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Abstract

Background. The safety, tolerability, efficacy, and pharmacokinetics of tirabrutinib, a second-generation, highly
selective oral Bruton's tyrosine kinase inhibitor, were evaluated for relapsed/refractory primary central nervous
system lymphoma (PCNSL).

Methods. Patients with relapsed/refractory PCNSL, Karnofsky performance status >70, and normal end-organ
function received tirabrutinib 320 and 480 mg once daily (g.d.) in phase | to evaluate dose-limiting toxicity (DLT)
within 28 days using a 3 + 3 dose escalation design and with 480 mg q.d. under fasted conditions in phase II.
Results. Forty-four patients were enrolled; 20, 7, and 17 received tirabrutinib at 320, 480, and 480 mg under fasted con-
ditions, respectively. No DLTs were observed, and the maximum tolerated dose was not reached at 480 mg. Common
grade >3 adverse events (AEs) were neutropenia (9.1%), lymphopenia, leukopenia, and erythema multiforme (6.8%
each). One patient with 480 mg q.d. had grade 5 AEs (pneumocystis jirovecii pneumonia and interstitial lung disease).
Independent review committee assessed overall response rate (ORR) at 64%: 60% with 5 complete responses (CR)/
unconfirmed complete responses (CRu) at 320 mg, 100% with 4 CR/CRu at 480 mg, and 53% with 6 CR/CRu at 480 mg
under fasted conditions. Median progression-free survival was 2.9 months: 2.1, 11.1, and 5.8 months at 320, 480, and
480 mg under fasted conditions, respectively. Median overall survival was not reached. ORR was similar among pa-
tients harboring CARD11, MYD88, and CD79B mutations, and corresponding wild types.

Conclusion. These data indicate favorable efficacy of tirabrutinib in patients with relapsed/refractory PCNSL.

Trial registration: JapicCTI-173646.

Key Points
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Importance of the Study

PCNSL is a highly aggressive non-Hodgkin lymphoma
with poor prognosis. Combination chemotherapy in-
cluding high-dose methotrexate with whole-brain ra-
diotherapy provides well benefits for treatment-naive
patients with PCNSL, butthe disease has often relapsed.
Here, we conducted a phase I/Il study of tirabrutinib,
a second-generation, potent, selective Bruton's tyro-
sine kinase inhibitor, in relapsed or refractory PCNSL.
Maximum tolerated dose was not reached at 480 mg in

Primary central nervous system lymphoma (PCNSL) is
a highly aggressive non-Hodgkin lymphoma that arises
most often in the brain and sometimes affects the eyes
and cerebrospinal fluid (CSF)."® Pathologic analysis re-
vealed that most (~95%) PCNSLs are diffuse large B-cell
lymphoma (DLBCL),* and the DLBCL subtype of PCNSL is
often classified as the non—germinal center B-cell (GCB)-like
type.® The prognosis is generally poor.6 Age over 50 years
and Karnofsky performance status (KPS) <70 have con-
sistently been identified as negative prognostic factors.”
High-dose methotrexate (HD-MTX) in combination with
other chemotherapeutic agents followed by whole-brain
radiotherapy (WBRT) at a dose of 30-40 Gy is used as a
standard treatment for newly diagnosed patients with
PCNSL in Japan. Since WBRT is associated with the risk of
inducing leukoencephalopathy and cognitive impairment
and decreases quality of life in patients with PCNSL, other
therapeutic options have also been evaluated, including a
combinatory therapy of rituximab with HD-MTX, vincristine,
and procarbazine followed by a reduced dose of WBRT and
then high-dose cytarabine.?

More than half of the initial responders relapse,’®
and optimal treatment for recurrent patients has not
been established. Re-administration of HD-MTX =
rituximab based therapy'® has been attempted for re-
current patients who responded to initial HD-MTX
therapy. Monotherapies with rituximab, topotecan,
and temsirolimus have also been investigated, with re-
ported response rates of 36%," 33%,"? and 54%,' re-
spectively. However, all of these monotherapies result
in progression-free survival (PFS) of about 2 months
and do not lead to a long-term cure. A clinical trial of
lenalidomide monotherapy showed median PFS of
6 months, and those of a high dose of chemotherapy fol-
lowed by autologous stem cell transplantation demon-
strated prolonged median PFS of 11.6-12.4 months but
high toxicity.’*'® Thus, treatment options are particu-
larly limited for patients with relapsed/refractory PCNSL.
Further, long-term treatment is undesirable, highlighting
the unmet medical need.

Analysis of driver genes using whole-genome
sequencing and single nucleotide polymorphism arrays
revealed that the frequencies of MYD88 and CD79B mu-
tations, which affect the B-cell receptor (BCR) of antigen
signaling activation, were higher in PCNSL biopsy sam-
ples compared with conventionally reported activated

the 28-day phase | part. Thereafter, we observed mul-
tiple AEs, and hence tested 2 additional regimens in the
phase Il part: 320 mg tirabrutinib and administration of
480 mg under fasted conditions. On the basis of the re-
sults of higher rates and longer durations of response
regardless of mutations in CARD11, preferred tolera-
bility, and manageable safety profile, administration of
480 mg under fasted conditions would be the optimum
regimen.

B-cell-DLBCL." Since Bruton's tyrosine kinase (BTK) is a
mediator located downstream of BCR and is associated
with various B-cell malignancies,'® BTK inhibitors may
be effective for PCNSL. Recently, multiple studies have
evaluated the first-generation BTK inhibitor ibrutinib in re-
lapsed/refractory PCNSL. More than half of patients with
PCNSL responded to ibrutinib in the salvage setting.'®?
Particularly, a subset of patients showed complete re-
sponses (CR). Interestingly, efficacy of ibrutinib seemed
independent of the MYD88 and CD79B mutations. Thus,
treatment using BTK inhibitors is still investigational, but
has been promising.

In contrast to ibrutinib that potently inhibits mul-
tiple off-target kinases, which may lead to se-
rious toxicities,?®?’ tirabrutinib (ONO/GS-4059, Ono
Pharmaceutical)?® is a second-generation, potent, highly
selective, irreversible oral BTK inhibitor.2? A European
phase | study assessed the tolerability and safety in re-
lapsed/refractory B-cell non-Hodgkin lymphoma (B-NHL)
patients and chronic lymphocyte leukemia (CLL) patients.
The maximum tolerated dose (MTD) was 480 mg once
daily (g.d.) and 600 mg q.d. for B-NHL and CLL patients,
respectively.?®> A Japanese phase | study in patients with
relapsed/refractory B-NHL and CLL®C is currently under
way to investigate the safety and efficacy of tirabrutinib.
No dose-limiting toxicities (DLTs) were observed in 2
or more patients in any cohort, and the tolerability of
tirabrutinib was confirmed at a g.d. dose of 480 mg and
the twice-daily dose of 300 mg in Japanese patients.
This phase I/ll study aimed to confirm the safety, tolera-
bility, efficacy, and pharmacokinetics of tirabrutinib and
explore the genetic features of Japanese patients with
relapsed/refractory PCNSL.

Materials and Methods
Study Design and Treatment

This was a multicenter, open-label, uncontrolled phase /Il
study conducted in Japan at 10 sites between October 2017
and June 2019. The study was registered at Clinicaltrials.
jp under the identifier JapicCTI-173646 (https:/database.
japic.or.jp). Ethical approval was received by the institu-
tional review boards of participating study sites, and all
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patients provided written informed consent. The study was
conducted in accordance with the Declaration of Helsinki
and Good Clinical Practice.

The study consisted of 2 parts: phase | and phase Il
Phase | had an open-label, dose-escalation design and
aimed to confirm the tolerability of tirabrutinib in patients
with relapsed or refractory PCNSL, to determine the doses
for phase Il, and to investigate the pharmacokinetics of
tirabrutinib. Phase Il had an open-label, uncontrolled de-
sign and aimed to investigate efficacy with the primary
endpoint of overall response rate (ORR; central assess-
ment) at best response. Patients with relapsed/refrac-
tory PCNSL were also assessed for safety at the doses of
tirabrutinib determined in phase I.

In phase |, tirabrutinib was orally administered at a
dose of 320 mg g.d. in cohort 1 and 480 mg g.d. in cohort
2 for one 28-day cycle (DLT evaluation period). Of the pa-
tients who were enrolled in cohort 1, the dose could be
increased to the cohort 2 dose in patients who continued
to receive tirabrutinib when the tolerability of cohort 2
was confirmed. Patients started treatment in cohort 1 and
transitioned to cohort 2 according to the transition rules
(see Supplementary Text and Supplementary Table 1).
Maximum dose was set to 480 mg g.d. on the basis of the
results of the MTD in the previous dose-escalation studies
of tirabrutinib.?53 Treatment was continued until disease
progression or clinically unacceptable toxicity was ob-
served. After the DLT evaluation period (cycle 1) ended,
patients could transition to the extension period at the
same dose if they did not present DLTs or the investigator
deemed the patient capable of transitioning to the exten-
sion period. In phase Il, tirabrutinib was orally adminis-
tered g.d. at the dose determined in phase | for one 28-day
cycle. If the cohort 1 dose was the MTD, the cohort 1 dose
was used as the dose for phase Il.

Treatment was interrupted in patients with grade 4
thrombocytopenia or grade 3 thrombocytopenia with
bleeding, grade 4 neutropenia or febrile neutropenia,
grade 2 or 3 pneumonitis, or grade >3 non-hematological
toxicity other than pneumonitis and skin-related dis-
order. In case these events recovered to one grade or
resolved, tirabrutinib treatment could be resumed at
the same dose before the interruption. If toxicity re-
curred, the dose could be lowered by one step. The
method used to reduce the tirabrutinib dose is shown
in Supplementary Table 2; the lowest allowed dose was
160 mg qg.d. Prohibited therapies are described in the
Supplementary Text.

Patients

Inclusion criteria included men and women aged >20 years,
histopathologically diagnosed as PCNSL without systemic
tumor, who had relapsed or refractory PCNSL, had received
at least one prior therapy, with a cerebral lesion >1.0 cm in
the longest diameter on gadolinium-enhanced nuclear MRI
within 14 days prior to the first tirabrutinib dose, KPS of
70-100, expected survival >3 months, able to comply with
the study procedures and testing, receiving appropriate
contraception methods if of reproductive age, and met
the following laboratory criteria: neutrophil count >1000/
mm?3, platelet count >50000/mm3, hemoglobin >8.0 g/dL,

aspartate aminotransferase and alanine aminotransferase
<2.5 times the upper limit of normal (ULN), total bili-
rubin <1.5 times ULN, and creatinine clearance >50 mL/
min (Cockcroft-Gault formula) or >50 mL/min/1.73 m?2
(Modification of Diet in Renal Disease formula).

The main exclusion criteria are provided in the
Supplementary Text. Briefly, excluded were patients with
PCNSL without a B-cell neoplasm, who recently received
chemotherapy or radiotherapy or who had severe dis-
ease complications, severe comorbidities, or infectious
diseases, including human immunodeficiency virus and
cytomegalovirus. Patients who continuously received sys-
temic corticosteroid within 14 days prior to the first dose
of tirabrutinib were also excluded; up to 10 mg/day and
25 mg/day of prednisolone or equivalent for any symp-
toms other than PCNSL and for symptoms of PCNSL such
as edema, respectively, were permitted.

Study Endpoints

Safety.—Adverse events (AEs) and laboratory (hema-
tology, blood biochemistry, and urinalysis) abnormal-
ities were assessed. AEs were assessed according to the
National Cancer Institute—-Common Terminology Criteria
for Adverse Events v4.0 Japan Clinical Oncology Group
version.

Efficacy.—The primary efficacy endpoint was ORR at best
response (CR, unconfirmed complete response [CRu], par-
tial response [PR]) assessed by a central independent re-
view committee. Complete response (CR + CRu) was also
assessed. Tumor response was assessed, according to the
International PCNSL Collaborative Group criteria, by MRI
before the first dose of tirabrutinib, at day 28 of cycle 1,
and at day 1 of each odd-numbered cycle. Secondary effi-
cacy endpoints were best overall response, duration of re-
sponse, disease-free survival, time-to-treatment response,
PFS, and overall survival (OS).

Genetic testing.—DNA was extracted from formalin-
fixed, paraffin-embedded tumor samples of the brain biop-
sies for determination of the MYD88, CD79A, CD79B, and
CARD11 somatic mutations. Additional details of methods
used for genetic testing are provided in the Supplementary
Text and SupplementaryTable 3.

Pharmacokinetics.—Calculated pharmacokinetic param-
eters were maximum observed plasma concentration, area
under the plasma concentration-time curve, and trough
concentration of tirabrutinib in CSFE. Details of sampling are
provided in the Supplementary Text.

Statistical Analysis

The sample size rationale and definitions of the study anal-
ysis sets (safety analysis set, full analysis set, DLT popu-
lation, and pharmacokinetics analysis set) are provided in
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the Supplementary Text. The number of patients required
was 15 or 20 to secure a two-tailed significance level of
5.0% and power of 80% or 90%, and to account for possible
dropouts.

ORR (primary efficacy analysis) was calculated by
dosage regimen at registration and overall (central assess-
ment). In addition, the two-tailed 95% confidence interval
(Cl) for ORR was calculated using the Clopper—Pearson
method. For secondary efficacy analysis, percentages were
calculated by dosage regimen at registration and overall
for complete remission rate and best overall response. In
addition, their two-tailed 95% Cls were calculated using the
Clopper-Pearson method. Waterfall plots were generated
by dosage regimen at registration for the maximum per-
cent change in the sum of the products of the diameters of
target lesions. The software used for the statistical analysis
was SAS v9.4.

Results
Patients

Between October 19, 2017 and June 13, 2019, forty-four
patients were enrolled (Supplementary Figure 1). Overall,
20 patients were treated with tirabrutinib 320 mg and 24
patients with tirabrutinib 480 mg, including 17 patients
under fasted conditions. The median follow-up period
was 9.1 months (range, 1.4-19.4) in the whole group:
11.3 months, 15.6 months, and 3.8 months in the 320 mg
g.d., 480 mg g.d., and 480 mg q.d. fasted groups, respec-
tively. A total of 27 patients discontinued the treatment; 21
for PD, 3 for AEs, and 3 for other reasons.

The median patient age was 60 years (range, 29-86) and
KPS was 80 (range, 70-100) (Table 1). The median number
of prior therapies for PCNSL was 2 (range, 1-14); all pa-
tients had received HD-MTX based chemotherapy; and
32 (72.7%) had isolated intracerebral lesions, 9 (20.5%)
had CSF involvement, and 3 (6.8%) had intraocular in-
volvement. Compared with the other groups, the median
KPS was the lowest; 7 (41.2%) of 17 patients had CSF in-
volvement; and the median tumor burden was higher and
with multiple oncogenic mutations in the 480 mg fasted
group. Among 44 patients, prophylaxis with trimethoprim-
sulfamethoxazole (TMP-SMZ), pentamidine isethionate,
and ganciclovir was received by 36 (81.8%), 9 (20.5%), and
1 (2.3%), respectively. At the first dose of tirabrutinib, 13
(29.5%) patients received corticosteroids at daily doses of
3-25 mg prednisolone to control symptoms of PCNSL, in-
cluding edema. Of those, 9 patients responded, and 7 of
the responders were still on corticosteroids at the time of
their best responses.

In phase |, no DLTs were observed and the MTD was not
reached at 480 mg, so the recommended dose for phase I
was determined as 480 mg. After the DLT evaluation, 1 pa-
tient who received a 480-mg tirabrutinib died of pneumo-
cystis jirovecii pneumonia and interstitial lung disease (ILD)
that occurred at the same timing. This patient had grade 3
lymphopenia and received 2 mg of betamethasone for the
control of brain edema before receiving the treatment with
the study drug but did not have prophylactic therapy with

TMP-SMZ. In addition, in phase Il, 3 of 4 patients treated
with 480 mg had grade 3 skin-related disorders (2 events
of erythema multiforme and 1 event of drug eruption).
Therefore, the dose for phase Il was reduced from 480 mg
to 320 mg; however, the treatment response and duration
were lower than with the 480 mg dose.Two clinical studies
have shown that treatment under fasted condition was well
tolerable and safe with a dose of 480 mg tirabrutinib.?5:3
Thus, 17 patients were additionally recruited and received
a dose of 480 mg in a fasted state, instead of increasing the
dose for patients treated with the 320 mg dose.

Study Endpoints

Safety.—Commonly observed AEs of any grade were rash
(31.8%), neutropenia (22.7%), leukopenia (18.2%), and
lymphopenia (15.9%) (Table 2). Commonly observed grade
>3 AEs were neutropenia (9.1%), lymphopenia, leukopenia,
and erythema multiforme (6.8% each). One patient had
grade 5 AEs (pneumocystis jirovecii pneumonia and ILD)
32 days after starting tirabrutinib 480 mg g.d.

In total, 13 serious AEs in 9 patients were reported, in-
cluding 8 adverse drug reactions in 6 patients (erythema
multiforme, n = 2; two patients), pneumocystis jirovecii
pneumonia and ILD (each n = 1; both events occurred si-
multaneously in the same patient), drug eruption and
pneumonia (n = 1 each; one patient each), hematuria and
bronchopulmonary aspergillosis (each n = 1; both events
occurred in the same patient). Three patients discontinued
tirabrutinib due to AEs: grade 3 drug eruption (n = 2; one
patient each in 320 mg and 480 mg groups) and pneumo-
cystis jirovecii pneumonia and ILD (each n = 1; both events
occurred in the same patient). Only 1 death due to AEs oc-
curred during the study as described above.

Across treatment groups, the overall incidence rate of
skin-related disorders was 54.5% (24/44): rash (31.8%), er-
ythema multiforme (11.4%), drug eruption (9.1%), rash
maculopapular (6.8%), and blister (2.3%). Of these, 6.8%
of erythema multiforme, 4.5% of drug eruption, and 2.3%
of rash and rash maculopapular events were grade >3
treatment-emergent AEs. Five (71.4%) of the 7 patients
who developed grade >3 skin-related disorders had TMP-
SMZ as a concomitant drug for pneumonia prophylaxis.
All events recovered after treatment interruption or treat-
ment with antihistamine and topical steroids, and patients
were able to continue the treatment, except for 2 patients
with drug eruption. The overall incidence rate of infection
was 31.8% (14/44) with 4 grade >3 AEs. No cardiovascular-
related AEs were observed, such as atrial fibrillation and
hypotension, at any grade.

Efficacy.—Overall, significant clinical responses were ob-
served at each dose level (Fig. 1A, B) and the central in-
dependent review committee-assessed ORR was 63.6%
(28/44). ORR was 60.0% (12/20 patients) with 5 CR/CRu at
320 mg, 100.0% (7/7 patients) with 4 CR/CRu at 480 mg,
and 52.9% (9/17 patients) with 6 CR/CRu at 480 mg under
fasted conditions (Table 3). The best overall responses in
11 patients were evaluated as CRu because of observation
of minimal disease brain imaging (3 patients), minimal
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Table 1 Patient demographics and baseline characteristics

Characteristic 320 mg q.d. 480 mg q.d. 480 mg q.d., fasted
N =20 N=7 N=17
Sex, male, n (%) 14 (70.0) 4 (57.1) 6 (35.3) 24 (54.5)
Age, median, y (range) 59.5 (41-86) 54.0 (42-75) 65.0 (29-85) 60.0 (29-86)
Karnofsky performance status, n (%)
<70 0 0 0 0
70 8 (40.0) 3(42.9) 9 (52.9) 20 (45.5)
80 2(10.0) 0(0.0) 2(11.8) 4(9.1)
90 6 (30.0) 2(28.6) 3(17.6) 11 (25.0)
100 4(20.0) 2(28.6) 3(17.6) 9 (20.5)
Median (range) 85.0 (70-100) 90.0 (70-100) 70.0 (70-100) 80.0 (70-100)
Number of previous lines of treatment, n (%)
1 9 (45.0) 2 (28.6) 7 (41.2) 18 (40.9)
2-3 5(25.0) 3(42.9) 8(47.1) 16 (36.4)
>4 6 (30.0) 2 (28.6) 2 (11.8) 10 (22.7)
Median (range) 2.0 (1-6) 2.0 (1-14) 2.0 (1-5) 2.0 (1-14)
Previous methotrexate 20 (100.0) 7 (100.0) 17 (100.0) 44 (100.0)
Previous rituximab 13 (65.0) 3(42.9) 10 (58.8) 26 (59.1)
Previous whole-brain radiotherapy 14 (70.0) 5(71.4) 10 (58.8) 29 (65.9)
Previous HCT-ASCT 2(10.0) 1(14.3) 4(37.8) 7 (15.9)
Disease status, n (%)
Relapse? 17 (85.0) 2 (28.6) 14 (82.4) 33(75.0)
Refractory® 3(15.0) 3(42.9) 3(17.6) 9(20.5)
Unknown 0 2 (28.6) 0 2 (4.5)
CNS involvement, n (%)
CSF
Positive 1(5.0) 1(14.3) 7 (41.2) 9(20.5)
Negative 19 (95.0) 6(85.7) 10 (58.8) 35(79.5)
IOL
Positive 2(10.0) 0 1(5.9) 3(6.8)
Minor RPE abnormality 5(25.0) 0 1(5.9) 6(13.6)
Negative 13 (65.0) 7 (100.0) 15 (88.2) 35 (79.5)
GCB subtype, n (%)
GCB 7 (35.0) 1(14.3) 5(29.4) 13 (29.5)
Non-GCB 13 (65.0) 6 (85.7) 12 (70.6) 31(70.5)
Oncogenic mutation, n (%)
CARD11 3(15.0) 2 (28.6) 12 (70.6) 17 (38.6)
MYD88 15 (75.0) 6(85.7) 11 (64.7) 32(72.7)
CD79B 10 (50.0) 0 8(47.1) 18 (40.9)

Sum of the products of the greatest diameters
at target lesion, mm?, n (%)

<400 13 (65.0) 3(42.9) 7 (41.2) 23 (52.3)

2400 7 (35.0) 4 (57.1) 10 (58.8) 21(47.7)

Median, mm? (range) 233.66 (56.3-2031.4) 514.99 (77.1- 618.58 (86.5-2047.7) 385.84
4020.5) (56.3-4020.5)

Abbreviations: HCT-ASCT, high-dose chemotherapy followed by autologous stem cell transplantation; IOL, intraocular lymphoma; RPE, retinal
pigment epithelium.

A disease that responded to the last therapy (CR, CRu, or PR) but progressed afterward was defined as relapsed PCNSL.

bA disease that did not respond to the last therapy (stable or progressive disease) was defined as refractory PCNSL.
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Table2 Adverse events of any grade with a frequency >10%

AEs, n (%) 320 mg q.d. 480 mg q.d. 480 mg q.d., Fasted

N =20 N=7 N=17

All Grades Grade>3 All Grades Grade>3 All Grades Grade>3 All Grades Grade >3
Any AEs 16 (80.0) 6 (30.0) 7 (100.0) 5(71.4) 15 (88.2) 10 (58.8) 38 (86.4) 21 (47.7)
Rash 6 (30.0) 0 2 (28.6) 0 6(35.3) 1(5.9) 14 (31.8) 1(2.3)
Neutropenia 4(20.0) 2 (100) 2(71.4) 0 4(20.0) 2 (11.8) 10 (22.7) 4(9.1)
Leukopenia 2(10.0) 1(5.0) 3(42.9) 0 3(17.6) 2 (11.8) 8(18.2) 3(6.8)
Lymphopenia 2(10.0) 0 3(42.9) 2 (28.6) 2(11.8) 1(5.9) 7 (15.9) 3(6.8)
Thrombocytopenia 1(5.0) 0 3(42.9) 0 1(5.9) 0 5(11.4) 0
Erythema multiforme 2(10.0) 1(5.0) 3(42.9) 2 (28.6) 0 0 5(11.4) 3(6.8)
Constipation 1(5.0) 0 0 0 4 (23.5) 0 5(11.4) 0
Drug eruption 2(10.0) 1(5.0) 1(14.3) 1(14.3) 1(5.9) 0 4(9.1) 2 (4.5)
Blood bilirubin increased 4(20.0) 1(5.0) 0 0 0 0 4(9.1) 1(2.3)
Nausea 1 (5.0) 0 1(14.3) 0 2 (11.8) 1(5.9) 4(9.1) 1(2.3)
Stomatitis 2(10.0) 0 1(14.3) 0 1(5.9) 0 4(9.1) 0
Anemia 1(5.0) 0 1(14.3) 0 2 (11.8) 0 4(9.1) 0
Vomiting 1(5.0) 0 0 0 3(17.6) 0 4(9.1) 0
Aspartate aminotransferase 2(10.0) 1(5.0) 0 0 1(5.9) 1(5.9) 3(6.8) 2 (4.5)

increased

Hypertriglyceridemia 0 0 0 0 3(17.6) 2 (11.8) 3(6.8) 2 (4.5)
Dyslipidemia 1(5.0) 0 1(14.3) 0 1(5.9) 1(5.9) 3(6.8) 1(2.3)
Seizure 1(5.0) 0 0 0 2 (11.8) 1(5.9) 3(6.8) 1(2.3)
Rash maculopapular 1(5.0) 0 0 0 2 (11.8) 1(5.9) 3(6.8) 1(2.3)
Urinary tract infection 0 0 2 (28.6) 0 1(5.9) 1(5.9) 3(6.8) 1(2.3)
Headache 2(10.0) 0 1(14.3) 0 0 0 3(6.8) 0

retinal pigment epithelium abnormality (2 patients), con-
tinuous administration of corticosteroid (3 patients), and
no confirmation test performed (3 patients). All patients
with concurrent intraocular lymphoma achieved PR (3/3
patients). Among 9 patients with CSF positivity, 5 (55.6%)
achieved PR or more, with 3 achieving CSF negativity after
the treatment.

Overall, the median PFS was 2.9 months (95% CI: 1.8-
11.1) (Fig. 1C). The median PFS was 2.1 months (95% CI:
1.8-not evaluable [NE]) at 320 mg, 11.1 months (95% Cl: 1.4—
NE) at 480 mg, and 5.8 months (95% ClI: 1.0-5.8) at 480 mg
under fasted conditions. Median OS was not reached (95%
Cl: NE-NE) (Fig. 1D). Four patients who relapsed after
HD-MTX without WBRT pretreatment had been treated
with tirabrutinib for more than 12 months without remis-
sion of the tumor.

All patients harbored at least one of the MYD88, CD79B,
and CARD11 mutations, including non-oncogenic gain-
of-function mutations. There were no marked differences
in the ORR between patients harboring each oncogenic
mutant and the corresponding wild type; CARD11 (58.8%
[10/17] vs 66.7% [18/27]), MYD88 (59.4% [19/32] vs 75.0%
[9/12]), CD79B (50.0% [9/18] vs 73.1% [19/26]), respectively.
Of 9 patients, including 5 in the 320 mg group and 4 at
the 480 mg group, with durable response for 6 months or
more, 5 (565.6%) patients harbored mutations in CARD11, 7

(77.8%) in MYDS88, and 3 (33.3%) in CD79B, indicating no re-
markable difference in proportions of these mutations be-
tween durable responders and the whole population.

Non-GCB type assessed by Hans criteria was 70.5%.
A total of 72.7% of the evaluated PCNSLs exhibited onco-
genic mutations in MYD88 (L265P); 40.9% had constitu-
tively active mutations of CD79B; and 38.6% had oncogenic
mutations of CARD11, which is higher than the previously
reported rates of CARD11 mutation in PCNSL.3'32 These
data indicate that the canonical CARD11 mutation is more
frequent, as well as MYD88 and CD79B in PCNSLs, than
in previously reported non-GCB DLBCLs (MYD88, 29%;
CD79B, 18%; CARD11, 10%).3® In our study, mutations in
the BCR-nuclear factor-kappaB pathways were also iden-
tified in both germinal center and non-germinal center tu-
mors (Table 4 and SupplementaryTable 4).

Pharmacokinetics.—Intensive pharmacokinetic samplings
were conducted from 3 patients in the 320 mg group, 3 pa-
tients in the 480 mg group, and 6 patients in the 480 mg
under fasted conditions group. Fig. 2A, B shows the plasma
and CSF concentrations of tirabrutinib. Mean values with
standard deviations of maximum observed plasma con-
centration of tirabrutinib after multiple administration on
day 28 at 320 mg, 480 mg, and 480 mg under fasted condi-
tions were 1360 + 229, 2270 + 556, and 2690 + 1120 ng/mL,
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Table3 Bestoverall response and PFS

320 mg q.d.
N =20
Overall response rate (CR + CRu + PR) 12
n % (95% Cl) 60.0 (36.1-80.9)
Complete response rate (CR + CRu) 5
n % (95% Cl) 25.0 (8.7-49.1)
Best overall response, n (%)
CR 2(10.0)
CRu 3(15.0)
PR 7 (35.0)
SD 4(20.0)
PD 4(20.0)
NE 0
Median PFS, mo (95% ClI) 2.1 (1.8-NE)

480 mg q.d. 480 mg q.d., Fasted

N=7 N=17

7 9 28

100.0 (59.0-100.0) 52.9 (27.8-77.0) 63.6 (47.8-77.6)
4 6 15

57.1 (18.4-90.1) 35.3(14.2-61.7) 34.1(20.5-49.9)
1(14.3) 1(5.9) 4(9.1)

3(42.9) 5(29.4) 11 (25.0)
3(42.9) 3(17.6) 13 (29.5)

0 3(17.6) 7 (15.9)

0 5(29.4) 9(20.5)

0 0 0

11.1 (1.4-NE) 5.8 (1.0-5.8) 2.9 (1.8-11.1)

Abbreviations: SD, stable disease; PD, progressive disease; NE, not evaluable.

respectively.The area under the plasma concentration-time
curve over a dosing interval was 6870 + 898, 13500 + 3260,
and 13400 + 3910 ng-h/mL, respectively. Trough concentra-
tions of tirabrutinib in CSF/plasma at 320 mg and 480 mg
on day 28 were (2.19 = 0.476)/(16.3 = 7.71) ng/mL and
(14.0 £ 8.92)/(77.0 £ 28.5) ng/mL, respectively.

Discussion

Given the lack of standard treatment for relapsed/refrac-
tory PCNSL; the recent spike in the incidence of PCNSL,
especially in elderly populations; and the limited treat-
ment alternatives available to PCNSL patients, particu-
larly those with relapsed/refractory disease, this study
aimed to evaluate the safety, tolerability, efficacy, and
pharmacokinetics of tirabrutinib monotherapy for such
patients in Japan. It is noteworthy that no DLTs were
observed in phase | of this study, and the MTD was not
reached at 480 mg. However, in the 480 mg dose group,
one patient presented with pneumocystis jirovecii pneu-
monia and ILD at the same timing, and in phase Il, 3 of
4 patients treated with 480 mg had grade 3 skin-related
disorders (2 events of erythema multiforme and 1 event
of drug eruption); thus, the dose for phase Il was reduced
from 480 mg to 320 mg. Given the marked difference in
efficacy with the 480 mg dose, the 480 mg dose was re-
instated in 17 patients in a fasted state.

Regarding the safety profile, nearly half of patients had
a grade >3 AE (47.7%), of which neutropenia, lymphopenia,
leukopenia, and erythema multiforme were the most fre-
quent. However, only 6 patients presented serious adverse
drug reactions: erythema multiforme (2 patients); drug
eruption and pneumonia (1 patient each); hematuria and
bronchopulmonary aspergillosis (both in the same pa-
tient); and ILD and pneumocystis jirovecii pneumonia (both
in the same patient). Three of these serious AEs (2 events of

drug eruption and 1 case of ILD and pneumocystis jirovecii
pneumonia) led to discontinuation of the study treatment
in these patients. Notably, the incidence rate of skin-related
disorders was 54.5% (24/44 patients), which is higher
than that observed in previous tirabrutinib studies.?5:30
Although the numbers were small, the incidence rates of
skin-related disorders were numerically similar with ei-
ther of the doses tested. Among the 24 patients who ex-
perienced skin-related disorders, 22 were able to continue
tirabrutinib treatment while receiving antihistamine drugs
(n = 16), steroids (n = 17), or no concomitant medication
(n =3).Thus, skin-related disorders were manageable with
appropriate management without the need to discontinue
the tirabrutinib treatment.

In this study, 36 patients (81.8%) receivedTMP-SMZ as a
prophylactic treatment for pneumonia because pneumo-
cystis jirovecii pneumonia had been observed in patients
treated with ibrutinib and the risk for opportunistic infec-
tion may be increased due to perturbation of the B-cell
function by tirabrutinib. Five of 7 patients (71.4%) who
developed grade >3 skin-related disorders had TMP-SMZ
for pneumonia. Thus, the relatively higher incidence of
grade >3 skin-related disorders in this study could be
attributed to concomitant administration of TMP-SMZ
and tirabrutinib. One patient who had pneumonia by
pneumocystis jirovecii and ILD did not take any counter-
measures against infection, which ultimately led to death
according to the autopsy findings. The autopsy result in-
dicated that the infection could have possibly caused the
onset of ILD. No deaths were observed among patients
who received TMP-SMZ, and therefore, prophylactic
use of TMP-SMZ is recommended in the treatment with
tirabrutinib.

Regarding efficacy, our results confirmed a high re-
sponse rate with each tirabrutinib dose in all groups.
A longer PFS and higher CR rate were observed in the
480 mg group, which had a higher trough concentration
in CSE This finding is consistent with a preclinical study.®*
However, since the number of patients in the 480 mg group

129
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Table 4 Relationship between mutations and clinical response

Usage/Dose Best GCB CARD11
Response Subtype
320 mg PD NGC F115I
320 mg PR GCB D200N
480 mg, fasted PD GCB D224N
480 mg, fasted SD NGC M275I
480 mg, fasted PR NGC N255D
480 mg, fasted PR NGC E185A
480 mg PR NGC F130L
480 mg, fasted PD NGC E185A
480 mg, fasted PD NGC E185A
480 mg, fasted PD GCB Q48*
480 mg, fasted SD NGC E185A
480 mg, fasted CRu NGC Ca9Y
480 mg, fasted CRu GCB E185A

CD79A CD79B MYD88 ORR?¥
WT WT WT 57% (4/7)
WT WT WT
WT WT WT
WT WT WT
WT WT WT
WT WT WT
WT WT WT
WT Y196H L265P 33% (2/6)
WT A188G/E224D L265P
G167S/L168F Y196C/D202N L265P/K269E
T Y196S L265P
WT E229K Q262*
WT Y196H L265P

CRu, unconfirmed complete response; GCB, germinal center-B-cell; NGC, non-germinal center subtype; PR, partial response; SD, stable disease; PD,

progressive disease; WT, wild type.

*ORR was defined as the percentage of patients (number of patients with response/treated).
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was small, PFS data with longer follow-up and further
studies with larger cohorts are warranted.

The exposure of tirabrutinib increased with increasing
dose, regardless of fasting status. According to the phar-
macokinetics study in healthy subjects, food intake was as-
sociated with a slight increase in exposure of tirabrutinib.
However, such an effect of food on exposure was not ob-
served in this study. Although no statistical analysis to char-
acterize the patient populations with 3 different treatments

was planned in this study, lower ORR in the 480 mg fasted
group compared with the 320 mg group may arise from the
differences in patient characteristics, including lower me-
dian KPS (70 vs 85) and larger median target lesion in the
sum of the product of the greatest diameters (619 mm? vs
234 mm?2).

The CSF concentration increased with increasing plasma
concentration at trough, while the trough concentra-
tion ratios between CSF and plasma at each dose were
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comparable with the free fraction of tirabrutinib in plasma.
The CSF/plasma concentration ratio of tirabrutinib was ap-
proximately 13-18%, which is higher than the published
ratio of ibrutinib (1-7%).3%

The efficacy and pharmacokinetics discussed above sug-
gest that a dose of 480 mg tirabrutinib expects better ef-
fects than 320 mg, which would account for the observed
difference in median PFS (11.1 or 5.78 vs 2.1 mo). Preferred
tolerability and manageable safety profile were observed
with a dose of up to 480 mg tirabrutinib under fasted con-
ditions in previous tirabrutinib studies?>° and in this study.
These results suggest that 480 mg under fasted condition
might be the optimum dosage regimen for patients with
relapsed or refractory PCNSL.

We also observed that MYD88, CD79B, and CARD11 mu-
tations occurred in 39-73% of PCNSL cases. Interestingly,
it has been reported that both CD79B and MYD88 (L265P)
mutations were associated with improved ORR for BTK
inhibitors,'20 whereas mutations in either gene were not
associated with improved ORR in our study. CARD11 muta-
tions occurred frequently in patients with PCNSL and were
associated with worse prognosis based on prior studies of
ibrutinib.'®3¢ In contrast, CARD11 mutations did not appear
to affect ORR in this study, even though the proportion of
CARD11 was higher than the prior studies. This discrepancy
may be attributed to the difference of mutation points in
CARD11 in this study and the prior study.” However, most
missense mutations identified in this study were found
within the functional coiled-coil domain of CARD17 and
were also reported as oncogenic mutations.?’-3° In order
to clarify the effect of CARD 11 mutations on response, fur-
ther researches may be required, such as a basic analysis
of inhibitory effects of BTK inhibitors on each CARD11 mu-
tant. Future clinical studies with larger cohorts are also war-
ranted to evaluate relationships between oncogenic key
mutations and response.

We succeeded in identifying response in patients with
CARD11 mutations and found a low response rate in patients
with triple mutants CD79A/B, MYD88 (L265P), and CARD11
among PCNSL patients. In the 480 mg fasted group, 3 in 5
patients with PD as best response had triple mutants, which
may explain the lower ORR in this group compared with the
320 mg group. Since the relationships between mutational
status and responses to BTK inhibitors involving tirabrutinib
and ibrutinib have been controversial partly due to the small
evaluation cohorts, further studies with larger cohorts are
warranted. Understanding of the genetic abnormalities of
the patients may confer advantages, particularly in the con-
text of combination therapies and in patients intolerant to
standard of care in the future.

A possible combinatory therapy of tirabrutinib plus
HD-MTX or replacement of WBRT with tirabrutinib in the
current standard regimen may lead to prolonged PFS and
OS, which are interesting clinical questions to be evaluated
in future trials.

Limitations

The main limitations of the study were the small sample
size, the open-label design, the lack of randomization to
treatment, and the lack of a comparator.

Conclusions

Tirabrutinib was tolerable and the MTD was not reached
in patients with PCNSL. These data indicate safety and ef-
ficacy of tirabrutinib in patients with relapsed/refractory
PCNSL.

Supplementary Material

Supplementary data are available at Neuro-Oncology
online.
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