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Abstract: Primary central nervous system lymphoma (PCNSL) is a rare, aggressive, extranodal lymphoma exclusively located in the
central nervous system. High-dose methotrexate (HD-MTX)-based chemotherapy combination regimens are now the standard of care
for the upfront treatment of PCNSL and are used in a salvage setting but are toxic and cumbersome to administer because of the need
for inpatient supportive care. While the incidence of PCNSL is increasing in the aging population, a significant proportion of patients
are unable to follow HD-MTX protocols owing to performance status and organ dysfunction. Consolidative autologous stem cell
transplant or whole-brain radiation therapy improves progression-free survival at the cost of short- and long-term toxicities. Induction
of low toxicity and consolidative and salvage therapeutic options are lacking. Due to its unique biology, PCNSL presents an exciting
opportunity for the development of novel therapies with improved efficacy and toxicity. In this review, we focus on the biology of
PCNSL and novel chemotherapeutics, including targeted and immunotherapeutic agents as well as cellular therapies. Expert Opinion
summary: Given the lack of low-toxicity standard treatments for PCNSL, the outcomes for aging PCNSL patients remain suboptimal.
Current research has focused on introducing targeted immunotherapies into the induction, salvage, and consolidation treatments of
PCNSL.

Keywords: primary central nervous system lymphoma (PCNSL), high-dose methotrexate (HD-MTX) in PCNSL, targeted therapy in
PCNSL, immunotherapy in PCNSL, Bruton tyrosine kinase (BTK) signaling pathway in PCNSL, chimeric antigen receptor T cells
(CARTs) in PCNSL

Introduction

Primary central nervous system lymphoma (PCNSL) is an aggressive extranodal lymphoma that exclusively originates in the
central nervous system (CNS), leptomeningeal compartment, or eyes. It constitutes approximately 2% of all primary brain
tumors and less than 1% of non-Hodgkin’s lymphoma (NHL).! PCNSL is more prevalent in immunocompromised patients
such as patients affected by HIV/AIDS and those on immunosuppressive therapies.> About 90% of PCNSLs are diffuse large
B cell lymphomas (DLBCLs) and express B cell markers including CD20, CD19, CD79a, and immunoglobulin light chains.’

The annual incidence of PCNSL is 0.3 to 0.6 cases per 100,000 persons and has been increasing worldwide. For
example, the incidence of PCNSL in the United States (US) increased 5 times from 1975 to 2017."* The incidence of
PCNSL increases with age and has been rising in patients over 70 years old (yo).”

Traditionally, PCNSL has been treated with HD-MTX-based regimens, owing to its excellent CNS penetration. Single
agent HD-MTX produces 30-52% complete remission (CR) rate with overall survival (OS) and progression-free survival
(PFS) less than one year in patients who do not achieve CR.°® HD-MTX administration is cumbersome requiring
hospitalization for high volume hydration, leucovorin rescue administration, and monitoring of MTX levels. HD-MTX
has the potential to cause significant renal, liver, and lung toxicities. Approximately 36% of patients treated with HD-
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MTX based therapy relapse after achieving CR. Patients with relapsed or refractory disease respond poorly to currently
available chemotherapy regimens with survival ranging between 0.5 to 40.5 months.” Combining HD-MTX based
therapy with a monoclonal anti-CD 20 antibody rituximab improved outcomes in some studies but did not yield
a significant benefit in others.®'%!!

HD-MTX in combination with alkylators, as well as other chemotherapeutic agents, has demonstrated a PFS
advantage over HD-MTX alone, making combination regimens the standard of care for newly diagnosed PCNSL. The
choice of the multiagent HD-MTX-based alkylator-containing induction regimen is institution-dependent, with the
historical preference of Rituximab-Methotrexate-Procarbazine-Vincristine (R-MPV) and Methotrexate-Rituximab-

Temozolomide in the US, and Methotrexate-Cytarabine-Temozolomide-Rituximab (MATRix) in Europe.'?”'* Despite

the increased toxicity of combination regimens, CR rates are still mostly disappointing (Table 1).!"13:1518
Table | High Dose Methotrexate-Based Regimens for PCNSL
Reference Design N Agent(s) Median Age,y | ORR | CR PFS/OS
Batchelor et al, 2003° Phase 2 23 HD-MTX (8 g/m?) 60 74% 52% | Median PFS 12.8 m/OS: NR at 22.8 m
Herrlinger et al, 2005’ Phase 2 37 HD-MTX (8 g/m?) N/A N/A 30% | Median PFS: 10 m/ OS 25 m
Holdhoff et al, 2014° Retro 54 HD-MTX (8 g/m?) 66 60% | 36% | Median PFS 4.5m/ OS 16.3 m
27 HD-MTX + Rituximab 65 89% 73% Median PFS 26.7 m/ OS NR

Pels et al, 2003'¢ Phase 2 61 HD-MTX/HDAC/Dex/Vinc/CY/lfos 62 71% 61% Median TTF 21 m/ OS 50 m
Rubenstein et al, 2013'8 Phase 2 44 MR-T > Etop/HDAC 6l 77% 66% Median PFS 28.8 m

2-year PFS 57%/ OS: 70%

Omuro et al, 2015'2 Phase 2 32 R-MPV > ASCT 57 97% | 66% | 2-year PFS 79% / OS 81%

ASCT 5-year PFS 81%/ OS 81%

Ferreri et al, 2016'° Phase 2 75 HD-MTX/HDAC > ASCT 58 53% | 23% | 2-year PFS 36%/ OS 42%
69 HD-MTX/HDAC/R > ASCT 57 74% | 30% | 2-year PFS 46%/ OS 56%
75 HD-MTX/HDAC/R/TT (MATRix) > ASCT 57 87% | 49% | 2-year PFS 61%/ OS 69%

ASCT 4-year OS > 80%

lllerhaus et al 2023%° Phase 3 346 MATRix > ASCT vs DeVIC 59 69% | 27% | 3-year PFS: 79% after ASCT

3-year PFS: 53% after R-DeVIC

3-year OS: 86% after ASCT

3-year OS: 71% after R-DeVIC

Nagle et al, 2018" Retro 27 MR-T 6l 81% 70% | 4-year PFS 38% / OS 59%

Houillier et al, 2019'® Phase 2 | 66 (ITT) | R-MBVP + WBRT 54.5 76% 49% | 2-year PFS 58%/ OS 75%

4-year PFS 40%/ OS 64%

66 (ITT) | R-MBVP + ASCT 55 64% 38% | 2-year PFS 70%/ OS 66%

4-year PFS 65%/ OS 66%

Bromberg et al, 2019"' Phase 3 99 R-MBVP > HDAC + WBRT for <60 yo 6l 86% 30% I-year PFS 65%/ OS 79%

100 MBVP > HDAC + WBRT for <60 yo 6l 86% 36% I-year PFS 58%/ OS 79%

Abbreviations: N, number of patients; m, monthly; y, years; ORR, overall response rate; CR, complete response; PFS, progression-free survival; OS, overall survival; Retro,
retrospective study design; HD-MTX, high-dose methotrexate; HDAC, high-dose Ara-Cytarabine; ASCT, autologous stem cell transplant; R, rituximab; TT, thiotepa; MBVP,
methotrexate-carmustine-teniposide-prednisolone; WBRT, whole brain radiation therapy; MR-T, methotrexate-rituximab-temozolomide; Etop, etoposide; MPV, methotrexate-
procarbazine-vincristine; Dex, dexamethasone; Vinc, vincristine; CY, cyclophosphamide; Ifos, Ifosfamide; MATRix, methotrexate-cytarabine-thiotepa-rituximab; DeVIC,
dexamethasone-etoposide-ifosfamide-carboplatin; g/mz, grams/meter; N/A, not available; ITT, intention-to-treat; NR, not reached; TTF, time to treatment failure; yo, years old.
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Without consolidation, only patients who achieve CR can have prolonged PFS.® Post- HD-MTX induction consolida-
tion therapies, such as whole brain radiation therapy (WBRT) and autologous stem cell transplantation (ASCT), have
been investigated to increase remission durability. However, both offer efficacy at the expense of significant toxicity. At 2
years, PFS was 63% with WBRT and 87% with ASCT consolidative approach. WBRT negatively affects cognitive
function, whereas ASCT puts patients at risk of hematologic toxicities, infections, and transplant-related mortality.15’21’22
Illerhaus et al recently reported the results of a randomized controlled trial comparing post-induction R-DeVIC
(rituximab, dexamethasone, etoposide, ifosfamide, carboplatin) chemotherapy consolidation with high-dose thiotepa-
based conditioning, followed by ASCT. At a median follow-up of 45.3 months there was a significant PFS difference in
favor of ASCT, with 79% of transplanted patients and 52% of chemotherapy consolidated patients being progression-free
at 3 years post-randomization (p= 0.0001, HR 0.396), solidifying consolidative ASCT as a standard of care for newly
diagnosed PCNSL patients who otherwise meet transplant organ function and performance status criteria. Additionally,
the long-term follow up of newly diagnosed immunocompetent patients with PCNSL treated with R-MPV followed by
thiotepa-busulfan-cyclophosphamide (TBC) conditioning and ASCT in responders demonstrated excellent efficacy with
5-, 10-, and 15-year PFS and OS of 80.8% in 26 transplanted patients.”® In a recent Memorial Sloan Kettering Cancer
Center retrospective analysis, in patients with complete response to consolidation, only R-MPV induction was associated
with improved PFS, as compared to MPV or other regimens (Table 1). 24

Despite the introduction of rituximab to the front-line regimens, the use of multiagent induction chemotherapy, and
the adoption of ASCT as the front-line consolidative standard of care, PCNSL prognosis continues to lag behind that of
DLBCL, with a median PFS of 10.2 months median OS of 25.3 months, and median OS of relapsed patients as low as 6.1
months according to a recent report of the French oculo-cerebral lymphoma network.?

A Memorial Sloan Kettering Cancer Center PCNSL survival analysis included data from 1973 to 2013 and
demonstrated that the median OS of PCNSL patients doubled from 12.5 months in the 1970s to 26 months in 2010,
while the survival of patients > 70 yo was unchanged (6 months in the 1970s vs 7 months in the 2010s). Survival
improvement in younger patients was likely due to the introduction of HD-MTX followed by consolidation including
ASCT as a standard of care for fit patients.”*’ Lack of improvement in survival of older patients pointed out the need for
the development of novel treatment regimens for those who are not candidates for the intensive therapy.”® Most of the
studies on novel therapeutics in PCNSL date from the end of 2010s to 2020s (see reference list). Unfortunately, there is
no PCNSL survival statistics available for this time period. We are hopeful that the incorporation of novel therapeutics
into PCNSL regimens improves patient survival, especially the survival of those with R/R disease and those who are not
candidates for HD-MTX based induction and ASCT consolidation.

In recent years, the treatment of systemic DLBCL has been revolutionized with novel therapies, including antibodies
(tafasitamab), bispecific T cell engagers (mosenutizumab), antibody-drug conjugates (loncastuximab), and chimeric
antigen receptor T cells (CARTSs); however, progress in PCNSL has been lagging behind.>”* Most of the novel
DLBCL therapies lack sufficient CNS penetration to be effective in PCNSL. Patients with secondary CNS lymphoma
(SCNSL) involvement, from whom insights into therapeutic efficacy and safety in the CNS can be gained, are frequently
excluded from clinical trials because of their potential for rapid clinical deterioration. Additionally, PCNSL is a rare
disease, and many excellent PCNSL clinical trials have been closed early owing to poor accrual.

PCNSL presents an exciting opportunity for the development of novel therapies owing to its unique biology and the
need for effective blood—brain barrier (BBB) penetration. The key targetable features of PCNSL biology are mutations in
B cell receptor (BCR) or toll-like receptor (TLR) pathways which lead to nuclear factor kappa B (NF-kB) activation,
which subsequently prevents terminal B cell differentiation and apoptosis and facilitates immune escape. Additionally,
PCNSL has unique tumor microenvironment and is characterized by immune evasion.**-**

Additionally, the existing standard treatments are of suboptimal efficacy, cumbersome to administer, and toxic,
creating the need for convenient treatments with lower toxicity and higher efficacy. Therefore, effective, and tolerable
salvage regimens are needed. Elderly patients and those with compromised organ function are frequently not candidates
for HD-MTX-based regimens or are unable to complete enough cycles due to toxicities. Additionally, these patients are
frequently not candidates for consolidative ASCT. Regimens with lower toxicity and higher efficacy are urgently required
in vulnerable populations.
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Substantial efforts have been made to understand the molecular mechanisms underlying PCNSL, generating interest
in the use of targeted therapies for upfront and RR-PCNSL treatment. In this review, we focus on PCNSL biology as
related to the discussed therapies and the newly studied agents in ongoing and completed clinical trials, ranging from

chemotherapeutic drugs to targeted therapies.

Novel Therapies for PCNSL

Pemetrexed

Pemetrexed is a novel antifolate chemotherapeutic that is approved by the Food and Drug Administration (FDA) for use
in mesothelioma and recurrent non-small cell lung cancer (Pemetrexed package insert). It targets more than one site in
folate metabolism by interrupting purine synthesis via thymidylate synthase and dihydrofolate reductase inhibition and
pyrimidine synthesis via glycinamide ribonucleotide formyltransferase and aminoimidazole carboxamide formyltransfer-
ase inhibition.*® Pemetrexed has the same ability to penetrate the CNS as methotrexate but is less toxic and does not
require hospital admission for supportive care. Unfortunately, pemetrexed is rarely used by oncologists in PCNSL
settings despite its known activity and inclusion in the NCCN guidelines for relapsed or refractory diseases (NCCN
guidelines). Dexamethasone before and after pemetrexed administration, as well as folic acid and cyanocobalamin
maintenance therapy, are obligatory for the prevention of pemetrexed toxicity (Pemetrexed package insert).
Pemetrexed activity has been reported in multiple clinical trials in both treatment-naive and RR-PCNSL patients,
including those with PCNSL refractory to HD-MTX.

Twelve treatment-naive PCNSL patients over 65 yo were treated with pemetrexed, with 10 responding and four
achieving CR. The median OS was 19.5 months, and the estimated 1-year and 2-year survival rates were 66.7% and
41.7%, respectively. No neurotoxicity or treatment-related death was observed. Side effects were mild and included
leukocytopenia, anemia, fatigue, rash, and vomiting. The results of this trial are promising for the elderly population
because minimizing toxicity is particularly challenging in this age group and, suboptimal therapy remains a problem.®

In a Phase I pemetrexed trial for the treatment of RR PCNSL, 14 patients were evaluated for their response. ORR was
57.1%, and the disease control rate (DCR), including CR + PR+ SD was 71.4%. The 6-month PFS and 12-month PFS
were 35.7% and 21.4%, respectively, with a median PFS of 4.2 months and median OS of 44.5 months. The estimated
1-year, 2-year, and 5-year survival rates were 78.6%, 64.3%, and 35.7%, respectively. A maximum tolerated dose (MTD)
of 900 mg/m? was administered every two weeks. The main adverse observed were fatigue and cytopenia.®’

Another prospective trial evaluated pemetrexed 900 mg/m? every three weeks in RR PCNSL. Eleven patients with a median
age of 69.8 yo and an average KPS of 70% (10-100%) were treated; 10 had failed prior HD-MTX. CR rate, ORR, and DCR were
36%, 55%, and 91%, respectively. The 6-month PFS was 45%, median PFS was 5.7 months, and median OS was 10.1 months.
Importantly, responses occurred in patients in whom HD-MTX failed, suggesting that methotrexate exposure does not preclude
a response from pemetrexed. In addition, responses were observed in patients who failed multiple prior treatments, including
ASCT. Overall, the treatment was well-tolerated, with the most common adverse events (AEs) being hematologic events.'*

Zhang et al retrospectively analyzed the outcomes of pemetrexed salvage at 900 mg/m” every 3 weeks in 18 patients
with RR-PCNSL and 12 patients with SCNSL. For PCNSL and SCNSL, ORR, CR rate and median PFS were 64.7%,
64.7%, 5.8 months and 58.3%, 16.6% and 2.5 months respectively. Grade >3 AEs included leukopenia 16.7%),
neutropenia 3.3%), and fatigue in 10.0%). Pemetrexed was well tolerated and showed activity in RR-PCNSL, although
responses were not durable, with less favorable results in SCNSL.*®

Twenty-seven HD-MTX HD-MTX-resistant PCNSL were treated with pemetrexed in combination with rituximab.
CR, PR, and SD rates were 22.2%, 40.7%, and 29.6%, respectively, with an ORR of 62.9% and DCR of 92.5%. PFS was
6.9 months, and the median OS was 11.2 months.>®

Pemetrexed in combination with lenalidomide was studied in patients with RR PCNSL in whom two or more
therapeutic regimens failed. Thirty-eight patients were treated with an ORR of 68.4% and median PFS and OS of 6 and
18 months.*

In summary, pemetrexed is active in RR PCNSL, including HD MTX failures, with CR reported from 22.2 to 64.7%
and ORR 55-64.7%. In contrast to HD-MTX, pemetrexed is administered in the outpatient setting and has an excellent
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toxicity profile with no neurotoxicity, treatment-related deaths, or non-hematologic toxicity over grade 4 observed in
most studies. Pemetrexed is an excellent candidate as an antifolate backbone in combination with targeted and
immunomodulatory therapies and is now used in multiple PCNSL clinical trials (Table 2).

Rituximab

Rituximab is a chimeric monoclonal antibody that targets CD20 cell surface proteins. When combined with CHOP
(cyclophosphamide, doxorubicin, oncovin, and prednisone), it increased DLBCL EFS and OS by 15-20% becoming
a standard of care.*' PCNSLs express CD20 in over 90% of cases, making rituximab an attractive therapeutic choice in
PCNSL.** Rituximab is a large 145 kD molecule with poor BBB penetration. At 375 mg/m?® IV, rituximab CSF
concentrations were 0.1% of plasma.*? Homogeneous enhancement with gadolinium suggests that the BBB is disrupted
in PCNSL. In patients with active leptomeningeal disease, the CSF concentration of rituximab is 3—4% of the serum

Table 2 Novel Therapy Trials for PCNSL

Trial Name NCT Phase | Details
Zanubrutinib Monotherapy in Relapsed/Refractory Central NCTO5117814 Zanubrutinib is a novel BTK inhibitor with proven activity in
Nervous System Lymphoma patients with various B-cell lymphomas addicted to the B-cell

receptor signaling pathway.

A Clinical Study Evaluating the Safety and Efficacy of ZRMT Regimen | NCT06445257 Prospective, multicenter, open-label, single-arm clinical trial

in the Treatment of PCNSL evaluating the safety and efficacy of the ZRMT (Zanubrutinib-
Rituximab-Methotrexate-Temozolomide) regimen in the treatment
of PCNSL

Rituximab, Zanubrutinib in Combination with Lenalidomide, NCT04938297 | Il Prospective clinical study evaluating the efficacy and toxicity of

Followed by Zanubrutinib or Lenalidomide Maintenance in Patients Rituximab, Zanubrutinib in combination with Lenalidomide in

with Primary or Secondary CNS Lymphoma patients with PCNSL. The efficacy of Zanubrutinib or Lenalidomide

in maintenance is also compared.

Acalabrutinib in CNSL NCTO04906902 | I/ Open-label, dose-escalation study aimed at determining the safety,
pharmacokinetics, and pharmacodynamics of Acalabrutinib in
patients with recurrent/refractory (RR)-PCNSL

Ibrutinib with Rituximab and Lenalidomide for Patients with NCTO03703167 | Ib Evaluating dose expansion of BTKi Inhibitor and Ibrutinib in
Recurrent/Refractory Primary or Secondary Central Nervous combination with Rituximab and Lenalidomide in patients with RR-
System Lymphoma (PCNSL/SCNSL) PCNSL and SCNSL

Zanubrutinib With Pemetrexed to Treat Relapsed/ Refractory NCTO05681195 | 1l Evaluating the safety and efficacy of the combination of pemetrexed
Primary and Secondary Central Nervous System (CNS) and zanubrutinib (induction therapy) followed by zanubrutinib
Lymphomas treatment alone (maintenance therapy) in RR-PCNSL or SCNSL
Orelabrutinib Combined with Pemetrexed for Relapsed/ Refractory | NCT05209620 | Il Prospective, single-arm trial observing the efficacy and safety of
Central Nervous System Lymphoma orelabrutinib combined with pemetrexed in the treatment for

patients with RR-PCNSL

A Trial to Compare Ibrutinib Versus Lenalidomide in Combination NCTO04129710 | 1l Open-label, multicenter, randomized, three-arm efficacy and safety
With MRE-chemotherapy for Adult Patients with Recurrent/ study of ibrutinib in combination with MRE (methotrexate,
Refractory Primary Central Nervous System Lymphoma rituximab, etoposide)-chemotherapy versus lenalidomide in

combination with MRE-chemotherapy given to adult patients who
have RR-PCNSL

Testing the Addition of Lenalidomide and Nivolumab to the Usual NCT04609046 | Evaluating the safety, side effects, best dose, and effectiveness of
Treatment for Primary CNS Lymphoma lenalidomide when added to nivolumab and the usual drugs
(rituximab and methotrexate) in patients with PCNSL

Sequential Treatment with RO-MTX after Pomalidomide, NCT05390749 | |l Multicenter, prospective, single-arm study evaluating the safety and
Orelabrutinib, Rituximab (POR) in Newly Diagnosed PCNSL efficacy of sequential treatment regimens with RO-MTX after
pomalidomide, orelabrutinib, rituximab (POR) in newly diagnosed
PCNSL. This study is also exploring the feasibility of chemo-free
treatment in PCNSL

Pomalidomide and Dexamethasone in Treating Patients with NCTO01722305 | | Examined side effects and best dose of pomalidomide when
Relapsed or Refractory Primary Central Nervous System administered with dexamethasone in treating patients with RR-
Lymphoma or Newly Diagnosed or Relapsed or Refractory PCNSL or intraocular lymphoma that is newly diagnosed, relapsed
Intraocular Lymphoma or refractory.
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concentration, suggesting that BBB disruption allows for rituximab penetration and prompts further studies on rituximab
in PCNSL.*

The randomized Phase 2 IELSG32 (MATRix) trial confirmed the benefit of rituximab in upfront PCNSL regimens.
Patients were randomized to receive HD-MTX-cytarabine with or without rituximab, in addition to rituximab-HD-MTX-
cytarabine and thiotepa (MATRix). MATRix arm performed best with 49% of patients achieving CR, while CR rate was
numerically higher in patients treated with rituximab-HD-MTX-cytarabine versus HD-MTX-cytarabine without ritux-
imab (23 vs 30%).'"” Interestingly, on 7-year follow-up, HD-MTX-cytarabine-rituximab arm demonstrated overall
survival advantage over HD-MTX-cytarabine arm with 7-year OS at 37% and 21% accordingly, HR 0.64 (p=0.04).**
Rituximab is now included in most used first line regimens such as R-MPV, MRT, and MATRix with excellent ORRs at
77%, 97%, and 87%, respectively.'z"g’]9

Some experts still consider the role of rituximab to be controversial, as no studies have demonstrated its PFS or OS
advantages. In a retrospective registry study, there was an increase in ORR in patients receiving R-MPV versus MPV (77
vs 53%; p = 0.03), but there was no difference in PFS or OS. This could be because the patients were older (median age,
68 yo), had poor KPS at 60%, and received three cycles of high-dose cytarabine consolidation, which led to increased
hematologic toxicity.*’

Despite some studies demonstrating the safety and activity of intraventricular rituximab within the leptomeninges,
intraocular compartments, and small parenchymal lesions, its use remains under investigation.*®

Bruton Kinase Inhibitors

DLBCL is classified into three subtypes based on gene expression profile: (i) germinal center B-cell-like (GCB), (ii)
activated B-cell-like (ABC), and (iii) type 3.*” ABC-DLBCLs have a higher frequency of concomitant or isolated
myeloid differentiation primary response gene MYD88L265P and CD79B mutations as well as BCL6 fusions and
NOTCHI and NOTCH2 mutations and carry worse prognosis.** CD79B and MYD88 double mutant DLBCL is further
classified as MCD DLBCL, is almost universally of the ABC subtype, carries inferior prognosis, and is enriched in
lymphomas with extranodal involvement, including breast, testes, and nervous system.**** Both CD79B and MYD88
signaling leads to NF-kB pathway activation. Over 85% of PCNSL originate from ABC origin. 96% of PCNSL have
mutations in the NF-kB gene network, with the CD79B (83%) and MYDS88 (76%) mutants being most common, and
67% are reported to be double mutant MCD DLBCL.>*!

Upon Toll-like and interleukin receptor stimulation, the MYD88 adaptor protein activates JAK/STAT3 signaling and
NF-kB, whereas MYDS88L265P mutant constitutively activates the NF-kB signaling pathway, promoting B-cell survival
and growth.>?

Interplay of the BCR-CD79B pathway and MYD8S signaling is crucial for understanding the therapeutic targeting of
the NF-kB pathway via Bruton Tyrosine Kinase (BTK) inhibition (Figure 1). BCR stimulation activates BTK via CD79A
and CD79B heterodimers. Activated BTK preferentially forms a complex with MYDS8SL265P mutant, signaling to
CARDI11 and subsequently activating the NF-kB pathway. BTK inhibition resulted in decreased formation of the
MYD88-BTK complex with CD79B and MYD&8 double mutants, benefitting the most from BTK inhibition. Recently,
the MYDS8S-TLR9-BCR (My-T-BCR) supercomplex was identified in ABC-DLBCL, PCNSL, and Waldenstrom’s
macroglobulinemia (WM). My-T-BCR promotes lymphomagenesis by activating the mammalian target of rapamycin
(mTOR) and NF-xB pathways and correlates with responsiveness to BTK inhibition. My-T-BCR is a novel therapeutic
target and could be used as a biomarker for predicting the efficacy of BTKis as well as a classifier of B-NHL.>>>*

Systemic ABC-DLBCL lymphomas with MYDS88L265P mutation are more prone to CNS relapse, with 53% of
patients with the mutation relapsing in CNS at five years and almost 100% of wild type (WT) patients living CNS
relapse-free, suggesting that the MYDS88 L265P mutation plays a critical role in the ability of DLBCL cells to invade
CNS. Given the interplay of the BCR, BTK, and MYDS88 signaling, BTKis are being actively investigated in the
treatment of B-NHLs, demonstrating higher responses in MYD88 L265P mutant tumors.”>>> PCNSL is enriched in
MYD88 mutations, with various studies showing an average 60.8% (33—100%) of PCNSL carrying MYD88 L265P
mutation, making BTK inhibition an attractive therapeutic opportunity in PCNSL.>*

102 https: Clinical Pharmacology: Advances and Applications 2025:17



Wakim et al

TLR

CD79B
Y196

- IRAK Inhibitor
SYK Inhibitor =————( SYK I -Emavusertib

BTK )J—————————BTK Inhibitor
- - -Ibrutinib

-|- -Zanubrutinib
-Tirabrutinib

PI3K Inhibitor -Orelabrutinib

-Temsirolimus

-Buparlisib

(@
(BoL10 )

MALT1
TNFAIP3)——————
NF-kB ) IMiDs

-Lenalidomide
-Pomalidomide

Figure | Targeting NF-«B Signaling Network in Primary CNS Lymphoma. Most PCNSLs harbor mutations in NF-kB signaling network leading to its aberrant activation.
CD79B, which is a part of the BCR complex, and MYD88, an adaptor protein downstream of Toll-like receptor, are most frequently mutated. BCR and TLR signaling is
transmitted by BTK. Activated BTK preferentially forms complex with MYD88L265P mutant, signaling to CARDI | and activating NF-kB pathway. Additionally, CARDI |
gain-of-function mutations can lead to constitutive NF-kxB activation. BTK is a therapeutic target in PCNSL which is inhibited by small molecule BTK inhibitors. Syk kinase is
one of the kinases that activates BTK upon BCR activation and is a therapeutic target in PCNSL. TLR activation leads to the formation of myddosome complex which
incorporates several proteins including IRAK4, which is inhibited by small molecule emavusertib (CA4948). Upon BCR activation, BTK contributes to the activation of PI3K-
mTOR signaling pathways which is targeted by buparlisib and temsirolimus respectively. TNFAIP3 is a tumor suppressor gene that can be mutated or inactivated in PCNSL
leading to increased NF-kB activity. IMiDs inhibit NF-kB by promoting the degradation of key transcription factors and directly suppressing NF-kB activation. Original Figure:
Mendez JS, Grommes C. Treatment of primary central nervous system lymphoma: from chemotherapy to small molecules. Am Soc Clin Oncol Educ Book. 2018;38:604—615.
DOI: 10.1200/EDBK_200829. Created in BioRender. (2025) https://BioRender.com/apognug.

Abbreviations: TLR, toll-like receptor; BCR, B cell receptor; CD79B, immunoglobulin-associated beta; Y196, tyrosine residue at gene position 196; MYD88, myeloid
differentiation primary response 88. L265P, amino acid substitution leucine to proline at position 265 in the MYDB88 Toll/interleukin-1 receptor (TIR) domain; SYK, spleen
tyrosine kinase; IRAK, interleukin | receptor associated kinase |; CA4948, kinase inhibitor; BTK, Bruton tyrosine kinase; PIP3, Phosphatidylinositol (3,4,5)-trisphosphate;
PTEN, phosphatase and tensin homolog deleted on chromosome-10; PI3K, phosphatidylinositol 3-kinase; CARDI I, Caspase recruitment domain family, member | 1; BCL-
10, B-cell lymphoma/leukemia 10; MALT |, mucosa-associated lymphoid tissue lymphoma translocation gene |; TNFAIP3, tumor necrosis factor alpha-induced protein 3;
IMiDs, immunomodulatory drugs; NFkB, nuclear factor kappa-light-chain-enhancer of activated B cells.

First Generation Bruton Kinase Inhibitors
Ibrutinib is the first oral small-molecule covalent irreversible BTKi inhibitor. Ibrutinib binds covalently to the cysteine
residue C481 at the BTK active site, leading to irreversible BTK inhibition and blockage of NF-kB activation, thus
having a particularly significant activity in RR ABC-DLBCL with both CD79B and MYD88 L265P mutations.’® Mouse
studies have demonstrated that ibrutinib rapidly penetrates the BBB with a brain-to-plasma ratio of 0.7.%7 Tbrutinib was
studied alone and in combination for the treatment of RR-PCNSL with multiple trials currently ongoing.

Ibrutinib was safe and effective in a phase I/II dose escalation study of patients with RR-PCNSL. The MTD was
840 mg/day. A clinical response was noted in 10 of the 13 patients including five CRs and five PRs, yielding a median
PFS of 4.6 months. One non-responder had a missense mutation within the coiled-coil domain of CARDI11, which
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promotes BTK-independent activation of NF-kB, and incomplete responders had a CARDI11 (R337Q) mutation or
inactivating lesions in TNFAIP3, a negative regulator of NF-kB.**

In a Phase II study of 560 mg daily ibrutinib in RR-PCNSL and ocular lymphoma patients, disease control was 70%
in 44 evaluable patients, including 10 CRs, 17 PRs, and five stable diseases (SD). With a median follow-up of 25.7
months, the median PFS and OS were 4.8 months and 19.2 months, respectively. Thirteen patients received ibrutinib
treatment for more than 12 months. Two patients developed pulmonary aspergillosis (PA). The clinical response to
ibrutinib appears to be independent of gene mutations in the BCR pathway. Responses were observed in all compart-
ments of the CNS with an ibrutinib concentration in the CSF above the efficacy threshold level at a steady state.®

In summary, PCNSL demonstrated a much higher response to ibrutinib than systemic DLBCL, where the pooled OR
and CR to ibrutinib monotherapy were 41.6% and 15.2%.° CARDI11 coiled-coiled domain R179Q mutation facilitated
complete resistance to ibrutinib, while CD79B mutations were associated with partial ibrutinib resistance. This is
consistent with the observation that ibrutinib-resistant ABC-DLBCs upregulate the expression of CD79B. CD79B
mutations are frequently associated with MYD88 mutations in PCNSL and attenuate BTK “addiction” by providing
a redundant survival signal that is independent of NF-kB via the upregulation of phosphoinositide 3-kinase (PI3K)/
mTOR signaling. In vitro, mTOR or PI3k inhibition is synergistic with ibrutinib and leads to cell death in CD79B mutant
PCNSL.>® It is crucial to overcome BTKi resistance in upfront combination regimens to improve the outcomes, which
can be achieved by combining BTKis with other chemotherapeutic agents or targeted therapies such as PI3K inhibitors.
There are multiple ongoing RR-PCNSL clinical trials of ibrutinib in combination with other agents including checkpoint
inhibitors (CPIs) and immunomodulators. Alternatively, next-generation non-covalent BTK inhibitors, such as pirtobru-
tinib, offer increased efficacy and reduced toxicity in the setting of B-cell malignancies and warrant exploration in CNSL
settings.

Lionakis et al performed a proof-of-concept phase Ib study of ibrutinib monotherapy followed by ibrutinib plus
temozolomide, etoposide, liposomal doxorubicin, dexamethasone, and rituximab chemotherapy (DA-TEDDi-R) com-
bined with intraventricular cytarabine in patients with RR and newly diagnosed PCNSL. Eighteen patients were treated
with ibrutinib, and 16 underwent TEDDi-R. Ibrutinib monotherapy showed clinical activity in 94% of patients, with 83%
of patients reaching PRs. DA-TEDDi-R subsequently produced CRs in 86% of patients, which included eight patients
who were free of disease at a median of 15.5 (range, 8-27) months follow-up. Ibrutinib had significant CSF penetration
with CSF/plasma ratio of 28.7%, while liposomal doxorubicin CSF penetration was low but unexpectedly had measur-
able concentrations during the entire treatment cycle, suggesting a depot effect in the CNS. Two patients developed
invasive aspergillosis during ibrutinib monotherapy, and an additional 5 patients developed aspergillosis on TEDDi-R.
One case of Pneumocystis jiroveci pneumonia was reported. The high incidence of aspergillosis during this trial was
attributable to ibrutinib since ibrutinib monotherapy was administered. Further studies demonstrated that Btk-/- mice
have a higher mortality from pulmonary aspergillosis, demonstrating a role for BTK in innate fungal immune surveil-
lance, suggesting that inhibition of BTK by ibrutinib contributed to the high incidence of aspergillosis, perhaps in concert
with glucocorticoids.’® Those results prompted further consideration for fungal prophylaxis in future ibrutinib studies.
A phase II study of 2 weeks of ibrutinib treatment for two weeks followed by TEDDi-R in ibrutinib responders and
TEDD-R in ibrutinib-refractory patients was conducted using universal isavuconazole fungal prophylaxis. Patients with
untreated or RR-LBCL with CNS with or without systemic involvement were included. 57% of patients were ibrutinib-
responsive. ORR for TEDDi-R were 92%, CR 77%, TEDD-R ORR was 45%, and 28%. One-year PFS and OS were
significantly higher in ibrutinib-responsive versus ibrutinib-resistant tumors at 54.7% versus 17.6% (p < 0.002) and
76.7% versus 47.1% (p = 0.08), respectively. 88% of ibrutinib-responsive tumors were CD10 negative and had TEDDi-R
ORR of 83%, with 70% CR rate. There were no opportunistic infections.®

In a Phase 1 B trial, Grommes et al combined ibrutinib with HD-MTX and rituximab in CNSL patients. Ibrutinib was
continued after the completion of induction therapy until disease progression, intolerable toxicity, or death. The
combination was well tolerated, and no dose-limiting toxicity was observed. Twelve of the 15 patients responded with
sustained tumor responses associated with the clearance of circulating tumor DNA from the cerebrospinal fluid (CSF).®

To develop a less toxic salvage regimen, temozolomide and ibrutinib have been combined by French investigators. In
13 RR PCNSL and nine SCNSL patients, the best ORR was 55%, including three CRs. With a median follow-up of 18.2
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months, the median PFS was 5.3 and the OS 8.9 months. Four patients experienced serious infectious complications, but
none developed aspergillosis.64

Ibrutinib alone or in combination with rituximab, with or without HD-MTX, is now included in the NCCN guidelines
for the treatment of RR-PCNSL, which constitutes a huge step forward in the utilization of targeted therapies for PCNSL
(NCCN).

Given the toxicity, suboptimal complete response rate, and high rate of relapse without consolidation with high HD-
MTX-containing induction regimens, the introduction of BTKi into front-line regimens may be of value.

In a phase 1 trial, 16 patients, newly diagnosed with PCNSL, were treated daily with 560mg ibrutinib combined with
MTX 3.5 g/m® and rituximab (375 mg/m* I-MR). After four cycles, the responders underwent ASCT followed by
ibrutinib or lenalidomide maintenance. ORR to induction was 94%, with 50% of patients achieving CR. Five patients
proceeded to HSCT. At a median follow-up of 24.5 months, median PFS and OS were not achieved, and the estimated
3-year OS and PFS were 88.9% and 86.5%. No grade 4 AEs were observed. I-MR appeared to be safe and effective and
resulted in excellent 3-year PFS with only 30% of patients undergoing ASCT, warranting further investigation in a front-
line setting.®

In a phase II trial, ibrutinib (560 mg/day) was combined with MTX 3.5 g/m? and temozolomide 150 mg/m? d1-d5
(MIT) every three weeks. Patients <65 yo proceed to ASCT. Ibrutinib maintenance lasted for up to 2 years. The ORR was
92.9%, and the CR rate was 67.9%. Undetectable ctDNA in CSF/plasma samples was associated with CR. After
a median follow-up of 7 months, the 1-year PFS and OS were 88.9% and 100%. Given its excellent preliminary safety
and efficacy, this regimen requires further investigation in larger trials.®®

Owing to off-target kinase inhibition, ibrutinib has multiple side effects, including arrhythmias and bleeding. The
development of drug resistance is common and is facilitated by the C481S mutation in B7K, which hampers the
interaction between ibrutinib and BTK, as well as by mutations in PLCg2, CARDII, and CXCR4. Next-generation
BTK inhibitors are being developed to overcome these limitations.>’

Second Generation Bruton Kinase Inhibitors

As a first-generation BTKi, ibrutinib binds covalently to BTK and other kinases, including members of the TEC kinase
family, such as ITK, EGFR, JAK3, and HER2, leading to off-target toxicities. More selective second-generation BTK
inhibitors, including zanubrutinib, acalabrutinib, and tirabrutinib, were developed to ameliorate off-target effects.’” These
molecules form an irreversible covalent bond with BTK Cys-481 with high selectivity and exhibit minimal inhibition of
TEC, EGFR, and Src family kinases.®’

Zanubrutinib is a small, potent second-generation BTKi with a highly selective target-binding profile.®® In a Phase III
trial of zanubrutinib versus ibrutinib for CLL/SLL, patients treated with zanubrutinib had significantly lower rates of
atrial fibrillation (2.5% vs 10.1%) and overall lower rates of cardiac events, major hemorrhages, and AEs leading to
treatment discontinuation or death.® Zanubrutinib is FDA approved for treatment of multiple B cell malignancies
including CLL, marginal zone lymphoma (MZL), WM, and follicular lymphoma (label (fda.gov)). Zanubrutinib proved
to be effective in both mutant and WT MYD88 WM. MYD88 WT WM patients responded poorly to ibrutinib, with none
of the MYDS88 WT patients treated with ibrutinib in a phase II trial. Twenty-six MYD8SWT WM patients and two with
unknown or inconclusive MYD88 mutational status were assigned to receive zanubrutinib in the ALPINE trial sub-study.
Zanubrutinib induced VGPR in 27%, major response in 50%, and ORR in 81% of these patients.”’”’* Genetic similarity
between WM and PCNSL and its activity in both MYD88 mutant and MYD 88WT WM prompted further investigation
of zanubrutinib for the treatment of PCNSL.

The first study to demonstrate the effectiveness of zanubrutinib-containing regimens in different DLBCL subtypes,
particularly those with CNS involvement, was Zhang’s retrospective case series of 13 patients. Eight patients had ocular
lymphoma with brain involvement in 4/8 cases, 2/5 patients with systemic DLBCL had brain involvement, and 8/13
patients had an RR disease. Four regimens combining 160mg zanubrutinib with other chemotherapeutic agents were
evaluated in this study, demonstrating tolerability and efficacy. Eleven patients responded, and ten achieved CR; the DOR
was 12 (9—-14) months. Zanubrutinib had an excellent BBB penetration with the mean peak concentration in CSF at
2941.1 pg/mL and the corrected mean CSF/plasma ratio based on 94% protein binding at 42.7% = 27.7%.”
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Thus, zanubrutinib may have activity against HD-MTX-resistant PCNSL. Cheng et al reported a case of a patient with
PCNSL whose disease progressed after two cycles of lenalidomide HD-MTX-rituximab. The patient was subsequently
treated with zanubrutinib combined with HD-MTX- rituximab and achieved remission after 3 cycles.”* In another case
series, 3 patients with ocular PCNSL relapses, two of whom were first treated with HD-MTX based therapy, achieved CR
with zanubrutinib.”

Zanubrutinib has an improved safety profile compared to ibrutinib, excellent BBB penetration, and can be safely
combined with cytotoxics. Given its preliminary activity in PCNSL and CNSL with ocular involvement, we designed
a clinical trial that combined pemetrexed with zanubrutinib to treat patients with RR-PCNSL and SCNSL (Table 2).
Further studies on zanubrutinib activity in B-cell lymphomas with CNS involvement are ongoing (Table 2).

Tirabrutinib was approved for the treatment of RR-PCNSL in Japan in March 2020. In a phase I/II trial, tirarutinib
was administered to 44 patients with RR PCNSL at escalating doses up to 480 mg po daily. No DLTs were observed.
A grade 5 AE (pneumocystis pneumonia) was observed in one patient, and the MTD was not reached at 480 mg. ORR
was 64%, and all 4 patients achieved CR/CRu at 480 mg. The median PFS was 11.1 at 480 mg. Median OS was not
achieved. The ORR was similar among patients harboring CARDI11, MYDS88, and CD79B mutations and the corre-
sponding wild types.’® Ibrutinib is currently being studied as a single agent for RR PCNSL and in combination with HD-
MTX-based regimens for newly diagnosed PCNSL in a PROSPECT trial (NCT04947319).

Currently, there is no published data available on acalabrutinib BBB penetration and activity of acalabrutinib in CNS
lymphoma. Several ongoing clinical trials have explored the activity of acalabrutinib in PCNSL and B cell lymphomas
with CNS involvement (Table 2).

Orelabrutinib, a novel second-generation BTKi approved in China for the treatment of RR lymphoma, demonstrated
good CNS penetration and activity in PCNSL both alone and in combination.””-’®

A novel highly selective BTKi JDB175 has shown high brain penetration (%, Corain/Cpiasma) rate at 49.2%, which is
much higher than that of orelabrutinib, zanubrutinib, tirabrutinib, and ibrutinib. It has demonstrated activity against
lymphoma cell lines in vitro and was active in a mouse model of CNS lymphoma without excess toxicity. Thus, JDB175
is a promising candidate for human PCNSL trials.”®

PI3K/mTOR Inhibitors

mTOR is a serine-threonine protein kinase that is part of the PI3K-related kinase family.*® The PI3K/AKT/mTOR
signaling pathway presents an excellent therapeutic target as it controls growth, proliferation, differentiation, apoptosis,
and metabolism and plays an important role in the development of malignancies, including lymphomas. Thus, PI3K/
mTOR upregulation may be associated with poor prognosis in PCNSL.®!

CD79 mutations are associated with incomplete PCNSL tumor responses. CD79B mutants showed increased
expression of mTOR-related genes and PI3K/mTOR activation markers. Treatment of these tumors with a PI3K inhibitor
resulted in cell death, indicating that the PI3K—mTOR signaling axis is constitutively activated and promotes survival in
CD79B-mutant PCNSL. Robust CD79B mutant death occurs not with PI3K selective inhibitors but with inhibition of
both pl10a and pl110d isoforms, indicating that both isoforms provide redundant survival signals in CD79B mutant
PCNSL cells. The mTOR inhibitor INK128 combined with ibrutinib synergistically induced cell death associated with
mTOR inhibition but not NF-xB inhibition, suggesting that the PI3K—mTOR survival signal is independent of BTK/NF-
kB signaling. The combination of BTK and PI3K/mTOR inhibitors may augment BTK inhibitor response in CD79B -
mutant human PCNSLs.®

The small-molecule mTOR inhibitor temsirolimus, as well as buparlisib, a pan-PI3K inhibitor, have demonstrated
suboptimal clinical activity and poor CNS penetration in CNSL trials.**** The buparlisib derivative bimiralisib
(PQR309) is an oral, small-molecule inhibitor of both PI3K and mTOR that was designed to overcome the limitations
of crossing the BBB.***° Bimiralisib’s activity against lymphoma cell lines was observed in combination with multiple
other targeted therapies, which prompted the study of its effects on PCNSL. A phase II clinical trial of bimiralisib in 21
patients with RR-PCNSL was completed, and the results have been reported (NCT02669511).

A phase IB/II Study Combining the PI3K inhibitors copanlisib and ibrutinib in patients with RR PCNSL is ongoing
(NCT03581942). An update on six patients treated with the combination reported a manageable toxicity profile and ORR
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of 67% with 1 CR, 3 PR, and 1 SD after a median follow-up of 180 days.* Further exploration of mTOR inhibition in

combination with other therapies in PCNSL is warranted.

Immunomodulatory Drugs

Immunomodulatory drugs (IMiDs) target cereblon, which is the substrate-binding subunit of Cullin-RING E3 ubiquitin
ligase 4 (CRLACRBN) that mediates ubiquitination and proteasomal degradation of target proteins. IMiDs alter the
substrate specificity of CRBN, leading to the degradation of proteins responsible for tumor survival. Degradation of the
IKAROS transcription factor is promoted, which in turn leads to inhibition of MYC and IRF4 expression and subsequent
inhibition of the NF-kB and PI3K/mTOR signaling pathways.*”*’ Additionally, IMiDs alter the lymphoma microenvir-
onment and stimulate T and NK cell expansion (Figure 2).°°? Molecular targeting combined with excellent CNS

penetration makes lenalidomide and pomalidomide promising candidates in PCNSL."°
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Figure 2 Immunotherapies and the Role of Microenvironment in Primary Central Nervous System Lymphoma. The tumor microenvironment in PCNSL is characterized by an
interplay of immune cells and stromal cells which influence PCNSL growth and response to therapies. The PCNSL tumor microenvironment is characterized by the infiltration of
TAMs and tumor-infiltrating lymphocytes, including cytotoxic T cells, and is considered to be an immunosuppressive environment with a high expression of immune checkpoints
such as PD-1 and their ligands. TAMs can be polarized into M1 (anti-tumor) or M2 (pro-tumor) phenotypes. M| polarized macrophages produces cytokines such as IL-12 and TNF-
a, which stimulate CART activity and promote the activation of cytotoxic T cells, enhancing the anti-tumor response. M2 polarized macrophages secrete IL-10 and TGF-f creating
an immunosuppressive microenvironment which blunts immune responses, promotes tumor growth, and reduces CART efficacy. Increased ratio of MI/M2-like TAMs has been
associated with better PCNSL outcomes. IMiDs stimulate polarization of M2-like macrophages towards M| phenotype therefore enhancing antitumor immune response. CPls
block immune checkpoints, such as the binding of PD-1 to its ligands, enabling an immune antitumor response. PCNSLs frequently have increased expression of PD-L| and PD-L2
which contributes to the sensitivity of PCNSLs to CPls. CD19-targeted CARTs have shown promise in PCNSL, while the activity of CARTs targeting both CD19 and CD20 in
PCNSL is being studied. Most PCNSLs are CD20+ subtypes of DLBCL. CD20-directed monoclonal antibody rituximab binds CD20 on PCNSL cells and contributes to the
improvement in PCNSL survival when added to chemotherapy backbone. Created in BioRender. (2025) https://BioRender.com/6Ix7nif.

Abbreviations: PCNSL, primary central nervous system lymphoma; TAM, tumor-associated macrophages; PD-1, programmed cell death protein [; IL, interleukin; TNF-a,
tumor necrosis factor-alpha; CART, chimeric antigen receptor T cells; TGF-f, transforming growth factor-beta; IMiDs, immunomodulatory drugs; CPI, checkpoint inhibitor;
PD-LI, programmed death ligand |; CD, cluster of differentiation; DLBCL, diffuse large B cell lymphoma.
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Lenalidomide has been evaluated as a single agent in combination with other therapies in multiple CNS lymphoma
clinical trials. A phase 1 study of 14 patients investigated the lenalidomide and lenalidomide rituximab (R2) combination
in patients with RR-PCNSL. The ORR was 68%, and the median PFS was 6 months. Among patients with brain
parenchymal lymphoma, the response rate was 60%, and among those with leptomeningeal disease, CR to lenalidomide
was 33%. In general, lenalidomide was well-tolerated as monotherapy and with rituximab, with no unexpected
toxicities.””> In another phase 2 clinical trial, R2 was studied in 45 patients with RR-PCNSL or primary intravitreal
lymphoma. Induction therapy consisted of eight 28-day cycles of R2 followed by lenalidomide maintenance. The median
PFS and OS were 7.8 months and 17.7 months, respectively. As observed in previous studies of this combination,
neutropenia was the main toxicity and remained manageable. The maximum response to R2 was obtained during the first
4 months of therapy.”

Owing to its immunomodulatory effects, lenalidomide has been used as maintenance therapy in patients with PCNSL.
Twenty-two patients aged > 65 yo with PCNSL who achieved >PR to MRT induction and subsequently received low-
dose lenalidomide maintenance therapy were retrospectively analyzed. The patient did not undergo ASCT or WBRT
consolidation. During a median follow-up of 47 months, the median maintenance time was 14 months. The median PFS
was 84 months, and the median OS was not reached. There was only one death due to PCNSL. Maintenance was well
tolerated, with mild-to-moderate fatigue and insomnia being the most common side effects.”> The IMiD-based main-
tenance strategy merits further investigation. The safety and efficacy of lenalidomide and nivolumab for methotrexate-
based induction and maintenance are currently under investigation (NCT04609046) (Table 2).

A retrospective analysis of 14 RR-PCNSL patients treated with a combination of lenalidomide, rituximab, and
ibrutinib (R2I) reported the best response to CR in 4/14 patients and PR in 4/14 patients. R2I was discontinued due to
toxicity in 3/14 patients. Toxicity-related deaths were not observed. These results support further investigations of R2I in
R/R PCNSL.”

R2I was further investigated for the treatment of RR PCNSL and SCNSL in an ongoing phase IB trial. Ibrutinib and
lenalidomide were administered at escalating doses according to the 3+3 design. Rituximab was administered for six
cycles at 500mg/m?, lenalidomide for 12 cycles, and ibrutinib was continued. The combination was well tolerated, and no
Aspergillus infection was observed. After a median follow-up of 6.9 months, ORR was achieved in 13/15 of the patients,
including 4 CRs. The median PFS was 3.03 months overall and not yet reached for dose 4 level with 1/6 patients
progressing with a median follow-up of 5 months.”’

Multiple investigations attempting to add immunomodulators to frontline chemotherapy for PCNSL are ongoing.
Twelve patients, newly diagnosed with PCNSL, were treated with lenalidomide, rituximab, and methotrexate (R2-MTX)
induction followed by R2 consolidation in a phase II study. ORR was achieved in 11/12 with 9 CRs. At a median follow-
up of 11.3 months, only one patient had PD. Overall, the regimen was well tolerated and a promising addition to the
front-line PCNSL armamentarium.”®

Pomalidomide, a novel, third-generation IMiD, has shown excellent CNS penetration at 40%) and significant
therapeutic activity against CNSL in murine models. It exhibits dual anti-lymphoma activity via direct cytotoxicity
and modulation of the tumor immune microenvironment by converting the polarization status of tumor-associated
macrophages (TAMs) from M2 to M1 phenotype (Figure 2). Pomalidomide/dexamethasone followed by pomalidomide
maintenance was evaluated in a phase I study for the treatment of RR-PCNSL and PVRL. The dose of pomalidomide
used was 5Smg. ORR was 43% (9/21) with a median PFS of 5.3 months. Grade 3/4 toxicity was hematologic in 38.1% and
non-hematologic in 33.3%.°*%° Pomalidomide is now in NCCN guidelines for the treatment of RR PCNSL (NCCN
2022).

In summary, the preliminary data suggest that IMiD combination regimens are safe and effective. Chemotherapy-free
BTKi/IMiD combinations may provide therapeutic opportunities for RR PCNSL patients and those who are not
candidates for cytotoxic regimens.

Selinexor
Selinexor (KTP-330) is a selective inhibitor of nuclear export (SINE) that binds and inactivates Exportin-1 (XPO-1).
XPO-1 facilitates the nuclear export of regulatory proteins, including tumor suppressors, such as p53, IkB, and p21, and
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is overexpressed in hematological malignancies. XPO-1 inhibition results in nuclear retention and activation of tumor
suppressor proteins, leading to apoptosis. Selinexor inhibits BCR and NF-kB signaling in lymphoma cells. In preclinical
studies, GCB and ABC-DLBCL cell lines were equally sensitive to selinexor. In addition, selinexor was found to be
synergistic with ibrutinib. Selinexor increased survival and reduced tumor growth in ABC-DLBCL cerebral xenograft
mouse models.'” In a phase II study, an ORR of 28% in RR-DLBCL was demonstrated, which led to selinexor’s FDA
approval for this indication. Selinexor toxicities included cytopenia, nausea, fatigue, and infections.'*!

A 55 yo patient with DLBCL who developed an isolated HD-MTX-refractory CNS relapse after several lines of
cytotoxic chemotherapy achieved clinically meaningful PR with selinexor 60mg twice a week. Selinexor was discon-
tinued due to fatigue and anorexia with subsequent rapid progression in CNS.'%* Several preclinical studies demonstrated
that selinexor is synergistic with BTKis, and the combination can repair the immune microenvironment.””*'%*1%* Five
newly diagnosed patients were treated with a novel HD-MTX-Selinexor-BTKi regimen with 100% CRR, durable
remissions, and good tolerability.'®> Overall, preclinical and clinical evidence prompts further studies of selinexor in

CNS lymphoma.

Checkpoint Inhibitors

Immune evasion and spread into “immune-privileged” sites such as the CNS, eyes, testes, and breast is a unifying feature
of MCD-DLBCLs, prompting the exploration of immunotherapies in this DLBCL subtype.*’ CPIs block immune
checkpoints, such as the binding of programmed cell death protein 1 (PD-1) to its ligands, enabling an immune antitumor
response (Figure 2).”% Several mechanisms might contribute to the sensitivity of PCNSLs to CPIs. Programmed cell
death protein ligand (PD-L) 1 and PD-L2 are encoded on chromosome 9p21.1 and bind to the PD-1 receptor on T cells,
blocking T cell activation, which leads to tumor immune evasion. PCNSLs frequently exhibit 9p24.1 copy gains and
translocation, leading to increased PD-L1 and PD-L2 expression. 13% of PCNSLs have unique translocations in the PD-
L1 loci.'®'°7 Additionally, aberrant somatic hypermutation (aSHM) leads to increased tumor mutational load in
DLBCLs and PCNSLs. aSHM causes transition mutations, with the C to G substitution being more common. The
increased mutational load due to aSHM combined with increased PD-L expression may lead to PCNSL sensitivity to
CPIs.'%® Additionally, tumor-associated macrophages (TAMs) may play a role in PCNSL sensitivity to CPIs. There are
two macrophage lineages with different immunophenotype and function, M1 and M2. M1 macrophages are pro-
inflammatory and are involved in direct microbial killing. They also have anti-tumor activity via promoting anti-tumor
immune responses partially via activating Thl cells. M2 macrophages promote tumorigenesis as they inhibit anti-tumor
responses of M1 and Thl cells and recruit and activate Tregs and Th2 cells. It has been demonstrated that PCNSL
prognosis varies depending on the number and immunophenotype of TAMs. Predominance of TAMs with M2 immu-
nophenotype is common in PCNSL and is associated with worse prognosis.'® M2 macrophages can reduce CPI efficacy
via upregulating PD-L1 expression in the tumor, recruiting Tregs and high jacking anti-PD-1 antibodies.''*'"! At the
same time, TAMs can express PD-1 and become active against tumor cells with this checkpoint inhibition.''"> Four
patients with RR PCNSL and one with CNS relapse of primary testicular lymphoma were treated with nivolumab,
resulting in four CRs and one PR. Three patients remained progression-free at 13" to 17" months. In another small study,
8 patients with PCNSL, including 2 treatment-naive patients, received nivolumab. Seven patients responded, and 3
achieved CR. Two-year PFS, OS were 26% and 44% with median OS and PFS of 12 months. There was one case of
pseudoprogression followed by CR.'"

In a phase II study, 50 patients with RR PCNSL, including nine with PVRL, were treated with pembrolizumab. ORR
was 26%, and 10% of patients had stable disease. 1/9 PVRL patient responded. After a median follow-up of 6.7 months,
the median PFS was 2.6 months, with a 6-month PFS of 29.8% and a 6-month OS of 60.4%. In the responders, the
median DOR was estimated to be 10 months. Pembrolizumab was well tolerated, and there were no toxic deaths.'™

Owing to their excellent safety profiles and immunomodulatory effects, CPIs have been studied in combination with
BTK inhibitors, IMIDs, and chemotherapeutics (Table 2). Several studies have explored CPIs in maintenance settings
(Table 3).
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Table 3 Maintenance Therapy for PCNSL

Trial Name NCT Phase | Details
Bruton’s Tyrosine Kinase Inhibitor Ibrutinib as Maintenance NCTO02623010 | Il The study will include 30 elderly patients (6085 years) with PCNSL.
Treatment in Elderly Patients with Primary CNS Lymphoma Induction treatment will include Rituximab and HD-MTX. Patients with

MRI documented response CR or PR will enter the study protocol
maintenance phase which will include continuous treatment with
Ibrutinib 560 mg/day until relapse or disease progression or occurrence
of limiting toxicities.

Maintenance Obinutuzumab in Treating Patients with Central NCTO06175000 | I Examining the effectiveness of obinutuzumab as maintenance treatment
Nervous System Lymphoma Who Have Achieved a Complete in patients with CNSL who have achieved the PR or CR.
or Partial Response

Orelabrutinib Maintenance Therapy After ASCT in Primary NCTO05334238 | llI Multi-center, randomized, prospective study examining the safety and
Central Nervous System Lymphoma efficacy of orelabrutinib maintenance therapy after ASCT in patients
with PCNSL.

Nivolumab Maintenance in Newly Diagnosed PCNSL with NCT04401774 | 1l Examining the safety and efficacy of nivolumab in preventing recurrent
Persistent CSF Circulating Tumor DNA After Completion of PCNSL. PCNSL who have cell free tumor DNA in their CSF despite
First-Line Chemotherapy completion of their first treatment are included.

Study of Lenalidomide/Rituximab Maintenance for NCT04627753 | I Examining the safety and efficacy of lenalidomide/rituximab maintenance
Transplantation Ineligible Patients with PCNSL therapy in patients with PCNSL who received HD-MTX but could not

receive consolidation therapy with autograft.

Chimeric Antigen Receptor Therapy

In non-ASCT candidates, RR PCNSL prognosis is dismal, with a median OS of 6.8 months and with 1- and 5-year OS
rates of 38% and 18%. ASCT recipients do significantly better with 1 and 5-year OS rates of 74% and 52%.%° CART
therapies have the potential to provide a long-standing remission in patients who are not ASCT candidates due to chemo-
refractory disease or other factors.

CART immunotherapy has revolutionized the treatment of RR B cell malignancies. CARTs are autologous or
allogeneic T cells that have been genetically engineered for MHC-unrestricted binding to a specific antigen on target
cancer cells, such as pan-B cell marker CD19, which is expressed on most B cell leukemias and lymphomas
(Figure 2).''>!'"® Autologous CD19-directed CARTs (CD19-CARTs) are FDA-approved for B cell malignancies,
including ALL, DLBCL, follicular, and mantle cell lymphomas, but patients with PCNSL have been excluded from
most landmark trials because of the fear of potential immune effector cell-associated neurotoxicity syndrome (ICANS).
CD19-CARTs administered intravenously were detectable in the CSF, suggesting that they can migrate into the CNS.
Some patients with active PCNSL and SCNSL treated with CARTSs achieved durable remission. The immunosuppressive
brain microenvironment influences PCNSL pathophysiology, linking low immune infiltration to poor prognosis and
posing a challenge for immunotherapies in PCNSL. Multiple CART trials for RR PCNSL and SCNSL are currently
ongoing (Table 4).''7'"?

As part of a larger clinical trial, five patients with PCNSL were treated with CD19CAR-CD28-CD3zeta-EGFRt-
expressing Tn/mem-enriched T lymphocytes. Three patients achieved CR and two achieved SD. All the patients
developed grade > 1 cytokine release syndrome (CRS) and ICANS. This study demonstrated the safety and feasibility
of CD19 CARTs for PCNSL.'"”

In another trial, 12 heavily pretreated patients were treated with tisa-cel. Seven out of the 12 patients developed grade
1 CRS, and 5/12 developed ICANS, with only one case of grade 3 ICANS. With a median follow-up of 12.2 months, 7/
12 patients demonstrated a response to CR. There were no treatment-related deaths. Tisa-cel has also been detected in the
CNS. Remission was sustained in of 3/7 responders demonstrating overall safety and efficacy in patients with highly
refractory PCNSL.'%°

In the US, PCNSL is a specific contraindication for CARTs, whereas there is no such contraindication in Europe. The
outcomes of patients with PCNSL treated with CARTs from the French National LOC network database were analyzed.
Patients with PCNSL who were not eligible for ASCT and received third-line therapy other than CARTs served as
controls (N= 247). Twenty-seven patients were leukapherezed, and 25 received CARTs. All but one patient received
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Table 4 CART Trials for PCNSL

Trial Name NCT Phase | Details

Axi-cel in CNS Lymphoma NCTO04608487 | | Examining the use of anti-CD19 CAR T-cell therapy with
axicabtagene ciloleucel (Axi-cel) in patients with RR-PCNSL and
SCNSL.

Tisagenlecleucel In Primary CNS Lymphoma NCT04134117 | | Pilot study evaluating the use of tisagenlecleucel, CD|9-targeted

CARTs, in patients with PCNSL.

A Study of CC-97540, CD|9-targeted NEX-T Chimeric Antigen NCT04231747 | | First-in-human, open-label, multi-center study investigating CC-
Receptor (CAR) T Cells, in Subjects with Relapsed or Refractory 97540, CD9-targeted NEX-T CARTS, in subjects with RR-B cell
B-cell Non-Hodgkin Lymphoma non-Hodgkin lymphoma, including PCNSL.

DALY Il USA/MB-CART2019.1 for DLBCL NCT04792489 | Il Multicenter, single-arm trial evaluating the efficacy, safety, and

pharmacokinetics of zamtocabtagene autoleucel (MB-CART2019.1)
in patients with RR-DLBCL after receiving at least 2 lines of therapy,
and RR-PCNSL that have failed (or unable to tolerate) at least first-

line therapy.
CAR-20/19-T Cells in Patients with Relapsed Refractory B Cell NCTO04186520 | I/l Interventional, single-arm, open-label, treatment study designed to
Malignancies evaluate the safety and efficacy of Interleukin-7 and Interleukin-15

(IL-7/IL-15) manufactured chimeric antigen receptor (CAR)-20/19-T
cells as well as the feasibility of a flexible manufacturing schema in
adult patients with B cell malignancies that have failed prior
therapies including RR-PCNSL following at least one line of CNS-
directed therapy.

bridging therapy, and 14 responded. The median patient age was 68 yo, and 20% of the patients had ECOG 3—4. Sixteen
subjects received tisa-cel and 9 axi-cel. The median number of previous treatments was three, and 14/25 patients had
previous ASCT. Best responses was CR in 64% and PR in 16%. Patients who responded to bridging therapy and were in
CR or PR prior to CARTs had a significantly higher CR rate at 86% vs 36% (p = 0.02). Two patients showed
a pseudoprogression. The 12-month RFS rate after CART cell infusion was 79% in patients with CR or PR before
CART cell infusion, versus 24% in patients with SD or PD (p= 0.02). The 12-month RFS after CART cell infusion in
patients who achieved CR after CART cells was 87%. The 12-month PFS and OS from CART cell infusion were 46%
and 55%, respectively. All patients who did not achieve CR with CARTSs progressed by 10 months post-therapy. 92% of
patients experienced CRS, and 68% experienced neurotoxicity (20% grade >3, 36% required ICU transfer). Three
patients experienced toxicity lasting over 3 months, with one toxic death, signaling greater CART neurotoxicity than
systemic NHL. There was significantly improved median PFS and OS in CART patients at 8.4 months and 21.2 months
versus controls (median PFS: 3 months; median OS: 4.7 months; p< 0.001). This real-life study of the largest reported
PCNSL patient cohort treated with CARTs demonstrates the feasibility of CART treatment in heavily pretreated PCNSL
patients and, most importantly, the potential for prolonged PFS and possible cure in this patient population.'*'

The retrospective analysis of one of the largest cohorts of RR PCNSL patients who received commercial CARTs
including tisa-cel and axi-cel was recently published. Twenty four patients with the median age of 57 yo (range, 25-81)
were included, 23 were evaluable for response. Subjects received the median of 4 prior therapies (range, 1-10), 50% had
prior ASCT. The ORR was 61% by day 100, with 48% of patients achieving CR. The median follow up from the CART
infusion was 26 months (range, 3-38). The 1- and 2- year PFS and OS were 48% and 55%, and 28% and 50%
respectively. There was no non-relapse mortality. CRS occurred in 66.7% of patients, with no grade >3 CRS. ICANS
occurred in 33% of patients with 2 patients who received tisa-cel experiencing grade >3 ICANS. These results
demonstrate lower activity of CARTs in PCNSL as compared to systemic lymphoma. This may be due to PCNSL
immune evasion via increased PD-L1 expression or shorted CART persistence in CNS prompting the development of
CART combination or consolidative regimens with IMiDs, CPIs or BTKis.'*

Given the efficacy and safety signals, more CART trials are now available for patients with PCNSL, including trials
of FDA-approved axi-cel, tisa-cel, and liso-cel. Zamtocabtagene autoleucel (MB-CART2019.1), a bispecific CART
targeting both CD19 and CD20, has been explored in patients with PCNSL (Figure 2). International trials of CD19
and CD20 CARTs for the treatment of SCNSL and PCNSL have demonstrated the safety and efficacy of CART and are
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ongoing (Table 4)."** Novel strategies need to be developed to overcome the brain immunosuppressive microenviron-
ment to facilitate CART efficacy.

Role of Surgery in the Current Treatment Landscape of PCNSL

Surgery is not considered a primary treatment modality for PCNSL since it is often multifocal and involves deep brain
structures. PCNSL is exquisitely sensitive to methotrexate and radiation making the role of surgery questionable
altogether.'?* Traditionally, a diagnostic biopsy has been preferred to a complete resection of a lesion to minimize
morbidity.'*> A retrospective analysis suggested that complete surgical resection was associated with improved OS;
however, the patients were not stratified by performance status or the number of lesions.'?® Additionally, in a meta-
analysis, patients who underwent resection were more likely to be younger and have a single superficial lesion,

27 While one retrospective study demonstrated improved OS in younger patients

introducing potential selection bias.
with solitary lesions who underwent surgical resection, a different retrospective analysis demonstrated no improvement
of OS or PFS with the surgical resection of solitary PCNSL.'?*!%? Further prospective studies are needed to define the
role of surgery in PCNSL. There are no retrospective or prospective studies that address the role of surgery in

combination with novel chemotherapeutics.

Expert Opinion on Emerging Therapies in Primary Central Nervous

System Lymphoma

With the incorporation of rituximab and alkylators into the HD-MTX based induction therapy and addition of the
thiotepa-based high dose therapy and ASCT consolidative therapy, PCNSL outcomes have improved dramatically for the
younger and fit transplant candidate patients.'> With a median diagnosis age of 65 yo, the past decade has seen a marked
increase in PCNSL among the elderly, especially in those aged 70 to 79 yo, with over 20% of all PCNSL cases occurring
in patients aged >80 yo.> PCNSL outcomes in older patients who are not transplant candidates remain dismal.'*° Current
frontline therapies, such as HD-MTX, while effective, are associated with significant toxicities and require inpatient
administration. This can be particularly burdensome for elderly patients, leading to psychosocial distress, extended
hospital stay, rehabilitation costs, and treatment delays due to de-conditioning. The need for re-conditioning between
treatment cycles can lead to treatment delays, increasing the overall morbidity and treatment failure rate.'*' This
underscores the necessity for more tolerable outpatient induction, salvage, and maintenance regimens.

The dependence of PCNSL on aberrantly activated BCR signaling axis and, subsequently, the NF-kB pathway has
opened the door for well-tolerated oral targeted therapies. Multiple BTK inhibitors, including ibrutinib, tirabrutinib, and
zanubrutinib, have shown efficacy and safety in PCNSL as single agents as well as in combination,®63-131:132
Immunomodulators, including lenalidomide and pomalidomide, exploit the importance of NF-kB pathway in PCNSL
and can be safely combined with BTK inhibitors.”®**?%7% PI3K inhibitors may be synergistic with BTK inhibitors,
prompting combination trials.”® Despite efficacy, PCNSL is well-tolerated, quickly develops resistance to above men-
tioned targeted therapies, leading to short PFS. Therefore, novel combination regimens are required to overcome the
development of pathway inhibitor resistance. The multitargeted antifolate agent pemetrexed is a valuable alternative to
methotrexate as a PCNSL chemotherapeutic backbone because of its known activity in RR PCNSL, excellent side effect
profile, and outpatient administration.'**° Just as rituximab eventually became a standard component of PCNSL
induction regimens, we expect BTK inhibitors, IMiDs, and checkpoint inhibitors to eventually lead to frontline
PCNSL regimens. Similarly, to the trends in systemic DLBCL, there is an opportunity for salvage PCNSL regimens
to be entirely constituent of novel targeted well-tolerated outpatient pharmaceuticals.

Post-induction maintenance therapies may improve the outcomes of patients who are not candidates for ASCT
consolidation. Ibrutinib and lenalidomide have shown promise as maintenance agents, while other BTK inhibitors,
immunomodulators, and checkpoint inhibitors are currently being explored in maintenance trials (Table 3).6%%13

Despite initial toxicity concerns, CART therapy has proven to be an effective and safe salvage option for RR-
PCNSL."?! In the future, CARTs may offer a consolidative option to non-ASCT candidates. Multiple CART constructs,
including novel bispecific CD19/CD20 CART cells, are currently under investigation (Table 4).
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With ongoing advancements in targeted therapies and CART cells, the shift from traditional inpatient chemotherapy to
more manageable outpatient regimens for PCNSL is becoming a reality. Further research should focus on well-tolerated
outpatient targeted therapies to improve the disease-related quality of life and outcomes for patients with PCNSL.
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