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Purpose: Primary central nervous system lymphoma (PCNSL) is a rare, yet highly aggressive non-Hodgkin lymphoma confined to
the central nervous system (CNS). High-dose methotrexate (HD-MTX) remains the baseline chemotherapy for newly-diagnosed
PCNSL. Intensive chemotherapies combined with HD-MTX have improved patient outcomes. However, the substantial toxicities
limited their applicability, especially among elderly patients with poor physical status. Optimal composition of induction and
consolidation treatment are still warranted.

Patients and methods: In this prospective single-arm phase II trial (ChiCTR2200061485), we evaluated the efficacy and safety of
HD-MTX combined with rituximab and orelabrutinib, a second-generation BTK inhibitor with high CNS penetration, as induction
therapy in newly diagnosed PCNSL. Twenty-two patients received up to six cycles of the combined induction therapy. Patients who
achieved remission proceeded to non-randomized consolidation therapies with ASCT (autologous hematopoietic stem cell transplanta-
tion), WBRT (whole-brain radiotherapy), or orelabrutinib maintenance, based on patient eligibility and physician discretion. The
primary endpoint was the centrally assessed response post-induction. Secondary endpoints included progression free survival (PFS),
overall survival (OS), and safety.

Results: Among the 22 enrolled patients, the overall response rate (ORR) at the end of induction therapy was 91.0%, including 9
patients (41.0%) with complete remissions (CRs), and 11 patients (50.0%) with partial remissions (PRs). With a median follow-up of
22.3 months (range 2.3-42.4 months), the 1-year and 2-year PFS rates were 66.6% and 59.2%, respectively; OS rates were 81.8% and
66.3%, respectively. Consolidation was performed in 15 patients: 5 underwent ASCT, 4 received WBRT, and 6 received maintenance
orelabrutinib. The most common adverse effects were grade 1 anemia (45.5%). Grade > 3 events included neutropenia (13.6%) and
pneumonia (9.0%).

Conclusion: The combination of HD-MTX, rituximab, and orelabrutinib demonstrates high response rates and manageable toxicity in
newly diagnosed PCNSL, supporting further evaluation in randomized trials.
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Introduction
Primary central nervous system lymphoma (PCNSL) is a subtype of diffuse large B cell lymphoma (DLBCL) occurring

exclusively in the brain, leptomeninges, cranial nerves, vitreo-retina, or spinal cord. It is a rare and aggressive lymphoma
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accounting for 3% of primary CNS neoplasms and 1% of non-Hodgkin lymphomas (NHLs).' PCNSL is classified in the
entity of “primary large B-cell lymphoma of immune-privileged sites” by the 2022 World Health Organization (WHO)
classification of hematolymphoid tumors.? The standard induction strategies for treating DLBCL, such as the combina-
tion of rituximab, cyclophosphamide, doxorubicin, vincristine, and prednisone (R-CHOP), are not suitable for PCNSL
due to the low capacity to cross the blood-brain barrier (BBB). While high-dose methotrexate (HD-MTX) has its
advantages, there is no consensus on the optimal composition of induction and consolidation treatment for newly
diagnosed PCNSL.

To improve efficacy, multi-agent chemotherapy regimens such as MATRix (methotrexate, cytarabine, thiotepa, and
rituximab), MARTA (methotrexate, cytarabine, rituximab, and thiotepa), and R-MPV (rituximab, methotrexate, procar-
bazine, and vincristine) have been developed. The phase II IELSG32 study established the MATRix regimen as a new
standard for induction chemoimmunotherapy in fit patients up to age 70, demonstrating a superior complete response rate
(49%) and 2-year OS (69%) compared to methotrexate-cytarabine doublet regimens.” MARTA and R-MPV regimens
followed with consolidation therapies yielded similar efficacy, with CR rates ranging 33.3-81.8% and 2-year OS between
63.6-88.0%.*7 However, the benefits of intensive combined chemotherapies must be weighed against increased toxicity,
including hematologic adverse events and treatment-related mortality, particularly for elderly or frail patients who
represent a significant proportion of the PCNSL population. Despite consolidations with autologous hematopoietic
stem cell transplantation (ASCT) or whole-brain radiotherapy (WBRT), the relapse rate and survival remain suboptimal,
emphasizing the persistent unmet need for safer, more effective, and CNS-penetrant therapies for treatment of PCNSL.®

The B-cell receptor (BCR) signaling pathway plays a central role in supporting the survival of B cells. Mutations in
MYDS88 and CD79B are common genetic alterations in PCNSL, leading to constitutive activation of BCR/toll-like receptor
(TLR)-NF-kB signaling via Bruton’s tyrosine kinase (BTK).” BTK inhibition has yielded promising results in treating mature
B cell malignancies and autoimmune disorders.'®'" In patients with PCNSL, 4 BTK inhibitors have been tried and
demonstrated encouraging outcomes: ibrutinib, orelabrutinib, zanubrutinib, and tirabrutinib. Ibrutinib was the most frequently
used BTK inhibitor. A systematic review indicated that the overall response rate (ORR) of ibrutinib-inclusive regimen ranged
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from 51.9% to 89% in patients with PCNSL.'? Zanubrutinib and tirabrutinib also showed similar efficacy for the management
of PCNSL in several pilot studies, while the long-term response remains to be optimized.'*'*

Orelabrutinib is an irreversible, second-generation BTK inhibitor characterized by superior selectivity and higher cerebrosp-
inal fluid (CSF)/plasma ratio compared to first-generation agents.'>'® These properties suggest a potentially improved efficacy
and safety profile for CNS lymphoma. Recent clinical studies have demonstrated impressive efficacy of orelabrutinib-rituximab-
methotrexate (ORM)-based induction in newly diagnosed PCNSL, with overall response rates of 71.4% to 92.3%, and complete
response rates between 35.4% and 87.1% with a favorable safety profile.'”'® Nonetheless, long-term outcomes and optimal
integration of orelabrutinib into sequential or consolidation strategies remain to be fully elucidated. This prospective, multicenter,
phase 1II trial aims to address this gap by evaluating the efficacy and safety of orelabrutinib combined with HD-MTX and
rituximab (OR+MTX) as induction therapy for newly diagnosed PCNSL. Furthermore, our study design allowed for subsequent
consolidation with ASCT, WBRT, or orelabrutinib maintenance based on patient suitability, providing preliminary real-world
insights into the feasibility and outcomes of these sequenced approaches.

Methods
Study Design and Participants

This study was a prospective, multicenter, single-arm trial evaluating the efficacy and safety of orelabrutinib, rituximab,
and HD-MTX (OR+MTX) induction therapy in newly-diagnosed PCNSL. The study was conducted in 3 tertiary
hospitals in China, and was approved by the institutional review board of each participating site. Informed consent
was obtained from each patient in accordance with the Declaration of Helsinki. This trial is registered in the Chinese
Clinical Trial Registry (ChiCTR2200061485) and the protocol is available online (https://www.chictr.org.cn).

Patients eligible for enrollment were newly diagnosed primary central nervous system lymphoma, aged from 18 to 80 years

of both genders, with a histologically proven diagnosis of DLBCL. Disease lesions were exclusively localized to brain, cranial
nerves, meningeal, and/or eyes. All the included patients were tolerable to chemotherapies. Patients complicated with other
malignancies; those with hepatitis B virus, hepatitis C virus, or human immunodeficiency virus infection; those in pregnancy or
lactation; and those with other concurrent regimens including lenalidomide during the induction period were excluded.

Procedures
Eligible patients received 6 cycles (1 cycle =21 days) of the combined induction therapy (OR+MTX): orelabrutinib of 150
mg/day from day 1 to day 21, rituximab 375 mg/m? on day 1, and MTX 3.5 g/m? (0.5 g/m? in 15min, followed by 3 g/m* ina
3-hour infusion) on day 2. Fragile patients received a reduced dosage of MTX with no less than 2 g/m”. Patients who
achieved response after induction were suggested with consolidation therapy of ASCT, WBRT, or orelabrutinib main-
tenance, depending on the physician discretion according to patients’ physical conditions and preference. Thiotepa-based
conditioning regimen, which includes thiotepa/busulfan/cyclophosphamide (TBC), was applied in ASCT. The total dose of
WBRT was 23.4-36 Gy, delivered in 1.8-2.0 Gy fractions. Orelabrutinib maintenance was given at 150 mg once daily
continuously until disease progression, unacceptable toxicity, or for a maximum of 2 years in the absence of progression.
Staging and pre-treatment work-up were done at the participating center according to the International Primary CNS
Lymphoma Collaborative Group guidelines, which included brain magnetic resonance image (MRI), total spine MRI,
ophthalmologic examination, CSF, bone marrow biopsy, and whole-body positron emission tomography CT (PET-CT).?°

Supportive Care

Primary prophylaxis with granulocyte colony-stimulating factor (G-CSF) was administered according to institutional
guidelines, typically if the absolute neutrophil count (ANC) was expected to fall below 1.0 x 10°/L. All patients received
anti-infective prophylaxis with sulfamethoxazole and trimethoprim for pneumocystis jirovecii pneumonia and acyclovir
for herpes virus reactivation. Dexamethasone (5 mg twice daily) was administered on days 1-5 in the first cycle for
control of neurological symptoms and as part of the lymphoma-directed regimen. MTX elimination was monitored by
serial serum levels until below 0.1 umol/L, with leucovorin rescue initiated 24 hours post-MTX start and continued until
clearance. Antifungal prophylaxis was not routinely used. Patients with grade 3—4 neutropenia or with previous fungal
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infection were given prophylactic voriconazole (4 mg/kg twice daily, orally or intravenously). Considering drug
interactions through CYP3A4, the dosage of orelabrutinib was reduced by 50% during concomitant voriconazole
administration and restored to the standard dose after discontinuation of voriconazole. Adverse events, especially
cytopenia, bleeding, hepatic effects, were closely monitored, and no severe drug-related toxicity was observed.

Adverse Event Monitoring

Adverse events (AEs) were assessed clinically and via laboratory tests at the beginning of each treatment cycle and as
clinically indicated between cycles. All AEs were graded according to Common Terminology Criteria for Adverse Events
(version 5.0) and were recorded with the highest grade for each patient.

Study Outcomes

The primary analysis was performed both in the intention-to-treat (ITT) population and the evaluable population. The ITT
population included all enrolled patients who received at least one cycle of induction therapy. The evaluable population was
defined as the patients who had completed protocol-defined six cycles of the induction therapy. Patients who dropped out or
died were considered non-responders for the primary endpoint analysis unless a response had already been documented. For
time-to-event endpoints, data were censored at the last known follow-up date for patients without an event. The primary
endpoint was the overall response rate (ORR, including PRs and CRs) after 6 cycles of the induction therapy, which was
evaluated according to the International Primary CNS Lymphoma Collaborative Group guidelines.”® Response was
assessed in all CNS compartments by MRI imaging, CSF cytology, and flow cytometry. Ophthalmologic examination
was performed in case of eye involvement. Secondary endpoints were progression free survival (PFS), overall survival
(OS), and safety issues. PFS was calculated from patient enrollment to disease progression, the last disease assessment, or

death. OS was defined as the time from enrollment to death of any cause.”'

Sample Size Calculation

The sample size was calculated based on a single-arm binomial test comparing the observed response rate to a historical
control. According to previous studies of HD-MTX = rituximab regimens, a historical ORR was estimated at 50%.%** A
target ORR of 75% was considered clinically meaningful for further evaluation. Using a one-sided alpha level of 0.10
and a desired statistical power of 80%, the calculated sample size is 22 patients. This calculation pertains specifically to
the primary endpoint (ORR). The study was not powered for formal hypothesis testing on secondary survival endpoints
(PFS, OS), for which the analyses are considered descriptive and exploratory in this study.

Statistical Analysis

Descriptive statistics were used to summarize demographic and baseline clinical characteristics of the enrolled patients.
All continuous values were expressed as medians with ranges. Comparisons among groups were performed using
Kruskal-wallis test. Categorical variables were analyzed using the chi-square test or Fisher’s exact test. We used the
Kaplan-Meier method to generate the survival curves. Comparisons of survival curves were done through the Log rank
test. Data management and statistical analyses were performed using SPSS, version 23.0.

Results

Study Population

Between October 2019 and April 2024, 48 patients were screened for eligibility from 3 participating centers. Two
patients exited the study due to consent withdrawal, and 24 patients were excluded due to simultaneous administration of
lenalidomide. There were 22 patients enrolled and treated with OR+MTX. During the treatment cycles, 1 patient (#20)
achieved a PR after 2 cycles of induction, but died of severe pneumonia before the next cycle of therapy; 2 patients (#21,
#22) dropped out with consent withdrawal, who achieved PRs after 3 and 5 cycles of treatments, respectively—these 2
patients received thiotepa-based therapies afterwards and remained PRs until the last follow-up. Finally, 19 patients
finished the 6 cycles of OR+MTX therapies as planned (Figure 1). Efficacy was assessed in intention-to-treat (ITT)
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Figure | Flow diagram of study design. A total of 48 patients were screened for eligibility, with 26 patients excluded due to consent withdrawal or simultaneous
administration of lenalidomide. Among the 22 patients enrolled, | patient died of infection and 2 patients dropped out with consent withdrawal. Finally, |9 patients (9 CRs, 9
PRs, | PD) finished the 6 cycles of OR+MTX therapies and entered the consolidation period. Patients with CR are shown in blue, PR in green, and PD in Orange.
Abbreviations: OR+MTX, orelabrutinib, high-dose methotrexate, and rituximab induction regimen; ASCT, autologous hematopoietic stem cell transplantation; VWBRT,
whole-brain radiotherapy.

population—the 22 patients who received at least one cycle of induction therapy; and in the evaluable population—the 19
patients who finished the 6 cycles of induction therapy. Demographics and baseline characteristics of the ITT population
were shown in Table 1. The median age of the ITT group was 59.5 years (range 35-79), and 11 patients (50%) were
female. The median Eastern cooperative oncology group (ECOG) performance status score was 1 (range 0-4).
Parenchymal brain lesions were found in 18 patients, and 1 patient had spinal and eye involvement. The median
Karnofsky Performance Status (KPS) score was 80 (range 40—100). The mini-mental state examination (MMSE) score
at baseline was 28 (range 17-30). The median International Extra-nodal Lymphoma Study Group (IELSG) prognostic

Table | Characteristics of PCNSL Patients

Characteristics Values (n = 22)

Median age, years (range) 59.5 (35-79)

Gender, number (%)

Male 1 (50%)
Female 11 (50%)
(Continued)
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Table | (Continued).

Characteristics Values (n = 22)

Histopathology, number (%)
GCB 8 (36.4%)
Non-GCB 14 (63.6%)
Function assessment, median (range)
ECOG PS score | (04)
KPS score 80 (40-100)
MMSE score 28 (17-30)
Prognostic scoring systems
IELSG score, median (range) 3 (24
MSKCC score, number (%)
Low risk 2 (9.1%)
Moderate risk 13 (59.1%)
High risk 7 (31.8%)
Median follow-up, months (%) 22.3 (2.3-42.4)

Abbreviations: PCNSL, primary central nervous system lymphoma; GCB,
germinal center B-cell-like; ECOG PS, Eastern cooperative oncology group
performance status; KPS, Karnofsky Performance Status; MMSE, mini-mental
state examination; IELSG, International Extra-nodal Lymphoma Study Group;
MSKCC, Memorial Sloan-Kettering Cancer Center.

score was 3 (range 2—4). According to the Memorial Sloan-Kettering Cancer Center (MSKCC) prognostic score, there

were 2 patients in low risk, 13 in moderate risk, and 7 in high risk.

After 6 cycles of induction therapy, 15 patients received consolidation therapies including ASCT, WBRT, or
orelabrutinib monotherapy, based on patients’ physical conditions and preference. Three patients (#15, #16, #18) refused
consolidation and then received close observations. One patient (#8) with progression disease (PD) chose thiotepa-based
further chemotherapies (Figure 1). The baseline characteristics of the patients in different consolidation groups were

comparable (Table 2).

Table 2 Baseline Characteristics of the Patients Receiving Maintenance Therapies

Characteristics Orelabrutnib (n=6) ASCT (n=5) WBRT (n =4)
Age 68.5 (51-74) 55 (54-60) 68.5 (54-79) 0.238
Gender (male, %) | (33.3%) 2 (40%) 2 (50%) 0.871
Histopathology (n) 0.397
GCB | 3 |
Non-GCB 5 2 3
(Continued)
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Table 2 (Continued).

Characteristics Orelabrutnib (n=6) ASCT (n=5) WRBRT (n =4)
Treatment response* (n) 0814

CR 4 2 2

PR 2 3 2
ECOG score 2 (0-3) 1 (1-2) I (0-1) 0.184
KPS score 65 (50-100) 80 (60-90) 80 (80-100) 0.214
MMSE score 25.5 (20-30) 25 (17-29) 27 (27-30) 0.293
IELSG score 2 (24) 2 (2-3) 3334 0.309
MSKCC score 0.363

Low risk - - -

Moderate risk 3 4 4

High risk B | =

Notes: *Treatment response: the response state after the 6-cycle induction therapy. Data are presented as median (range)
unless otherwise indicated.

Abbreviations: ASCT, autologous hematopoietic stem cell transplantation; WBRT, whole-brain radiotherapy; GCB, germinal
center B-cell-like; CR, complete remission; PR, partial remission; ECOG PS, Eastern cooperative oncology group performance
status; KPS, Karnofsky Performance Status; MMSE, mini-mental state examination; IELSG, International Extra-nodal Lymphoma
Study Group; MSKCC, Memorial Sloan-Kettering Cancer Center.

Efficacy

At a median follow-up of 22.3 months (range 2.3—42.4 months) of the ITT population, the ORR after 6 cycles was
91.0%, including 9 patients (41.0%) with CRs, and 11 patients (50.0%) with PRs. The best responses included 11 CRs
(50.0%) and 11 PRs (50.0%) with a best response rate of 100% (Figure 2A). More specifically, at the end of 2 and 4
cycles of induction treatment, the CR rates were 9.1% and 41.0%, and the PR rates were 90.9% and 54.5%, respectively
(Figure 2B). For the evaluable group of 19 patients who finished the 6 cycles of induction therapy, the median follow-up
time was 25.9 months (range 6.3—42.4 months), the ORR was 94.7%, with 9 patients with CRs, and 9 patients with PRs.

= PD
[45%) i
20 B CR
[ Death
0
€
2 154
PR g
50.0% 5
38
€ 10+
3
=
5-
0-
TOta|=22 2cycles 4cycles 6cycles

Figure 2 Outcomes after induction therapy. (A) The best outcomes during the induction therapy. (B) Outcomes after 2, 4, and 6 cycles of induction therapy.
Abbreviations: PR, partial remission; CR, complete remission; PD, progressive disease.
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The best responses included 11 CR (52.6%) and 8 PR (47.4%) with an ORR of 100% (Figure S1A). At the end of two
and four cycles of induction treatment, the CR rates were 10.5% and 47.4%, and the PR rates were 89.5% and 52.6%,
respectively (Figure S1B). Fifteen patients received following consolidation therapies, among whom, 2 patients with CRs
(#6, #19) and 3 patients with PRs (#11, #12, #13) received ASCT. During the follow-up, 1 patient (#12) progressed on
16.4 months, and 1 patient (#11) died of pneumonia on 8.8 months, while others remained stable disease after ASCT.
Two patient (#14, #17) with CRs, 1 patient (#10) with a PR, and 1 patient (#7) with a PR but progressed at 9.7 months
received WBRT consolidation. The patient (#7) with PD achieved a CR after WBRT, which maintained 10.2 months
before the progression again, and died at 25.9 months of follow-up. The other 3 patients remained progression-free on the
last follow-up. Orelabrutinib maintenance was carried out in 6 patients—4 patients with CRs (#3, #4, #5, #9) and 2
patients with PRs (#1, #2) after the 6 cycles of induction. One patient (#9) discontinued orelabrutinib after 6 months of
maintenance therapy and relapsed at 22.3 months of follow-up, subsequently resulting in death 3 months later. Up to the
last follow-up, all the other 5 patients were alive without newly-onset progression (Figure 3).

The median PFS for all 22 patient was not reached (range: 2.3—no upper limit). The 1-year PFS rate was 66.6% (95%
ClI, 56.2-77.0%) and the 2-year PFS rate was 59.2% (95% CI, 47.6-70.8%). The median OS was not reached until the
last follow-up (16/22 subjects alive). The 1-year OS rate was 81.8% (95% CI, 72.5-89.7%), and the 2-year OS rate was
66.3% (95% CI, 54.6-78.0%) (Figure 4A). The median PFS for the evaluable population was not reached (range: 3.7-no
upper limit). The 1-year PFS rate was 66.2% (95% CI, 54.8-77.6%), and the 2-year PFS rate was 58% (95% CI, 45.4—
70.6%). The median OS was not reached until the last follow-up (14/19 subjects alive). The 1-year OS rate was 83.2%
(95% CI, 74.3-92.1%), and the 2-year OS rate was 66.6% (95% CI, 53.9-79.3%) (Figure S2). At the last follow-up, 3
patients (60%) in the ASCT group, 3 patients (75%) in the WBRT group, and 5 patients (83.3%) in the orelabrutinib
group remained progression-free. All the patients with progressed disease died except for one patient (#12) in the ASCT
group, who were still alive on the last follow-up at 18.7 months. The 2-year PFS rate was 53.3% (95% CI, 28.5-78.1%)
in the ASCT group, 85.7% (95% CI, 72.5-98.9%) in the orelabrutinib, and 92.9% (95% CI, 86.0-99.8%) in the WBRT
group (Figure 4B). The 2-year OS rate was 80% (95% CI, 62.1-97.9%) in the ASCT group, and 87.5% (95% CI, 75.8—

Patient number
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Figure 3 Swim-lane plots of the corresponding responses. The swim-lane plot shows the treatment responses during the induction and consolidation period of every
individual patient enrolled.

Abbreviations: PR, partial remission; CR, complete remission; PD, progressive disease; SD, stable disease; ASCT, autologous hematopoietic stem cell transplantation;
WBRT, whole-brain radiotherapy.
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Figure 4 Kaplan—Meier survival curves. (A) The progression-free survival (PFS) and overall survival (OS) curves of the entire cohort. The PFS (B) and OS (C) curves
stratified by consolidation therapies of autologous hematopoietic stem cell transplantation (ASCT), whole-brain radiotherapy (WBRT), or orelabrutinib.

99.2%) in the orelabrutinib/ WBRT group (Figure 4C). The median duration of response (DOR) was 17.9 months in all
patients (range: 2.3-42.4), 24.4 months (range: 17.7-42.4) in the orelabrutinib group, 16.5 months (range: 4-42.3) in the
ASCT group, 10.5 months (range: 10.3-38.9) in the WBRT group, and 6 months (range: 5.8-31.9) in those who finished
6 cycles of induction therapy without further consolidation. No significant differences were observed among the
consolidation groups in PFS, OS, or DOR.

Causes of Death

Among the 6 recorded deaths in the study, the primary causes were disease progression (n = 4) and infection (n = 2).
Specifically, patient #7 and #18 died from progressive lymphoma, #8 from PD after receiving further chemotherapies,
and #9 from relapse after discontinuing orelabrutinib maintenance. The 2 infection-related deaths included patient #11
(sepsis after ASCT) and #20 (grade 4 pneumonia during induction).

Assessment of Potential Selection Bias

A total of 48 patients were screened for this study. To assess potential selection bias, we compared the baseline
characteristics of the 22 enrolled patients with the 24 patients who were excluded due to the simultaneous administration
of lenalidomide (a non-protocol therapy). The two groups were comparable in terms of median age (59.5 vs 61 years, P =
0.45), sex distribution (50% vs 54% female, P = 0.78), and median KPS score (80 vs 75, P = 0.12), suggesting that the
enrolled cohort was broadly representative of the screened population.

Safety and Adverse Events

Most of the adverse events observed were tolerable and resolved after interventions. There was no treatment disconti-
nuation because of adverse events with OR+MTX induction therapies. One patient with grade 3 renal dysfunction
reduced the dosage of HD-MTX to 2 g/m? after the first cycle of induction. Orelabrutinib was given on a median of 19
days (range, 17-21) per cycle. One patient developed grade 4 neutropenia accompanied by grade 3 pneumonia and
recovered after anti-infection and supporting therapies. Another patient, who achieved a PR after two cycles of induction
therapy, died from infection including grade 4 pneumonia. Other grade 3 adverse events included neutropenia (9.1%),
febrile neutropenia (4.5%), hyperlipidemia (4.5%), liver dysfunction (4.5%), and renal dysfunction (4.5%). Five patients
had grade 2 thrombocytopenia (22.7%), and other grade 2 adverse effects include neutropenia (4.5%), liver dysfunction
(4.5%), renal dysfunction (9.1%), hypoproteinemia (4.5%), pneumonia (4.5%), and nausea (9.1%). The common grade 1
adverse events were anemia (45.5%), hypokalemia (22.7%), pneumonia (22.7%), thrombocytopenia (18.2%), and nausea
(18.2%) (Table 3). No fungal infections were observed. Neutropenia and pneumonia were consistent with the reported
common adverse effects of BTK inhibitors, including orelabrutinib, and may reflect its immunomodulatory profile.*?
However, causality cannot be definitively established due to combination therapy with HD-MTX and rituximab.
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Table 3 Adverse Events

Adverse Event Grade | Grade2 Grade3 Grade 4 Total
Neutropenia 3 (13.6) | (4.5) 2 (9.1) | (4.5) 7 (31.8)
Febrile neutropenia - 1 (4.5) 1 (4.5)
Anemia 10 (45.5) - - - 10 (45.5)
Thrombocytopenia 4 (18.2) 5(22.7) - - 9 (40.9)
Hyperglycemia | (4.5) - - - 1 (4.5)
Hyperlipidemia I (4.5) - 1 (4.5) - 2(9.1)
Liver dysfunction 2 (9.1) I (4.5) 1 (4.5) - 4 (18.2)
Renal dysfunction 3 (13.6) 2.(9.1) | (4.5) - 5(22.7)
Hyponatremia | (4.5) - - - 1 (4.5)
Hypokalemia 5(22.7) - - - 5(22.7)
Hypocalcemia 3 (13.6) - - - 3 (13.6)
Hypoproteinemia 3 (13.6) | (4.5) - - 4 (13.6)
Diarrhea | (4.5) - - - 1 (4.5)
Pneumonia 5(227) | (4.5) | (4.5) | (4.5) 8 (36.4)
Nausea 4 (18.2) 2. (9.1) - - 6 (27.3)
Headache 2.(9.1) - - - 2.(9.0)

Notes: All data are shown as number (%). —, not observed.

Discussion

The incidence of PCNSL has steadily increased, particularly in elderly patients.'”> The rarity of the disease, the highly
aggressive biological behavior, the physical barrier in the CNS system, and the overall vulnerability of the patients
diagnosed all collectively present substantial challenges in the management of PCNSL.** Although initially responsive to
first-line chemotherapy and radiotherapy, approximately 50% of patients experience relapse or develop refractory disease
within 1 year, when the median OS is reduced to 8.4 months despite salvage interventions.>*?

The BTK inhibitor, ibrutinib, which target the BCR pathway, has demonstrated promising effects in combination regimens
for relapsed/refractory (r/r) PCNSL in several clinical studies.’®® Nevertheless, as a first generation of BTK inhibitor,
ibrutinib exhibits off-target inhibition on multiple kinases, leading to nonnegligible adverse effects in clinical applications,
especially atrial fibrillation.?® In contrast, orelabrutinib, a second-generation irreversible BTK inhibitor, has been approved for
the treatment of r/r mantel cell lymphoma and chronic lymphocytic leukemia with high efficacy and more favorable safety
profile.*2° As the cornerstone in the management of PCNSL, HD-MTX often induce rapid initial remission. However,
combination therapies are necessary to achieve more durable and profound responses, as outcomes with HD-MTX mono-
therapy remain suboptimal.*! Rituximab often serves as a backbone agent in the treatment of lymphoma. Emerging evidence
suggested that orelabrutinib could enhance the antitumor activity of rituximab in DLBCL, compared to ibrutinib.*?

In this prospective phase I trial, we demonstrated that the combination of orelabrutinib, HD-MTX, and rituximab (OR
+MTX) is an effective and well-tolerated induction regimen for newly diagnosed PCNSL, achieving an ORR of 91.0% and
encouraging survival outcomes with a manageable safety profile. When contextualizing our results within the current
therapeutic landscape, it is informative to compare the OR+MTX regimen with established intensive chemotherapy protocols
(Table 4). The benchmark MATRIix regimen, as established in the IELSG32 trial, yielded a CR rate of 49% and a 2-year OS of
69%.> While our observed CR rate (41.0%) and 2-year OS (66.3%) appear numerically comparable, such cross-trial
comparisons must be interpreted with caution due to differences in study populations and design. MARTA and R-MPV
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Table 4 Summary of Efficacy and Safety Outcomes in Selected First-Line Regimens for Newly Diagnosed PCNSL

Regimen Study Design/Patient Selection 2-year PFS 2-year OS Consolidation Adverse Events*
OR+MTX (this study) Single-arm, Phase Il; Newly diagnosed 91.0% 41.0% 59.2% 66.3% ASCT/WBRT/ Grade 3—4 neutropenia
PCNSL Orelabrutinib (13.6%), Grade 34
maintenance pneumonia (9.1%)
OR+MTX (other Single-arm, Phase II; Newly diagnosed 71.4-92.3% 35.4-87.1% 64.3-74.9 85.4-90.9% ASCT/WBRT/ Grade 3—4 neutropenia
studies)'”™'"? PCNSL Orelabrutinib (10.0-20.0%)
maintenance
MATRix® Multicenter, open-label, Phase II; Newly 87.0% 49.0% 61.0% 69.0% ASCT/WBRT Grade 3—4 neutropenia
diagnosed PCNSL (67%), Grade 34
infections (16%)
MARTA® Single-arm, retrospective; Newly 83.3% 33.3% - 63.6% ASCT Infections (33.3%),
diagnosed PCNSL hematologic toxicity
(16.7%)
R-MPV*&7 Retrospective/Prospective, Single arm, 78.0-100.0% 44.0-81.8% 77.0-84.0% 81.0-88.0% WBRT/ASCT Grade 3—4 neutropenia
Multicenter; Phase II; Newly diagnosed (21.0-40.9%), hepatic
PCNSL impairment (18.2-51.0%)

Notes: *Adverse events are listed for induction phase unless otherwise specified. OR+MTX: orelabrutinib (150 mg/day, day I—day 21), rituximab (375 mg/m?, day 1), and
high-dose methotrexate (3.5 g/m?, day 2); MATRix: methotrexate (3.5 g/m?, day ), cytarabine (2 g/m? twice daily, days 2 and 3), rituximab (375 mg/m?, days —5 and 0), and
thiotepa (30 mg/m?, day 4); MARTA: rituximab, MTX, cytarabine Rituximab: 375 mg/m?, day 0 and day 4), high-dose methotrexate (3.5 g/m?, day 1), and Cytarabine (2 g/m>
twice daily, days 2 and 3); R-MPV: rituximab (375mg/m2 or 500 mg/mz, dl), methotrexate (3.5 g/mz, on day 2), vincristine (1.4 mg/mZ, days |-7), and procarbazine (100 mg/
m?/d, odd cycles only).

Abbreviations: ORR, Overall response rate; CR, Complete remission; PFS, Progression free survival; OS, Overall survival; ASCT, Autologous stem cell transplantation;
WBRT, Whole brain radiotherapy.

regimens followed with consolidation therapies yield variable efficacies among studies, with CR rates ranging 33.3-81.8%
and 2-year OS between 63.6-88%.% The key distinction lies in the toxicity profile. Intensive regimens like MATRIix,
MARTA, and R-MPV were associated with high rates of grade 3—4 hematologic toxicity, often mandating mandatory G-CSF
support and prolonged hospitalization}q’33 In contrast, the OR+MTX regimen was associated with a lower incidence of
severe hematologic events in our cohort, suggesting a potentially more favorable tolerability that could be particularly
advantageous for elderly or less fit patients ineligible for maximal-intensity chemotherapy. Due to the limited sample size,
larger cohort studies are warranted for further comparisons of consolation therapies. Nevertheless, orelabrutinib, as an oral
regimen, offers a convenient option for prolonged maintenance therapy—especially for elderly or frail patients.

Our findings align with and extend the emerging evidence for orelabrutinib in PCNSL. A retrospective study
investigating a combination of rituximab, HD-MTX, temozolomide, orelabrutinib, and lenalidomide in r/r PCNSL
patients reported an ORR of 86.7%.** Another retrospective analysis of orelabrutinib combined with HD-MTX and
thiotepa, with or without rituximab, in PCNSL and secondary CNS lymphoma demonstrated an ORR of 92.3%, with the
l-year PFS and OS rates of 60% and 70%, respectively.”' Recent multicenter prospective phase II studies reported
promising outcomes of orelabrutinib plus HD-MTX and rituximab in newly diagnosed PCNSL patients, with 2-year PFS
rate of 64.3-74.9% and 2-year OS rate of 85.4-90.9% (Table 4), corroborating the potent efficacy of this combination.'”"
Y Our study adds to these by providing preliminary data on the subsequent application of diverse consolidation
strategies. The comparable 2-year PFS rates observed among patients consolidated with ASCT, WBRT, or orelabrutinib
maintenance suggest that orelabrutinib may represent a viable, less invasive consolidation option, though this observation
is hypothesis-generating due to the non-randomized allocation and small subgroup sizes.

Despite these promising results, BTK inhibitors have certain risks, including an increased susceptibility to neutro-
penia and pneumonia (> Grade 3), as was observed in 13.6% and 9.0% of patients in the present study.”*=*> Overall, the
regimen was well-tolerated throughout the 6 induction cycles. Only 1 patient, who had achieved a PR after 2 cycles of
induction, died of severe pneumonia. The patient’s pneumonia existed before initiation of therapy and exacerbated during
treatment. Although no evidence of fungal infection was identified, antifungal therapy with voriconazole was applied.

Several limitations of our study must be acknowledged. First, the single-arm design and small sample size limit the
power for robust subgroup analyses and definitive conclusions regarding the comparative efficacy of consolidation
therapies. Second, the selection of consolidation therapy was based on patient and physician preference rather than
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randomization, introducing potential confounding by indication. Third, the median follow-up of 22.3 months is sufficient
for early efficacy signals but remains too short to evaluate long-term outcomes and the risk of late relapse. Extended
follow-up in larger, randomized trials is needed to assess the durability of response and the efficacy of the induction
regimen and subsequent consolidation strategies.

Conclusion

This study provided evidence supporting the combination of orelabrutinib, HD-MTX, and rituximab as a promising and
tolerable therapeutic strategy for newly diagnosed PCNSL. Due to the modest sample size and the non-randomized
design, we cannot conclude with its superiority or parity to established standards like MATRix and R-MPV. Larger
randomized controlled clinical trials are warranted to validate these observations and further optimize the management of
PCNSL in clinical practice.
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