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Abstract: Primary central nervous system lymphoma (PCNSL] is a rare and highly aggressive
extranodal type of non-Hodgkin lymphoma. After the introduction and widespread use of high-
dose-methotrexate (HD-MTX)-based polychemotherapy, treatment responses of PCNSL have
been improved. However, long-term prognosis for patients who have failed first-line therapy
and relapsed remains poor. Less invasive diagnostic markers, including the circulating tumor
DNAs (ctDNAs), microRNAs, metabolomic markers, and other novel biomarkers, such as a
proliferation inducing ligand (APRIL) and B-cell activating factor of the TNF family (BAFF],
have shown potential to distinguish PCNSL at an early stage, and some of them are related
with prognosis to a certain extent. Recent insights into novel therapies, including Bruton
tyrosine kinase (BTK] inhibitors, immunomodulatory drugs, immune checkpoint inhibitors,
PI3K/mTOR inhibitors, and chimeric antigen receptor (CAR) T cells, have revealed encouraging
efficacy in treatment response, whereas the duration of response and long-term survival

of patients with relapsed or refractory PCNSL (r/r PCNSL) need further improvement. In
addition, the diagnostic efficiency of novel markers and the antitumor efficacy of novel
therapies are needed to be assessed further in larger clinical trials. This review provides

an overview of recent research on novel diagnostic markers and therapeutic strategies for

PCNSL.
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Introduction

Primary central nervous system lymphoma
(PCNSL) is a highly aggressive extranodal type of
non-Hodgkin lymphoma (NHL), with an overall
incidence of approximately 0.5/100,000 per year.!
However, there are still numerous challenges in
terms of its early diagnosis and effective treat-
ment. As reported in previous retrospective stud-
ies, the proper diagnosis of PCNSL patients is
often delayed due to nonspecific initial clinical
symptoms and nonspecific findings obtained
from magnetic resonance imaging (MRI) — the
commonly used diagnostic technique. A study by
the French oculo-cerebral lymphoma network
(LOC) of 1002 immunocompromised PCNSL
patients showed a median diagnosis delay of
35 days (range 0—6.7 years),? similar to the 47-day

delay of 327 immunocompetent patients with
PCNSL in Spain.? Notably, early diagnosis fol-
lowed by timely treatment of patients with
PCNSL with lower tumor burden and better per-
formance conditions could lead to better progno-
sis.* Thus, novel diagnostic markers of PCNSL
are urgently required.

The majority (90%) of patients with PCNSL pre-
sent with diffuse large B-cell lymphomas
(DLBCL), which express pan B-cell marker
(CD20). The classical first-line treatment regi-
men R-CHOP (rituximab, cyclophosphamide,
doxorubicin, vincristine, and prednisone) showed
poorer efficacy for PCNSL than for systemic
DLBCL, partly due to its inefficacy in crossing
the blood-brain barrier (BBB).> Comprehensive
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chemotherapy based on high-dose methotrexate
(HD-MTZX) has become a cornerstone treatment
for PCNSL.¢ Whole-brain radiotherapy (WBRT)
and high-dose chemotherapy (HDC) supported
by autologous stem cell transplantation (ASCT)
are recent options for consolidation treatment.”
Children with PCNSL, who are below 19years
without immunodeficiency, could achieve an
exceptional event-free survival (EFS) of
74% = 5% on receiving treatment followed by a
histological subtype-driven (including HD-MTX
and HD cytarabine) and radiation-free protocol.®
Regrettably, PCNSL remains a disease with high
refractory and relapse rate, with more than 20%
of PCNSL patients showing resistance to first-
line therapies and nearly half of patients eventu-
ally suffering a relapse.® Although the median
overall survival (OS) has improved significantly
from 2.5months to 26 months over the past few
decades, !0 the 5-year survival rate of patients with
PCNSL is still very low, especially in elderly and
fragile patients who cannot tolerate chemother-
apy. Overall, the limited prognosis of PCNSL
highlights the need for novel therapeutic agents.

Based on recent molecular insights into the
underlying PCNSL-related genomic alterations
in patients, many clinical trials have been estab-
lished to assess the efficacy of novel therapies
against PCNSL. This review focuses on the
recently discovered novel diagnostic biomarkers
and therapeutic strategies for PCNSL in immu-
nocompetent patients.

Novel diagnostic markers for PCNSL

Liquid biopsy biomarkers

Circulating tumor DNAs. Circulating tumor DNAs
(ctDNAs) are DNA fragments derived from apop-
tosis, necrosis, or secretion of tumor cells. Pre-
treatment ctDNA levels have been demonstrated
to be independent prognostic predictors of aggres-
sive lymphomas.!! In an investigation on six
patients with CNSL (including five PCNSL), the
digital polymerase chain reaction (PCR) analyses
of cerebrospinal fluid (CSF)-derived ctDNAs
proved effective for detecting somatic mutations
in accordance with next generation sequencing
(NGS) analysis of biopsy tissues.!?2 Another study
evaluating the CSF and plasma from 6 patients
with restricted CNSL, 1 with systemic and CNS
lymphoma, and 12 with systemic lymphoma, indi-
cated that CSF ctDNAs might detect CNS relapse
earlier and the presence of residual disease better

than conventional methods, such as flow cytome-
try (FC).13 NGS analysis was performed on 11
newly diagnosed PCNSL patients who received
ibrutinib-based therapy. CtDNAs in CSF were
detected before and during treatment, and the
results showed sensitive surveillance of tumor bur-
den and assessment of treatment responses.14

Although more than 70 aberrant genes have been
reported in PCNSL, a half of which are related to
the nuclear factor-kB (NF-xB) pathway, MYD88
and CD79B are the only two that have been
reported to have the diagnostic abilities in liquid
biopsy.!> The potential application of MYD88
L265P mutation in noninvasive diagnosis of
PCNSL has been implied in clinical cases. The
successful detection of the MYD88 L265P muta-
tion in CSF using droplet digital PCR (ddPCR)
has been documented in secondary CNSL
(SCNSL).1® The detection rate of MYDS88
L265P in the CSF of 14 patients with PCNSL
was 86% in a retrospective study, and in three
cases of which wherein no lymphoma cells were
detected using cytology and FC, ddPCR could
detect ctMYDS88 L265P at the time of diagno-
sis.17 In a recent retrospective study of 17 patients
who were newly diagnosed with PCNSL, the con-
cordance of MYD88 L.265P mutation between
CSF and tissue samples was found to be 82%.18
In a phase Ib trial of an ibrutinib-based therapy
for patients with r/r CNSL, high ctDNA muta-
tions (60%) in B-cell antigen receptor (BCR)
pathway genes, including MYD88 L265P and
CD79B Y196, were detected in the CSF using
MSK-HemPACT (an NGS-based tumor-
sequencing assay), and the changes of these muta-
tions were consistent with treatment responses.!°
In addition, concomitant assessment of CSF
MYD88 L265P mutation and IL-10 could sig-
nificantly improve the diagnostic sensitivity and
specificity of distinguishing PCNSL from other
CNS disorders by 94% and 98%, respectively.!8

Notably, a recent study that analyzed MYD88
and CD79B mutations in 27 patients with
PCNSL at diagnosis showed significantly lower
detection levels of these two hotspot mutations in
blood-derived ctDNAs than in stereotactic biop-
sies, suggesting that MYD88 and CD79B muta-
tions in blood-derived ctDNAs did not have
reliable diagnostic value for PCNSL.20

MicroRNAs. MicroRNAs (miRNAs) are small
non-coding RNAs, 20-24 nucleotide long, and
some of them have been indicated to
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have diagnosis efficacy for lymphomas. Several
miRNAs, such as miR-107, have shown diagnos-
tic and prognostic indicator potential for
DLBCL.2! On one hand, a few members of CSF-
derived miRNAs have demonstrated encouraging
diagnostic accuracy for PCNSL from other brain
diseases. A meta-analysis indicated that CSF-
based miRNA assays seem to be more accurate
and sensitive for the diagnosis of PCNSL than
other widely used techniques, including neuroim-
aging MRI, cytopathologic, and immunopheno-
typic analyses of CSF cells.?2 Several studies have
demonstrated that miR-19b, miR-21, and miR-
92a quantified by gqRT-PCR were significantly
increased in CSF collected from patients with
PCNSL,?3 compared with those from the control
group with other neurologic disorders.?* Com-
bined analyses of these three miRNAs in CSF
have shown diagnostic accuracy of PCNSL with a
sensitivity of 95.7% and specificity of 96.7%. In
addition, significantly lower miR-30c levels in
CSF detected by miRNA arrays could distinguish
patients with PCNSL from those with SCNSL
with 90.9% sensitivity and 85.5% specificity.?®

The diagnostic efficiency and prognostic value of
blood-derived miRNAs in PCNSL have also been
investigated. A study based on available blood
samples from patients entering the G-PCNSL-SG1
trial compared the peripheral blood miRNA levels
in a short-term survival group (median OS of
3 months) of 20 patients with PCNSL with those
in a long-term survival group (median OS of
55 months) using NGS. According to the results,
a total of 12 miRNAs were significantly deregu-
lated between these two groups. Among them,
miR-151a-5p and miR-151b differed prominently
and exhibited the largest differential expression.2°
While considering the limited number of available
patients, verifications in larger population cohorts
are required. Higher serum miR-21 levels were
also associated with poorer prognosis in another
survival analysis that included 56 patients with
PCNSL. Multivariate Cox proportional hazard
analysis demonstrated that serum miR-21 expres-
sion level could be an independent prognostic bio-
marker for PCNSL.?7

For formalin-fixed paraffin-embedded (FFPE)
biopsy tissues from PCNSL, there was also a dis-
tinction in the miRNA expression panel between
PCNSL and nodal DLBCL, with 13 significantly
upregulated and 5 significantly downregulated
miRNAs.28 Among them, the upregulated miR-
NAs in PCNSL included miR-17-5p, miR-20a,

miR-9 (related to the Myc pathway), miR-30b/c,
and miR-155. The downregulated miRNAs con-
sisted of miR-199a, miR-214, miR-193b, and
miR-145, which are putative tumor-suppressor
miRNAs. Furthermore, PCNSL showed a signifi-
cantly increased expression level of miR-17-5p
and a significantly decreased level of miR-127
compared to those in primary testicular lym-
phoma (PTL).23 Nevertheless, a recent study
indicated that the miRNA levels in CSF and
FFPE biopsy tissues from PCNSL patients did
not match with non-overlapped miRNAs differ-
entiated compared with tissues from nonmalig-
nant brain lesions.?® One explanation for such
discrepancies is that CSF miRNAs may be
derived not only from lymphoma cells but also
from other cells, including those from the suba-
rachnoid space, ventricular system, ventricular
choroid plexus, and spinal cord.?? Differentially
expressed miRNAs between PCNSL and other
diseases are shown in Table 1.

Metabolomic biomarkers

Metabolomics can identify and quantify small
molecular metabolic substrates and products of
various metabolic pathways. Analytical tools for
metabolomics mainly include the integration of
mass spectrometers (MSs), ion mobility systems
(IMS:s), gas chromatography (GC), capillary elec-
trophoresis (CE), liquid chromatography (LC),
and nuclear magnetic resonance (NMR) spec-
trometers.3! Cancer cells have metabolomic path-
ways distinct from those of normal cells regarding
the absorption of nutrients for immortal prolifera-
tion. Excessive glycolysis via PI3 K/AKT/mTOR
and RAS/MAPK signaling has been reported in
MTX-resistant PCNSL-derived cells.?? A metab-
olomics analysis of 163 CSF samples collected
from clinical patients (including 59 with PCNSL)
showed that 81, 17, and 188 metabolic features
were significantly altered in PCNSL compared
with those in non-tumorous brain lesions, SCNSL,
and patients with lung adenocarcinoma with brain
metastases (MBT), respectively. Three independ-
ent panels based on 5 (L-glutamine, 5-aminoimi-
dazole, L-cystine, butyrylcarnitine 9,
phytosphingosine), 4 (valyl-methionine, inositol
phosphate, homocysteine, 5-aminoimidazole),
and 13 different metabolites could effectively
diagnose PCNSL wersus non-tumorous brain
lesions, SCNSL, and MBT, respectively.?> A
phase I study (NCT01542918) of lenalidomide
also revealed the metabolomic profile of CSF
obtained from 14 relapsed PCNSL patients
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Table 1. MiRNAs differentially expressed between PCNSL and other diseases at diagnosis.
Samples Comparation Methods Upregulated Downregulated
FFPE biopsy Nodal DLBCL gRT-PCR miR-9 miR-199a
samples miR-20b miR-214
miR-155 miR-432
miR-340 miR-193b
miR-17-5p miR-145
miR-148a
miR-30b
miR-27b
miR-26b
miR-146b
miR-20a
miR-30c
miR-let-7g
PTL gRT-PCR miR-17-5p miR-127
n-ML2 gRT-PCR miR-155 miR-9
miR-196b miR-125b,
miR-let-7b
Blood samples ~ LTS: STSP NGS miR-151a-5p miR-219-5p
miR-151b miR-6130
miR-106a-5p miR-181c-3p
miR-17-5p
miR-183-3p
miR-30d-5p
miR-96-5p
miR-194-5p
miR-503-5p
Glioblastomas, gRT-PCR miR-21
CNS inflammation,
metastases, healthy
controls, respectively
CSF samples Various neurologic gRT-PCR miR-21
disorders¢ miR-19b
miR-92a
SCNSL microRNA arrays miR-222 miR-16
miR-30b
miR-30c
miR-191
miR-204
n-MLa gRT-PCR miR-21
miR-19b
miR-92a

CSF, cerebrospinal fluid; FFPE, formalin-fixed paraffin-embedded; MiRNA, MicroRNAs; NGS, next generation sequencing;
0S, overall survival; PCNSL, primary central nervous system lymphoma; PCR, polymerase chain reaction; PTL, primary
testicular lymphoma; qRT-PCR, quantitative reverse transcription-PCR; SCNSL, secondary central nervous system

lymphoma.

an-ML, nonmalignant brain lesions (including gliosis, cavernous malformation, cyst, abscess, hematoma, ischemic

necrosis, lymphocytic inflammation, toxoplasmosis, focal cortical dysplasia).

bLTS: STS, long-term survival group (median 0S of 55 months) with those in short-term survival group (median 0S of

3months) of PCNSL patients.

<Various neurologic disorders (including CNS inflammation, neurocardiogenic syncope, tension headache, brain infarction,
polyneuropathy, migraine, epilepsy, and transient ischemic attack).
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compared with that obtained from 14 controls
without malignant diseases. Among all 145
enrolled metabolites, 36 that were mainly involved
in energy metabolism pathways were significantly
elevated in patients with PCNSL compared with
those in controls. Significantly higher levels of lac-
tate, 5-methylthioadenosine, and kynurenine in
the CSF helped to differentiate PCNSL from
non-malignant diseases. Elevated levels of both
lactate and kynurenine in the CSF were associated
with shorter survival.3* In addition, another quan-
titative metabolomic analysis demonstrated that
elevated CSF lactate and reduced GABA
(y-aminobutyric acid) were significantly related to
the lesion size of lymphoma as well as neurocogni-
tive deficits in both PCNSL and SCNSL.%>

Functional imaging

Compared with traditional anatomical imaging,
positron emission tomography (PET) can detect
abnormal functional areas and is valuable in can-
cer diagnosis. However, the most routinely used
tracer [!'8F] fluorodeoxyglucose (FDGQG) has its
limitations in diagnosing PCNSL due to the high
physiologic cerebral glucose metabolism3¢ and it
is not a specific radiotracer that could increase in
several benign conditions. Several novel probes
have shown potential specificity in the diagnosis
of PCNSL and exert research value in further
clinical trials.

['8F] fludarabine (FDB) can be trapped after
being transported into cells by equilibrative
nucleoside transporters, ENT1 and ENT?2, and
initial phosphorylation by deoxycytidine kinase
(dCK).37 As increased levels of dCK expression
are observed in lymphoid malignancies, [!8F]
FDB was evaluated to target lymphoid cells. In a
human CNSL xenograft rat, [!8F] FDB exhibited
a tumor-to-background ratio (TBR) that was two
to threefold higher than that of [!8F] FDG.
Therefore, compared to using [!8F] FDG
(p=0.04), ['®F] FDB-PET shows encouraging
potential to distinguish PCNSL from glioblas-
toma (p<0.01).38

CXCRA4 is highly expressed on PCNSL cells and
binds to CXCL12 to establish the CXCL12/
CXCR4 signaling pathway, which is important in
the homing of tumor cells.?®* PET imaging using
68Ga-Pentixafor, a CXCR4-directed tracer, could
exhibit PCNSL in excellent contrast to the sur-
rounding brain parenchyma, and might be a novel
diagnostic biomarker for PCNSL.4° Considering

the high CXCR4 expression levels in glioblas-
toma,3? the efficacy of CXCR4-directed imaging
in distinguishing PCNSL from glioma should be
investigated further in prospective clinical trials.

Other novel biomarkers

A proliferation inducing ligand, B-cell activating
factor of the tumor necrosis factor family, and their
receptors. Two significantly homologous mem-
bers of the tumor necrosis factor (TNF) super-
family, B-cell activating factor of the TNF family
(BAFF) and a proliferation inducing ligand
(APRIL), play important roles in the pathogene-
sis of B-cell malignancies. Serum BAFF levels
have been observed to be higher in patients with
aggressive NHL and are related to treatment
response and OS.#! Immunohistochemical stain-
ing has shown that BAFF and APRIL are both
expressed in PCNSL tissue specimens.*? APRIL
and BAFF have the potential to be reliable diag-
nostic biomarkers for PCNSL. A prospective
analysis of the CSF collected from 116 patients
with focal brain lesions containing 53 CNSLs (30
of which were PCNSL) demonstrated that CSF
levels of APRIL and BAFF in patients with CNSL
were significantly higher than those in patients
with any other focal lesions, such as primary brain
tumors (PBTs), MBT, and autoimmune-inflam-
matory diseases.*> The elevated APRIL levels in
CSF revealed promising potential application as
diagnostic marker for CNSL, with a specificity of
93.7% and sensitivity of 62.3%. The integration
of BAFF levels with APRIL levels further
improved the diagnostic accuracy to a specificity
of 96.1% and a sensitivity of 77.3%. In the sub-
group analysis, patients with PCNSL who
achieved complete response (CR) showed remark-
able decrease in both APRIL and BAFF CSF lev-
els, compared with those in untreated patients.

APRIL and BAFF, as well as their two receptors,
B-cell maturation antigen (BCMA) and trans-
membrane activator and CAML interactor
(TACI), could serve as potential diagnostic bio-
markers for PCNSL. Soluble TACI and BCMA
were found to be elevated in the CSF of patients
with PCNSL, compared with those in patients
with other neurological diseases.** The TACI
level in the CSF could differentiate PCNSL with
high specificity (88.3%) and sensitivity (87.9%).
The diagnostic specificity increased to 96.7%
when CSF BCMA was combined with TACI lev-
els. Notably, serum TACI and BCMA levels were
not elevated in patients with PCNSL and do not
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exhibit diagnostic value. In a small sample study
of nine patients with PCNSL, the combination of
elevated levels of CSF BAFF and its receptor
TACI revealed 100% sensitivity and 100% speci-
ficity for the diagnosis of PCNSL.45

Currently, no single diagnostic modality is either
sensitive enough or specific enough for clinical
application. Integration of multivariable diagnos-
tic modalities is necessary for the early diagnosis
and treatment selection in PCNSL. When a
patient presents with initial clinical symptoms of a
brain tumor, MRI is commonly the first impor-
tant diagnostic test. Functional imaging such as
PET can be a more specific complement to this
step. If PCNSL is suspected based on imaging
findings, tissue-based brain pathology biopsy,
which is still considered as the gold standard, is
necessary for the definite diagnosis of PCNSL,
unless fluid-based analysis is diagnostic.
Unfortunately, the clinical use of tissue-based
biopsy is limited mainly due to the risk of postop-
erative complications, such as intracranial hemor-
rhage and functional damage. In some cases, the
tumor location is difficult or unsuitable to access
for tissue-based biopsy, so fluid-based diagnostic
techniques could be less invasive and more help-
ful. Besides, the use of corticosteroids hampers
histopathological diagnosis, as they can reduce
diagnostic sensitivity.!> Fluid-based analysis of
cytomorphology, such as FC should be per-
formed. Compared with traditional liquid analy-
sis, novel biomarkers including ctDNAs,
miRNAs, and metabolomic markers might have
advantages in terms of sensitivity and specificity.
These fluid-based diagnostic markers facilitate
more accurate stratification, prognosis evalua-
tion, and choice of targeted treatment at an early
stage, which could be optional choices. An over-
view of diagnostic value of novel biomarkers is
summarized in Table 2. Liquid biopsy can over-
come tumor heterogeneity to detect minimal
residual disease (MRD) during early relapse.
However, in current clinical practice, only a sub-
set of patients can be diagnosed definitively based
on typical liquid biopsy. Also, concerns regarding
the waiting time for fluid-based diagnostic results
and prioritization of different techniques remain
to be resolved. Therefore, tissue-based brain
biopsy should be carried out in a timely manner if
there are no contraindications. In addition, to dis-
tinguish PCNSL from SCNSL, whole-body
PET-CT and bone marrow biopsy should be per-
formed. Furthermore, ocular examinations, such

as vitrectomy, are required for the detection of
ocular involvement.

Novel therapies for PCNSL

Bruton tyrosine kinase inhibitors

Ibrutinib. Bruton tyrosine kinase (BTK) links
BCR and Toll-like receptor (TLR) signaling, thus
preventing the activation of NF-kB pathway.4’
Ibrutinib is a primary inhibitor of BTK, and has
single-drug activity in chronic lymphocytic leuke-
mia (CLL)*8 and other B-cell malignant tumors,*°
including mantle cell lymphoma (MCL), Wal-
dendstrom macroglobulinemia (WM), marginal
zone lymphoma, and follicular lymphoma (FL).
Systematic sequencing of PCNSL revealed that
CD79B of the BCR signaling pathway accompa-
nied with MYDS88 is more frequently mutated in
PCNSL than in systemic DLBCL,>° suggesting
promising antitumor efficacy of ibrutinib.

Ibrutinib monotherapy has been observed to
reveal an encouraging overall response rate
(ORR) 0of 50% in 14 r/r PCNSL patients. Among
them, two patients achieved long-lasting CR of
8 months without severe toxicities in a multi-
center retrospective case series.’! The median
duration of response and progression-free sur-
vival (PFS) in all patients were 4 and 6 months,
respectively. The final outcomes of a phase II
clinical trial for r/r PCNSL and primary vitreo-
retinal lymphoma (PVRL) conducted by LYSA
and LOC also demonstrated that ibrutinib mono-
therapy (560mg/day) was highly clinically effec-
tive (70% of evaluable patients achieved disease
control) and tolerated (only one patient experi-
enced fatal pulmonary aspergillosis), with a
median PFS of 4.8 months in all.52 In addition,
another single-center study (INCT02315326)
including 13 r/r PCNSL and 7 r/r SCNSL patients
also showed good single-agent activity of ibruti-
nib. In total, 10 (77%) patients with PCNSL [5
CR and 5 partial response (PR)] and 5 with
SCNSL (including 4 CR) responded. However,
the duration of response was short, with the
median PFS of 4.6 months (95% CI=[2.4, 7.5]
months) in PCNSL and 7.43 months in SCNSL.
Genomic analysis revealed that the mutation
within the coiled-coil domain of CARD11 seemed
to be associated with ibrutinib resistance.>® The
latest study by Lewis also reported similar
results.>* Even with an encouraging ORR of 58%
and CR rate of 55% for ibrutinib across the entire
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Table 2. Overview of diagnostic value of novel biomarkers for PCNSL.

Biomarker Number of patients Sample Methods Sensitivity Specificity Reference

Combination of 36 PCNSL and CSF TagMan-based PCR  94% 98% Ferreri et al.'8

MYD88 and IL-10 106 neurological assay for MYD88
controls

Combination of 23 PCNSL and 30 CSF gRT-PCR 95.7% 96.7% Baraniskin et al.24

miR-21, miR-19b, controls

and miR-92a
30 PCNSL and 23 CSF gRT-PCR 63.33% 80.77% Zajdel et al.??
n-ML

MiR-30c 55 PCNSL and 11 CSF qRT-PCR 90.9% 85.5% Baraniskin et al.25
SCNSL

Combination of 35 PCNSL and 23 FFPET gRT-PCR 96% 98% Zajdel et al.??

miR-155 and miR- n-ML

let-7b

MiR-21 and RNU2- 72 PCNSL and 47 CSF qRT-PCR 91.7% 95.7% Baraniskin et al.4¢

1f controls

APRIL 53 CNSL (30 PCNSL) CSF ELISA 62.3% 93.7% Mulazzani et al.*3
and 63 controls

BAFF CSF ELISA 47.1% 93.7%

Elevation of APRIL 77.3% 96.1%

and/or BAFF

TACI 33 PCNSL and 143 CSF ELISA 87.9% 88.3% Thaler et al.4
controls

BCMA ELISA 72.7% 71.8%

Combination of 63.9% 96.7%

TACI and BCMA

Combination of 9 PCNSL and 73 CSF ELISA 100% 100% Mizutani et al.45

TACI and BAFF controls

APRIL, a proliferation inducing ligand; BAFF, B-cell activating factor of the tumor necrosis factor family; BCMA, B-cell maturation antigen; CSF,
cerebrospinal fluid; ELISA, enzyme linked immunosorbent assay; FFPET, formalin-fixed paraffin-embedded tissue; n-ML, nonmalignant brain
lesions; PCNSL, primary central nervous system lymphoma; PCR, polymerase chain reaction; qRT-PCR, quantitative reverse transcription-PCR;
RNU2-1f, circulating U2 small nuclear RNA fragments; SCNSL, secondary central nervous system lymphoma; TACI, transmembrane activator and

CAML interactor.

cohort of 33 patients with CNSL (9 PCNSL and
24 SCNSL), the median PFS was 10.2 months
for SCNSL and short, at 3.1 months, for PCNSL.
Thus, considering the relatively short duration of
responses in PCNSL, as several studies have
reported, combination therapies of ibrutinib for
the treatment of PCNSL are needed. A phase Ib
study of 18 patients with PCNSL (five untreated,
13 r/r) investigating the potential of ibrutinib
monotherapy and together with chemotherapy
(DA-TEDDi-R), showed significant response
improvement with ibrutinib achieving significant

CNS penetration and high free-drug concentra-
tions.’> During ibrutinib monotherapy (maxi-
mum dose of 840mg/day) treatment, 94% of
patients (17/18) showed tumor reductions and
83% (15/18) achieved PR. Out of the 14 evalua-
ble patients who carried on with DA-TEDDi-R,
86% achieved CR, suggesting ibrutinib could
strengthen the efficacy of chemotherapy.

Considering the high incidence of aspergillosis
(39%) in this trial, two patients developed asper-
gillosis during ibrutinib monotherapy and five
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patients developed aspergillosis during
DA-TEDDi-R treatment, and other clinical trials
of ibrutinib-based combination therapies are
needed to reduce the risk of adverse events (AEs).
Another phase Ib clinical trial INCT02315326)
explored ibrutinib (560 or 840 mg/d) /HD-MTX/
rituximab combination in 15 patients with CNSL
(9 PCNSL and 6 SCNSL).!° This three-drug
combination was well tolerated without dose-lim-
iting toxicity (DLT) and a high response rate
(89% in PCNSL and 67% in SCNSL) with a
median duration of response of 12.8 months. A
phase Ib clinical trial INCT03703167) of ibruti-
nib combined with lenalidomide and rituximab
for r/r CNSL is ongoing. In addition, ibrutinib as
a maintenance treatment for elderly patients with
primary CNS DLBCL is being investigated in a
phase II clinical trial (NCT02623010). Patients
who achieved MRI-documented CR or PR after
rituximab and HD-MTX induction treatment
would receive maintenance treatment including
ibrutinib 560 mg/day until disease progression or
occurrence of limiting toxicities.

Other BTK inhibitors

Other novel BTK inhibitors with better selectivity
toward BTK than ibrutinib are investigated in
PCNSL patients, including tirabrutinib, zanu-
brutinib, and acalabrutinib, which intend to
improve antitumor effect and reduce AEs attrib-
uted to the inhibition of off-target enzymes.>¢
Tirabrutinib (ONO/GS-4059) has exhibited pos-
itive antitumor effects and well safety profiles in
r/r B-cell malignancies.3” It was first approved at
the recommended dosage of 480 mg/day in 2020
for the treatment of r/r PCNSL in Japan.’® A
phase I/II study was carried out for tirabrutinib in
44 enrolled patients with r/r PCNSL, including
20 on 320 mg/day, 7 on 480mg/day, and 17 on
480mg/day under fasted conditions. The ORR
was 63.6% (60.0%, 100.0%, and 52.9%, respec-
tively, for each treatment group), and the overall
median PFS was 2.9months (2.1, 11.1, and
5.8 months, respectively, for each treatment
group). Common AEs of grade = 3 were leukope-
nia, lymphopenia, neutropenia, and erythema
multiforme. Only one patient in the 480 mg treat-
ment group had Grade 5 AEs.?® Zanubrutinib
was developed in China and approved by the US
Food and Drug Administration (FDA) for
patients with MCL who have received =1 prior
therapy. In addition, zanubrutinib has revealed
promising antitumor activity and good tolerance
in the treatment of WM and CLL/small

lymphocytic lymphoma (SLL).°© A successful
case of refractory PCNSL treated with zanubruti-
nib has been reported.®! The 53-year-old patient
who developed progressive disease (PD) after two
courses of HD-MTX-based regimen achieved
CR after subsequent three courses of zanubruti-
nib plus chemotherapy. The patient received
ASCT after four courses of zanubrutinib with
chemotherapy, and his MRI revealed stable CR.
Based on the case above, it would be interesting
to test whether zanubrutinib could be added into
first-line regimens for PCNSL to improve cura-
tive effect. The phase II clinical trial
(NCTO04938297) that evaluates the efficacy and
toxicity of zanubrutinib in combination with
rituximab and lenalidomide, followed by zanu-
brutinib or lenalidomide maintenance, is recruit-
ing. Acalabrutinib (ACP-196) is another more
selective second-generation BTK inhibitor with
less off-target effects than ibrutinib. It has been
approved for the treatment of relapsed MCL and
CLL. Acalabrutinib has recently been registered
in a phase II clinical trial INCT04548648) and in
combination with durvalumab (a PD-1 inhibitor)
in another phase I clinical trial for PCNSL and
SCNSL (NCT04462328).

Immunomodulatory drugs

Lenalidomide. Lenalidomide is an oral second-
generation immunomodulatory drug (IMiD) that
has exhibited direct effects against B-NHL cells®?
and indirect antitumor effects mediated by vari-
ous immune cells in the tumor microenvironment
(TME), including T, natural killer (NK), and
dendritic cells in B-NHL.%3

Lenalidomide monotherapy as a salvage therapy
has shown promising efficiency and good toler-
ance for the treatment of PCNSL in several clini-
cal studies. A retrospective case series reported
that two out of six patients with recurrent PCNSL
who received lenalidomide monotherapy as sal-
vage treatment achieved CR, including one
patient with a remission duration of 24 months.%*
One MTX-resistant acquired immune deficiency
syndrome (AIDS)-related PCNSL patient was
also reported to maintain remission for up to
4years with lenalidomide monotherapy (10mg/
day) plus anti-retroviral therapy.®> A phase I study
(NCTO01542918) including 14 relapsed CNSL
patients (six with PCNSL and eight with SCNSL)
demonstrated the tolerability, antitumor effi-
ciency, and CSF penetration of lenalidomide as
the ORR was 64% (9/14), and the response
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duration to this monotherapy in four patients
prolonged for 18 months with all manageable tox-
icities. Considering the effectiveness of lenalido-
mide through the BBB and the absence of DLT,
this study recommended an initial dose of lena-
lidomide monotherapy at 15mg/day to treat
relapsed CNSL.34

Meanwhile, lenalidomide monotherapy has been
revealed to be an optional maintenance therapy
following the response to genotoxic therapy for
relapsed PCNSL, as an alternative to WBRT or
HDC. The same group conducted a retrospective
analysis of 10 patients with relapsed PCNSL with
a median age of 61.5years. These patients
received salvage therapies of either HD-MTX or
focal irradiation to demonstrate the outcomes of
low-dose (5-10mg/day) lenalidomide monother-
apy as maintenance treatment, with an encourag-
ing median OS of 45 months, and only one patient
progressed to receive WBRT.3* Among them, the
response duration of patients in CR 2 through 5
after salvage treatment followed by lenalidomide
maintenance was more than 6 times longer than
that of patients who relapsed in CR1 after receiv-
ing standard induction therapies of MT-R
(HD-MTX, temozolomide, and rituximab). As
the poorer outcomes in elderly patients with
PCNSL remain a significant problem,!° low-dose
lenalidomide was again used as maintenance in
13 patients, all of whom were = 70years old and
achieved PR or CR after MT-R with or without
EA (etoposide, cytarabine) induction therapy.®®
Lenalidomide maintenance (median time of
18.9 months on lenalidomide) also revealed good
tolerance in these elderly patients and median
PFS was not reached, with only one death occur-
ring due to complications from myocardial infarc-
tion in a median follow up of 31.6 months.

In addition to lenalidomide monotherapy, due to
a synergistic effect between lenalidomide and
rituximab in a mouse lymphoma model,®” investi-
gations of the combination treatment are under-
way. LOC and LYSA conducted a phase II study
of lenalidomide combined with intravenous ritux-
imab (R2) for r/r PCNSL and PVRL. The ORR of
45 assessable patients (34 PCNSL and 11 PVRL)
after a median number of 7 R? treatment cycles
was 35.6%, including 13 CR/unconfirmed CR
(uCR; 29%) and 3 PR (7%) cases. In total, 18
patients continued to the lenalidomide mainte-
nance phase, and 5 completed 12 cycles. Without
unexpected toxicities, the median PFS and OS
reached 7.8 and 17.7months at a median follow

up of 19.2 months. The peripheral baseline CD4/
CDS8 ratio=1.6 was significantly related to a
longer PFS of 9.5 months. %8

Pomalidomide. A novel third-generation IMiD,
pomalidomide, has shown significant CNS pene-
tration and effective antitumor effect against
CNSL in murine models.%® A phase I clinical trial
(NCT 01722305) investigated pomalidomide
(5mg/day orally on Days 1 to 4 of each 28-day
cycle) and weekly dexamethasone for r/r PCNSL
and PVRL.7° This combination showed a tolera-
ble toxicity profile and significant curative activ-
ity, with an overall ORR of 48% (12 of 25),
including 6 CR, 2 uCR, and 4 PR, as well as a
median PFS of 9 months for responders.

Immune checkpoint inhibitors

Nivolumab. Programmed cell death protein 1
(PD-1) is an important immune checkpoint
receptor expressed on activated T cells. The
expression of PD-1 and its ligands (PD-L1 and
PD-L2) have been extensively investigated for the
treatment of lymphoma. High expression of tran-
script variants of PD-1 showed an ability to pre-
dict poor prognosis in PCNSL.7! A recent study
revealed that based on tumor mutational burden
(TMB), high PD-L1 expression was observed in
37.5% of the 48 PCNSL subjects and more than
90% expressed intermediate-to-high TMB, indi-
cating that immune checkpoint inhibitors may be
beneficial to PCNSL.72 Furthermore, larger clini-
cal studies on PCNSL are warranted to investi-
gate the checkpoint inhibitor therapies. A
retrospective study of TME using high-plex
immunohistochemistry in 36 CNSLs, 22 of which
were PCNSLs, reported that PD-L1 expression
level in lymphoma cells of all cases was 28%,
which also supported immune checkpoint inhibi-
tor treatment in PCNSL.7

Nivolumab is a humanized anti-PD-1 antibody
approved by the FDA as second-line therapy for
r/r classical Hodgkin lymphoma (cHL).7* Recent
evidence of frequent increases in the copy num-
bers of 9p24.1/PD-L1 and PD-L2, accompanied
by increased expression of PD-L1 and PD-L.2 in
PCNSL,? has provided a rationale for immune
checkpoint inhibitors treatment regimens. A case
series of five patients (four with r/r PCNSL) dem-
onstrated that nivolumab was effective and well
tolerated, with all achieving objective radio-
graphic responses (four CR and one PR) and
symptomatic responses to nivolumab.”’® Three
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out of all involved patients remained progression-
free up to 13-17months after the initiation of
nivolumab. Another case report showed that a
PCNSL patient with a very poor performance sta-
tus (ECOG 4) achieved MRI almost CR and
regained consciousness after six cycles of 3 mg/kg
single-agent nivolumab administration.””
Nivolumab combined with lenalidomide exhib-
ited good tolerance and antitumor activity as sal-
vage therapy in a patient with sanctuary site CNS
DLBCL,”® whose MRI showed near CR after
2 months of the combination treatment. A multi-
center phase II trial of nivolumab for the treat-
ment of r/r PCNSL and PTL has recently been
completed (NCT02857426). Regrettably, with
only one of 47 enrolled patients with PCNSL
completing nivolumab treatment for 2years,
ORR was 6.4%, and PFS and OS were 1.41 and
8.64 months, respectively. Clinical trials in larger
populations to investigate the effect of nivolumab
are urgently required.

Nivolumab was also investigated as maintenance
therapy after the patient achieved CR with MTX-
based therapy followed by HDC/ASCT. In
another case report of a patient with PCNSL and
with two late relapses, a prolonged CR of more
than 24 months without nivolumab-related toxic-
ities indicated that nivolumab might be the drug
of choice for the maintenance of remission.”® In
addition to being used as salvage and mainte-
nance therapy, nivolumab monotherapy in the
front-line treatment of PCNSL has shown prom-
ising effects in one PCNSL patient with poor tol-
erance for induction chemotherapy.””

Pembrolizumab. Pembrolizumab, another human-
ized anti-PD-1 antibody that has different epitope
binding sites compared with nivolumab, has been
reported to have a promising antitumor effect in
r/r cHL and was granted FDA approval in June
2018 for r/r primary mediastinal B-cell ymphoma
(PMBCL).8 Pembrolizumab has also demon-
strated antitumor responses for CNSL in a case
series.8! A patient with r/r PCNSL after treatment
including lenalidomide, achieved MRI CR fol-
lowing two doses of 200 mg pembrolizumab with
1 mg dexamethasone. The CR was maintained for
more than 22months and to 24months after
discontinuing pembrolizumab. Registered phase
II trials evaluating the role of pembrolizumab
in the treatment of r/r PCNSL are now
recruiting (NCTO02779101, NCT03255018,
NCT04421560).

PI3K/mTOR inhibitors

Temsirolimus. The PI3K/mTOR pathway is a
critical pro-survival pathway that adjusts the syn-
thesis of proteins to modulate cell growth and
proliferation.®2 Temsirolimus, an inhibitor of
mTOR, has shown encouraging efficiency in the
treatment of r/r MCL and DLBCL. A phase II
trial of 37 r/r PCNSL patients with r/r PCNSL
demonstrated that temsirolimus monotherapy at
a dose of 75mg/week had a positive effect with
54% ORR, including 13.5% CR.®3 However,
median PFS and OS were short at 2.1 and
3.7 months, respectively, with 13.5% treatment-
associated mortality mainly from severe infec-
tions. In addition, 14 blood—CSF pairs were
collected from nine patients, whereas only one
patient showed a 2 ng/mL concentration of temsi-
rolimus in the CSF. No temsirolimus or its main
metabolite, sirolimus, was found in any other
patient. The lack of a detectable concentration of
temsirolimus and its main metabolite in CSF was
inconsistent with its activity.

Other PI3K/mTOR inhibitors. In CD79B-mutant
PCNSL, the PI3K/mTOR signaling axis is highly
activated to promote tumor survival.>3 The PI3K
inhibitor BKM 120, buparlisib, could result in cell
death in slice cultures from xenograft CD79B-
mutant PCNSL.8 This preclinical study demon-
strated that combining ibrutinib with inhibitors of
pl10a/p1106 PI3BK (BAY80-6946) or mTOR
(INK128) could deepen and extend its responses
in CD79B-mutant PCNSL. However, this needs
to be investigated in advanced clinical trials. A
phase Ib/II clinical trial (NCT03581942) on
BAY80-6946 (copanlisib) for r/r PCNSL is ongo-
ing. The recently completed phase II clinical trial
(NCTO02301364) of buparlisib in four patients
with r/r CNSL showed three patients with PD
and one PR. Another phase II trial
(NCTO02669511) investigating the pan PI3K/
mTOR inhibitor, PQR309,in 21 relapsed PCNSL
patients has been completed; however, no results
had been posted at the time of writing this review.

Chimeric antigen receptor T-cell therapy

Chimeric antigen receptor (CAR) T-cells have
been investigated by many groups for the treat-
ment of lymphoma and have shown promising
efficacy. Four CD19 targeted CAR T-cell thera-
pies for r/r B-cell lymphoma have achieved FDA
approval.8> However, considering the risk of neu-
rotoxicity from CAR T-cell therapy, initial trials
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on patients with PCNSL have not met the current
medical needs.8 Abramson and colleagues stud-
ied a refractory DLBCL patient with CNS
involvement who was treated with CD19 CAR
T-cells. The patient’s brain MRI showed CR
after 1 month, and the CNS response lasted for
12months of follow up.8” A recent retrospective
study on eight patients with SCNSL suggested
that CD19 CAR T-cell therapies could be feasi-
ble for use in CNSL as two patients achieved CR
and two PR at D + 28 after infiltration, without
high rates of cytokine release syndrome (CRS).88
Several studies have reported the clinical use of
CD19 targeted CAR T-cells for PCNSL. A phase
I clinical trial INCT02153580) in a small cohort
(five patients) demonstrated that CD19 CAR
T-cells generated from autologous T-cells is safe
and feasible for the treatment of PCNSL. Three
patients achieved CR, and the other two remained
stable disease (SD). Even all five patients occurred
grade=1 CRS and neurotoxicity, and these tox-
icities were tolerable and manageable.8° The
French LOC reported their first clinical experi-
ence of commercial CD19 CAR T-cell therapy
for r/r PCNSL, which supported the clinical
application of CD19 CAR T-cells. The best
response in nine patients was five CR and one
PR, with median PFS 122days (210days for
responders).?% A phase I/II clinical trial of tisagen-
lecleucel (the second approved anti-CD19 CAR
T-cell therapy) in patients with r/r PCNSL dem-
onstrateditssafetyandefficacy NCT04134117).91
Overall, 58.3% of 12 patients enrolled revealed
response, including 6 CR and 1 PR. And, 58.3%
of patients experienced Grade 1 CRS, and 41.6%
experienced low grade immune cell associated
neurotoxicity syndrome (ICANS). Seven patients
remained alive, and three sustained remissions at
a median time of 12.2 months after the infusion of
tisagenlecleucel.

Bispecific CAR T-cell therapies, including
CAR19/CAR70 T-cells and CARI19/CAR22
T-cells, have been reported to be used in PCNSL.
A 67-year-old male patient with a second relapse
of PCNSL who received CAR19/CAR70 T-cell
therapy achieved CR in 1 month and disease-free
survival for over 17 months of follow up without
CRS. This case highlights the safety and antitu-
mor efficacy of dual-target CAR19/CAR70
T-cells in PCNSL. CAR19 and CAR70 T-cells
were detected after 10months of CAR T-cell
infusion.®? In a study of five patients with chemo-
refractory B-cell CNSL who received CAR19/
CAR22 T-cell therapy intravenously, one of the

two patients who had achieved CR relapsed at the
eighth month, and three patients who had
achieved PR had PD by the third month, and all
five patients had occurred CRS. As remission did
not last long, this study suggested CAR T-cell
therapy should be combined with other
treatments.”3

Mulazzan and colleagues developed a PCNSL
mouse model to demonstrate the iz vivo potential
of CAR T-cells targeting human CD19 for the
treatment of PCNSL. Although intravenous
injection (IV) of anti-CD19 CAR T-cells could
not effectively control tumor growth due to poor
tumor infiltration of CAR T-cells, intracerebral
injection (ICV) of CAR T-cells showed substan-
tial antitumor effects with deep infiltration into
the tumor, leading to long-term survival.
Anti-CD19 CAR T-cells remained detectable up
to 159days after the complete eradication of
tumors.”* Another CNSL mouse model also
showed that compared with IV, ICV of the anti-
CD19 CAR T-cell therapy with superior prolif-
erative potential resulted in significantly lower
lymphoma burden and complete tumor regres-
sion. ICV-administered CAR T-cells can also
migrate to peripheral blood and exhibit memory
T-cell characteristics under undetectable tumor
burden.% Studies in mouse models have inspired
clinical trials of ICV of CD19 CAR T-cell thera-
pies on PCNSL patients seem to be needed.

Different clinical trials investigating approved anti-
CD19 CAR T-cell therapies for PCNSL are cur-
rently recruiting patients. The first approved
anti-CD19 CAR T-cell therapy is axicabtagene
ciloleucel (axi-cel) for the treatment of r/r large
B-cell lymphoma, based on the ZUMA-1 trial.®®
The safety and efficacy of axi-cel for r/r PCNSL
and SCNSL are being tested in a recruiting phase
I trial (NCT04608487). The enrolled participants
will be divided into two groups, one including
patients with r/r PCNSL and SCNSL without
lymphoma outside the CNS, and the other includ-
ing those with r/r lymphoma outside CNS, with
active or previously treated involvement of CNS
by the lymphoma. Fludarabine and cyclophospha-
mide will be administered to minimize the interfer-
ence from immune system cells, thus to help axi-cel
work more effectively. This trial expects to enroll
18 participants and be followed for up to 15years.
The most recently approved anti-CD19 CAR
T-cell therapy lisocabtagene maraleucel (liso-cel)
is for patients with r/r large B-cell lymphoma.8
One goal of the recruiting phase II
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TRANSCENDWORLD trial NCT03484702) is
to evaluate the efficacy of liso-cel in PCNSL and
SCNSL. The CAROUSEL trial NCT04443829)
is a phase I trial of autologous anti-CD19 CAR
T-cell therapy following preconditioning lym-
phodepleting (LD) chemotherapy with cyclophos-
phamide, FDB, and pembrolizumab in r/r PCNSL,
which will recruit soon. All patients will be treated
on Theme 1 of the study with 250 X 10°® CD19
CAR T-cells IV following LD chemotherapy as
described above. Patients achieving SD or PD
without severe toxicity on Day 28 after 250 X 10
CD19 CAR T-cells will receive Dose 2 of 25X
106 CD19 CAR T-cells IV following LD
chemotherapy.

However, data on CAR T-cell therapy for PCNSL
remain scarce. CAR T-cell-related toxicities,
including neurotoxicity and CRS, prevent its suc-
cessful application in the treatment of patients
with PCNSL. Even recent studies investigating
the efficacy and safety supported the clinical
application of CAR T-cell therapy for PCNSL,
and further clinical trials in larger cohorts and
longer follow-up time of CAR T-cell therapies for
PCNSL are still recruiting patients. There are
only single-targeted anti-CD19 CAR T-cell ther-
apy-based trials and clinical trials in larger popula-
tion cohorts of different dual-targeted CAR T-cell
therapies, such as CAR19/CAR70 T-cells and
CAR19/CAR22 T-cells are expected. Table 3
shows results of clinical trials on novel therapies
for patients with PCNSL.

Other novel therapies

Selinexor, a selective inhibitor of nuclear export
(SINE), binds to the nuclear export protein
XPO1 (CRM1) and inhibits its activity, which is
important for the maintenance of cellular homeo-
stasis in mediating the transport of many tumor
suppressor proteins from the nucleus to the cyto-
plasm.%7 Selinexor was approved as a third-line
therapy for DLBCL based on data from the phase
IIb SADAL study.®8 A case report revealed that a
patient with SCNSL achieved CR based on brain
MRI after oral administration of selinexor for
5 months. Regrettably, Grade 3 fatigue and Grade
2 anorexia during selinexor treatment led to dose
reduction and its stoppage eventually in the
patient.?® Selinexor was capable of inhibiting the
growth of tumors to extend survival in PCNSL
mouse models, and mouse survival could be fur-
ther prolonged after combination with ibrutinib.
This finding might provide a preclinical rationale

for this two-novel-drug strategy for PCNSL.100
Chidamide, an oral subtype-selective histone dea-
cetylase inhibitor (HDACI), has been approved
by China FDA for the treatment of r/r peripheral
T-cell lymphoma (PTCL).191 A recent study
reported that chidamide could significantly
upregulate the expression of CD20 on the surface
of DLBCL cell lines; thus, it could synergize with
rituximab to inhibit tumor growth of DLBCL.102
Chidamide combined with rituximab and
HD-MTZX is being studied in an ongoing phase II
trial (NCT04516655), for previously untreated
patients with PCNSL. Obinutuzumab, a new
generation anti-CD20 antibody, has greater anti-
body-dependent cellular cytotoxicity (ADCC)
and lower complement-dependent cytotoxicity
than rituximab.193 The GALLIUM trial reported
that the replacement of rituximab with obinutu-
zumab in first-line treatment for patients with
previously untreated FL resulted in significantly
longer PFS.104 The effect of obinutuzumab main-
tenance on the duration of response in patients
with CD20+ PCNSL who achieved CR or PR
after first-line treatment with HD-MTX-based
chemotherapy is being investigated in a phase II
trial INCT02498951). Venetoclax, an orally bio-
available inhibitor of BCL-2, has revealed to be a
safe and effective novel agent for the treatment of
NHL.19 Venetoclax has shown good penetration
in CSF in CLL with CNS involvement.!0°
Overexpression of BCL-2 also occurs in PCNSL
patients and increases risk stratification.!07 A
phase Ib clinical trial INCT04073147) of veneto-
clax in combination with obinutuzumab is being
conducted for r/r PCNSL.

In addition to novel drugs, traditional chemo-
therapeutic drugs, which were not commonly
used in the treatment of PCNSL, such as temo-
zolomide, bendamustine, and pemetrexed, were
evaluated in retrospective case series and pro-
spective clinical trials for PCNSL. Adding TNF-
o coupled with NGR (NGR-hTNF) to the
classical R-CHOP regimen could increase BBB
permeabilization to increase CNS bioavailability
of anticancer drugs and was reported to be a safe
and highly effective combination therapy in
PCNSL.5 Table 4 summarizes the ongoing clini-
cal trials of novel therapies for patients with
PCNSL.

Conclusion and future directions
Although the treatment of PCNSL has achieved
significant advances over the past decades, it
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o 3 9 remains a highly recurrent disease with poor
g ® < @ 8 g prognosis. A schematic summary of the develop-
g = = g5 g e ment of therapies for PCNSL is illustrated in
= @© =R =) . . .
g 3 =2 £ = é g Figure 1. Novel diagnostic markers, such as ctD-
. @ - Y S5 E ? NAs, miRNAs, metabolomic markers, and oth-
— o C g . .
A\ =5 £ g 29 ers, facilitate early diagnostic accuracy, and they
'§ 2 g :2 9 = g o @ are consistent with prognosis. Nevertheless, the
jos o S .« e .
. 2o £235 % ¢S5 actual results of clinical use of novel biomarkers
= = g 3 :%{%; °9 jg are limited to date and are required for broad
= 2 © 4 .. . . .
2 I52 8856 o 2 &g clinical application. For newly diagnosed
] g = PCNSL, especially in young patients, induction
- [0}
= § c therapy of HD-MTX-based chemotherapy and
a2 E g consolidation treatment of ASCT or WBRT are
[N s . . .
Hog § S recent mainstream choices. However, there is no
9 S8 g & consensus on the optimal regimens for r/r and
I I oo =3 1 . .
=27 R& elderly PCNSL patients. The prognostic out-
25a2 . - .
=2 D‘é comes of r/r PCNSL patients remain nonideal.
@ > . .
£ E Cr: S Salvage therapy followed by consolidation of
" 8=E2 HDC/ASCT could relatively prolong survival.
& | : ] g 'é.ﬁ While, as clinical studies are limited, the optimal
(0]
° o SO 55 treatment for r/r PCNSL has not been fully
o 2 o é 2E G defined. With the development of immunother-
S r e . . . g o
g S > g% 29 apy, novel agents, including BTK inhibitors,
(] -— . . .
§ £ b g o9 & immunomodulatory drugs, immune checkpoint
as =5 [ . [ . .
= o 2 2 = S; inhibitors, PI3K/mTOR inhibitors, and CAR
> [0} .
2 - oI @ T-cell therapy, have shown encouraging efficacy
o & § § g g based on response rates. Regrettably, the dura-
=) > —_ . . .
° £ @ Z e tions of response for r/r patients (ranging from 4
g z @g 2aceg to 24months) need further improvement, and
2 8= X > c > . .
E & °3 2 g = might depend on a more appropriate schedule
> - for the combination of different novel and classi-
(0] . . .
N N & §2 S cal therapies. Besides, most of the studies that
- g g g3 g = have clinical results are relatively small; there-
£ e > §'6 T 2> fore, further clinical studies in larger populations
o y "= @© . .
& = = 3 3 = need to be conducted to achieve a reliable con-
S — . . .
5 298 a clusion. Other novel therapies, such as antibody-
[ . .
£ =EC® drug conjugates, which have emerged as
E} £X5¢> .. .
e g=0o% promising treatment options for both lympho-
[4] . . .
£ E:)‘ ° 3 § mas'% and brain glioblastomas, might be valua-
'E £ 2% § ble in the treatment of PCNSL and require
[Tel . . . . . . . .
£ § e further investigations in clinical trials. Targeting
[92] . .
= o = ®2 5 = the TME components which play important
[ o = VY o . .
2 s & g9 a roles in various processes of B-cell lymphoma
[f9) o™ > jull b . . . . .
2 S S 5 2 = s could also provide novel insights into the precise
— c .- . . . .
3 5 5 = : o @ treatment of PCNSL.1%° Considering that it is
= - £55§ likely f 1 h a PD
EpepNe unlikely for a novel agent to cure such a as
_ = 2 g PCNSL, different polychemotherapy combina-
> © © w2 = . .. .
Ta| o o Z8 4% tions of several novel and traditional therapies
T|az| s B g?Eu S 3 should be investigated further.
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Table 4. Ongoing clinical trials on novel therapies for patients with PCNSL.

Study type Date opened Clinical trial Patient population Trial agents
registration no.
phase | August 2014 NCT02203526 PCNSL Ibrutinib and TEDDI-R
phase /Il December 2014 NCT02315326 R/R PCNSL and R/RSCNSL  |prutinib; HD-MTX; Rituximab -+ HD-
MTX
phase Il June 2016 NCT02779101 R/R PCNSL Pembrolizumab
phase Il July 2016 NCT02498951 Patients with CD20 + PCNSL Obinutuzumab maintenance
who achieved CR or PR to
first-line treatment with HD-
MTX-based chemotherapy
phase Il October 2016 NCT02623010 Elderly patients with PCNSL  Ibrutinib as maintenance treatment
phase Il February 2018 NCT03255018 R/R GZL, PCNSL and other Pembrolizumab
extranodal DLBCL
phase Il April 2018 NCT03484702 DLBCL, NOS; HGBL; FL3B; Lisocabtagene maraleucel
PCNSL and SCNSL
phase Ib/Il August 2018 NCT03581942 R/R PCNSL Copanlisib in combination with
ibrutinib
phase |Ib January 2019 NCTO03703167 R/R PCNSL and R/R SCNSL  Ibrutinib in combination with R?
phase | January 2019 NCT03798314 R/R PCNSL and R/R PVRL Nivolumab and pomalidomide
combination
phase Il February 2019 NCT03770416 R/R CNSL Nivolumab and ibrutinib
phase Il May 2019 NCT04052659 R/R PMBCL, PT/NKCL and Sintilimab (IBI308)
PCNSL
phase Il June 2019 NCT03495960 Newly diagnosed Lenalidomide maintenance
PCNSL>70 following MTX/Rituximab-based
induction
phase Il June 2019 NCT04438044 R/R PCNSL and R/R SCNSL  ICP-022
phase | July 2019 NCT04022980 Older (=65 years) patients Nivolumab consolidation following
with PCNSL HD-MTX
phase /1| August 2019 NCT04120350 Newly diagnosed PCNSL R2-MTX regimen combined with
lenalidomide maintenance
phase Il January 2020 NCT04129710 R/R PCNSL Ibrutinib in combination with MRE
versus lenalidomide in combination
with MRE
phase Il February 2020 NCT04070040 Recurrent PCNSL Camrelizumab
phase Ib May 2020 NCT04073147 R/R PCNSL Venetoclax and obinutuzumab
phase Il May 2020 NCT04401774 PCNSL patients completed Nivolumab maintenance

HD-MTX but have persistent
cfDNA in CSF after treatment
despite imaging response.

(Continued)
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Table 4. (Continued)

Study type Date opened Clinical trial Patient population Trial agents
registration no.

phase Ib/Il August 2020 NCT04421560 Recurrent PCNSL Pembrolizumab in combination
with ibrutinib and rituximab

phase Il September 2020 NCT04516655 Untreated PCNSL Chidamide in combination with
rituximab and HD-MTX

phase I September 2020 NCT04548648 R/R PCNSL and R/R SCNSL  Acalabrutinib

phase Ib/Il October 2020 NCTO04446962 Newly diagnosed PCNSL Lenalidomide and ibrutinib in

patients aged 18-60 years combination with R-MPV

phase Il October 2020 NCTO04481815 Newly diagnosed PCNSL R2-MTX versus R-MTX

phase Il November 2020 NCT04457869 R/R PCNSL and R/R SCNSL ~ F520

phase Il November 2020 NCT04627753 Transplantation ineligible Lenalidomide and rituximab

patients with PCNSL maintenance

phase Il December 2020 NCT04514393 Newly diagnosed PCNSL MTX, ibrutinib, and temozolomide

phase | December 2020 NCT04608487 R/R PCNSL and R/R SCNSL  Axicabtagene ciloleucel

phase | January 2021 NCT04609046 PCNSL R2-MTX and nivolumab induction
followed by lenalidomide and
nivolumab maintenance

phase | February 2021 NCT04462328 PCNSL and SCNSL Acalabrutinib and durvalumab

phase | February 2021 NCT04443829 R/R PCNSL CD19 CAR T-cells

phase Ib February 2021 NCT04688151 PCNSL Combining rituximab, acalabrutinib,
and durvalumab

phase Il March 2021 NCT04899427 R/R PCNSL Orelabrutinib combined with PD-1
inhibitor

phase Il May 2021 NCT04938297 PCNSL and SCNSL Rituximab, zanubrutinib in
combination with lenalidomide,
followed by zanubrutinib or
lenalidomide maintenance

phase Il July 2021 NCT04947319 R/R PCNSL Tirabrutinib

CR, complete response; DLBCL, diffuse large B-cell lymphoma; FL3B, follicular lymphoma Grade 3B; GZL, Gray-Zone lymphoma; HD-MTX,
high-dose-methotrexate; HGBL, high-grade B-cell lymphoma; MRE, methotrexate, rituximab, etoposide; PCNSL, primary central nervous system
lymphoma; PD, progressive disease; PMBCL, primary mediastinal large B-cell lymphoma; PR, partial response; PTL, primary testicular lymphoma;
PT/NKCL, peripheral T/NK-cell lymphoma; PVRL, primary vitreoretinal lymphoma; R, lenalidomide in combination with rituximab; R/R, relapsed
and refractory; R-MPV, rituximab-methotrexate procarbazine vincristine; R-MTX, rituximab-methotrexate; SCNSL, secondary central nervous
system lymphoma; TEDDI-R, temozolomide, etoposide, doxil, dexamethasone, ibrutinib, rituximab.
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Figure 1. A schematic summary of the development of therapies for PCNSL.
PCNSL, primary central nervous system lymphoma. RTOG, radiation therapy oncology group; IELSG, international extranodal lymphoma
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