between BTKi
treatments were noted following stimulation with other
agonists but differences were not significant compared
to healthy controls (Online Supplementary Figure 1A-D).
Future studies could assess functional and signaling re-
sponses to GPCR agonists in blood samples treated with
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Figure 1. Pirtobrutinib, ibrutinib and acalabrutinib inhibit platelet signaling and function in vitro and ex vivo. (A) Schematic dia-
gram depicting an abridged platelet GPVI signaling pathway in which stimulation of GPVI results in activation of SFK and BTK/TEC
followed by PLCy2 which enables cytosolic Ca* release and activation of PKC. Subsequent activation of integrin o, 3, enables fi-
brinogen binding and platelet aggregation. (Bi) Western blot analysis of Src Y418 phosphorylation with GAPDH loading control
following stimulation of washed platelets with 3 ug/mL collagen-related peptide (CRP-XL) for 3 minutes in the presence of a
range of concentrations of pirtobrutinib, acalabrutinib and ibrutinib (30-0.03 uM) or vehicle and (Bii) graph of mean phosphory-
lation relative to vehicle treated samples. (Ci) Cytosolic Ca?* levels after stimulation of fura-2 loaded platelet-rich plasma (PRP)
with 3 ug/mL CRP-XL in the presence of Bruton tyrosine kinase inhibitors (BTKi) and (Cii) graphs of mean increase in fura-2 signal
relative to vehicle-treated samples and (Ciii) log-half maximal inhibitory concentration (IC, ) values for the BTKi. (Di) Graph of %
aggregation of PRP measured by PBA after stimulation with 3 ug/mL CRP-XL for 5 minutes in the presence of BTKi and (Dii) mean
log-IC,, values. Aggregation of PRP from patients receiving BTKi therapy measured in 96-well plates following stimulation with
concentration ranges of (A) CRP-XL, (B) collagen. Plots of (i) concentration-response curves for each agonist in which points
represent the mean response to each concentration + standard error of the mean and (ii) scatter plots of half maximal effective
concentration (EC, ) values, bars represent the mean + standard deviation. Failure to induce concentration-dependent aggregation
was designated ‘No Response’. The proportion of non-responders is noted at the top of relevant scatter plots. Statistical com-
parisons were performed by two-way ANOVA with Tukey multiple comparisons test. *P<0.05, **P<0.01.
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BTKi in vitro to investigate whether the minor differences
observed in the patient groups are linked to their phar-
macological properties. Impairment of GPVI-evoked pla-
telet aggregation is thought to be more pronounced
when measured by PBA relative to classic Born aggre-
gometry,” and we found that aggregation responses
stimulated by GPVI inhibitors were generally delayed
rather than entirely ablated using this method (Online
Supplementary Figure S1 D, F).

Ibrutinib impairs formation of stable, retracted aggre-
gates under arterial shear conditions and this may
underpin higher rates of hemorrhage associated with

Table 1. Patient information.

ibrutinib therapy.®® We found that the volumes of
thrombi formed on collagen following perfusion of
whole blood at arterial shear (1,000 s™") for 6 minutes
were significantly reduced by all three BTKi relative to
healthy controls (Figure 2A). No significant differences
were observed between the three BTKi groups. We
measured closure time (CT) of the PFA-200 assay using
both collagen/ADP and collagen/epinephrine cartridges
(Figure 2B). The PFA-200 system uses prolonged (>137
coll/ADP, >199 s coll/EPI) or absent CT to identify im-
pairment of hemostasis at very high shear rates. We
found that CT in the collagen/ADP cartridges were pro-

Acalabrutinib N=10 Ibrutinib N=10 Pirtobrutinib N=20

Age in years, median (IQR) 77 (67-80) 69 (64-73) 71 (59-79)
Sex, N (o/o)

Female 5 (50) 6 (60) 9 (45)

Male 5 (50) 4 (40) 11 (55)
Diagnosis, N (%)

Chronic lymphocytic leukemia (CLL) 10 (100) 10 (100) 11 (55)

Richter transformation of CLL 0 (0) 0 (0) 2(10)

Mantle cell lymphoma 0 (0) 0 (0) 4 (20)

Lymphoplasmacytoid lymphoma 0 (0) 0 (0) 2 (10)

Hairy cell leukaemia variant 0 (0) 0 (0) 1(5)
Prior lines, median (range) 0 (0-1) 1 (0-1) 2(1-7)
Prior cytotoxic chemotherapy, N (%) 1(10) 6 (60) 17 (85)
Prior anti-CD20 monoclonal antibody, N (%) 0 (0) 9 (90) 18 (90)
Prior allogenic stem cell transplantation, N (%) 0(0) 0 (0) 3 (15)
Duration of BTK inhibitor in months, median (IQR) 9.5 (2-16) 41 (29-56) 7 (2.5-13.5)

Laboratory parameters
Hemoglobin (g/L), median (IQR)
Platelet count (x10%L), median (IQR)
IgM (g/L), median (IQR)

Clinical details, N (%)
Concurrent antiplatelet drugs
Concurrent anticoagulants
Inherited bleeding disorders

Active bleeding at time of recruitment, N (%)

Bleeding on BTKi', N (%)
None
Grade 1
Grade 2
Grade 3-5

Response to BTKi2, N (%)
Complete remission
Partial remission
Stable or progressive disease
Not assessed to date

130 (121-144)
161 (151-197)
0.24 (0.12-0.43)

0 (0)
1(10)
0 (0)

3 (33)

7 (67)
3 (33)
0(0)
0(0)

1(10)
8 (80)
0(0)

1 (10%)

147 (138-151)
172 (169-198)
0.25 (0.17-0.31)

0 (0)
0 (0)
0 (0)

127 (113-134)
207 (110-263)
1.18 (0.27-2.39)

0 (0)
0 (0)
0 (0)

3 (15)

17 (85)
3 (15)
0(0)
0(0)

'Common Terminology Criteria for Adverse Events (CTCAE) grading scale. 2International Workshop on Chronic Lymphocytic Leukemia (IWCLL)
criteria for chronic lymphocytic leukemia; PET CT criteria for mantle cell lymphoma and lymphoplasmacytoid lymphoma. BTKi: Bruton tyrosine

kinase inhibitors; IgM: immunglobulin M; IQR: interquartile range.
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Figure 2. Pirtobrutinib causes similar impairment of platelet function at high shear but the inhibitory effects is rapidly reversed
following wash-off. Whole blood from patients receiving Bruton tyrosine kinase inhibitors (BTKi) therapy were perfused through
collagen-coated microfluidic chips for 6 minutes at a shear rate of 1,000 s and the volume of resulting thrombi measured by
confocal fluorescence microscopy. (A) A scatter plot of thrombus volumes, bars represent the mean + standard deviation. PFA-
200 closure times (CT) were also measured in whole blood samples. Scatter plots CT measured in (Bi) collagen/ADP and (Bii)
collagen/epinephrine cartridges, including the normal range (green area) and proportion of CT outside of the range (above plot).
The P values were calculated using Fisher’s exact test to compare normal and prolonged CT. Flow cytometry was used to assess
a-granule secretion by measuring P-selectin exposure in platelet-rich plasma (PRP) from patients receiving BTKi and then again
in washed platelets that had been incubated for 1 hour at room temperature after washing. Scatter plots of P-selectin exposure
stimulated by (C) 15 uM TRAP-6 or (D) 3 ug/mL CRP-XL after 20 minutes. Lines connect responses in PRP and washed platelets
for each patient. The P values were calculated by matched two-way ANOVA with Tukey’s multiple comparison test. (E) Confocal
microscopy images of thrombi formed in type | collagen-coated microfluidic chips after perfusing whole blood from healthy do-
nors treated with vehicle, pirtobrutinib (10 uM), ibrutinib (1 uM) or acalabrutinib (1 uM) for 1 hour with or without inhibitor wash-
off. (F) Bar chart of thrombus volumes normalized to the volume of thrombi formed in vehicle-treated whole blood after washing.
Bars represent the mean thrombus volume * standard error of the mean. P values were calculated using one-way ANOVA with

Sidak’s multiple comparisons test.

longed in 45% of pirtobrutinib patients (25% failed to
close within 300 s) while 20% of ibrutinib and 10% of
acalabrutinib patients had prolonged CT. Differences in
CT between the three BTKi were not significant in either
the collagen/ADP or collagen/epinephrine tests. In order
to control for the effects of different B-cell malignancies
present in the pirtobrutinib group on platelet function,
we restricted analysis to patients with CLL only and
found that this did not alter the results of aggregation,
in vitro thrombus formation or PFA-200 assays (Online
Supplementary Figure S2).

Rates of hemorrhagic AE for patients with B-cell ma-
lignancies receiving BTKi are highest when therapy is
first initiated.” Having established that pirtobrutinib
therapy induces similar impairment of hemostasis to
acalabrutinib and ibrutinib, we investigated the in-
fluence of the duration of BTKi therapy on platelet
function parameters. We compared the results of ag-
gregation, thrombus formation and PFA-200 assays of
patients within the first 12 months of treatment with a
BTKi (n=19) to patients with longer treatment durations
(n=21). Duration of therapy had no significant effect on
aggregation response to any agonist except U46619, but
in vitro thrombus formation was significantly impaired
and higher proportion of collagen/epinephrine assays
failed to close within 300 s in patients with a treatment
duration of <12 months (Online Supplementary Figure
S3).

Ibrutinib and acalabrutinib irreversibly inhibit BTK by co-
valently modifying a cysteine in the ATP binding pocket
required for enzymatic activity. Recovery from platelet
dysfunction caused by irreversible BTKi is dependent on
platelet turnover, which has a half-life of 7 to 10 days.
Pirtobrutinib also targets the ATP binding pocket but
binds non-covalently and inhibition is reversible. Re-
covery of normal platelet function is therefore likely to
be determined by drug wash-out and not platelet turn-
over. In order to investigate how wash-off of BTKi in-
fluenced platelet function, we measured P-selectin
exposure as a marker of ax-granule secretion evoked by

CRP-XL or TRAP-6 in PRP or 1 hour after washing the pla-
telets. There was no difference in P-selectin exposure
evoked by TRAP-6, except a small but significant de-
crease after washing in patients receiving acalabrutinib,
possibly caused by a small loss in responsiveness during
the washing process (Figure 2C). We found that p-selec-
tin exposure evoked by CRP-XL recovered in washed pla-
telets but not in PRP from patients receiving
pirtobrutinib. There was no significant difference for pa-
tients receiving acalabrutinib or ibrutinib (Figure 2D). We
further investigated reversibility by treating whole blood
samples from healthy donors with the BTKi and measur-
ing thrombus formation with or without washing off the
inhibitors (Figure 2E, F). After pirtobrutinib was washed
off, platelet function was not significantly different to
vehicle-treated samples, but thrombus formation in
ibrutinib- and acalabrutinib-treated samples remained
impaired.

Inhibition of SFK is implicated in bleeding risk, and al-
though we found that pirtobrutinib spared SFK activity
to a greater extent that the covalent BTKi, this did not
result in reduced platelet dysfunction. This study does
not rule out that additional effects on coagulation and
platelet procoagulant activity may contribute to ob-
served differences, although it should be noted that
prior studies attribute increased rates of hemorrhage
during BTKi therapy predominantly to inhibition of pri-
mary hemostasis. The comprehensive analysis of pla-
telet functional responses presented in this study
indicate that low rates of hemorrhage reported in pirto-
brutinib trials might not correspond with milder dys-
function compared to ibrutinib and acalabrutinib. Our
findings suggest that rapid reversibility in platelet func-
tion rather than reduced platelet dysfunction might play
a role in the low rates of hemorrhagic adverse events
with pirtobrutinib. Further clinical data will be required
to identify if the rapid reversal of platelet inhibition ob-
served with pirtobrutinib may simplify elective peri-op-
erative management, emergency surgical management
and the management of unrelated major hemorrhage in
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patients on this reversible BTKi compared to irreversible
BTKi.
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