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Opinion statement

Primary central nervous system lymphomas (PCNSLs) are very rare neoplasms and continue
to be challenging to treat. While high-dose methotrexate (HD-MTX)-based regimens are
the currently accepted standard first-line therapy for newly diagnosed patients, the
optimal induction therapies are still unknown. The role of consolidation therapies con-
tinues to evolve with a variety of chemotherapy regimens, including high-dose chemo-
therapy with stem cell rescue and reduced or deferred whole brain radiotherapy being
used. Importantly, several recent advances have beenmade in the treatment of PCNSL. The
incorporation of targeted therapy and immune therapy remain promising strategies.
Several agents, successfully used in treatment of systemic lymphomas, have shown
activity in PCNSL, frequently leading to durable responses in the relapsed/refractory
patients. Many ongoing studies will likely lead to a better understanding of the roles of
these treatments, especially as the first line and potentially also as maintenance. In
addition, the use of molecular profiling to predict disease response to targeted agents and
understand relapse patterns will become increasingly important. Clinical trials in PCNSL are
critical yet frequently challenging to conduct given the rarity of the condition and lack of
suitable subjects. Therefore, multi-institutional and international collaboration is of
utmost importance to accelerate progress in understanding the biology and design better
treatments for this disease. It is critical to consider patients of all demographics in the
design and study of future treatment algorithms to have the largest impact on patient care
and outcomes.

Curr. Treat. Options in Oncol. (2022) 23:117–136

http://crossmark.crossref.org/dialog/?doi=10.1007/s11864-021-00921-5&domain=pdf
http://orcid.org/0000-0002-4027-7173


Introduction

Primary CNS lymphomas account for approximately
4% of all newly diagnosed intracranial neoplasms [1,
2]. Primary central nervous system lymphomas
(PCNSLs) are an aggressive form of non-Hodgkin lym-
phoma that develops within the brain, spinal cord, eye,
or leptomeninges without evidence of systemic involve-
ment. There is a higher incidence of PCNSL in males
than females, the immunocompromised, and with in-
creasing age in the white population, with those aged 75
years and older having the highest rates of incidence.
Blacks, aged under 50 years at diagnosis, have a higher
incidence when compared with whites, and it is unclear
if this may be related to a higher incidence of underlying
human immunodeficiency virus (HIV)-associated
PCNSL [1, 3]. PCNSL can also occur in 7–15% of
patients with immunocompromised secondary to post-
transplant lymphoproliferative disorders (PTLD), which
is associated with poor prognosis [4, 5].

Pathologically, PCNSL is an angiocentric neoplasm
composed of monoclonal proliferation of lymphocytes.
Most cases are diffuse large B cell lymphoma and char-
acterized as the activated B cell-like/non-germinal center
(ABC or NGC) subtype [6•, 7, 8]. The brain parenchyma

is most commonly involved but leptomeningeal in-
volvement occurs in 30% and ocular involvement may
occur in 10–20%of patients [8].More rarely, PCNSL can
present without concurrent parenchymal involvement
as primary leptomeningeal lymphoma (PLML) or pri-
mary ocular lymphoma (POL) [9, 10].

Signs and symptoms of disease can include mental
status changes, including neuropsychiatric symptoms,
elevated intracranial pressure, seizures, and focal defi-
cits, and patients should be initially assessed with brain
magnetic resonance imaging (MRI) [8]. PCNSL is
chemo- and radiosensitive but remissions are usually
short lasting, particularly due to limitations of access
by many drugs through the blood-brain barrier (BBB)
[11]. Surgery has a very limited role in treatment, typi-
cally only reserved for diagnosis [11]. The optimal drug
combination and the role of radiotherapy, in particular
for relapsed/refractory patients, has not yet been identi-
fied [11, 12]. Outcomes are better for younger patients
with PCNSL, whereas in elderly patients, outcomes are
poor with fewer than half of patients alive at 1 year [13,
14]. The median overall survival (OS) for immunocom-
petent adults is approximately 25 months [15].

Treatment of newly diagnosed PCNSL
Initial evaluation

Following a brain MRI suggestive of PCNSL, tissue biopsy is the preferred
diagnostic approach, although cerebrospinal fluid (CSF) sampling to aid in
diagnostic confirmation is also recommended. Ideally, steroids are withheld
prior to diagnosis if possible, given the known cytolytic effect of steroids on
lymphoma cells and the potential for subsequent false-negative biopsy results
[16, 17]. The subsequent evaluation of PCNSL following a positive diagnosis is
to confirm extent of disease as clinically indicated prior to therapy initiation,
including a full ophthalmologic exam, spine MRI, systemic computed tomog-
raphy (CT) or positron emission tomography (PET)/CT imaging, bone marrow
biopsy, testicular ultrasound for men over age 60, and baseline labs. Steroids
may also be initiated as needed for symptom management [17].

Induction therapy
The treatment of PCNSL is based on age and performance status, utilizing an
individualized treatment that aims at prolonging survival while minimizing
toxicity. High-dose methotrexate (HD-MTX)-based regimens are the currently
accepted standard first-line therapy unless a contraindication to MTX exists;
however, the optimal combination of therapies withMTX is unknown. A recent
meta-analysis of clinical trials focused on first-line induction and consolidation
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treatment aimed to determine the best proposed regimen [18]. There were
improved complete response rates (CRRs) noted with the use of multi-drug
regimens with a HD-MTX backbone compared to therapy with HD-MTX alone
(pooled CRRs of 30%, 38%, 49%, and 44% for HD-MTX alone or with two,
three, or four drug combination regimens, respectively) [18]. Among drug
combinations, the highest CRRs were achieved through use of HD-MTX with
procarbazine and vincristine (MPV) (pooled CRRs of 63% and 58% with and
without rituximab, respectively) and HD-MTX with rituximab and temozolo-
mide (MTR) (pooled CRR of 60%) [18]. While the magnitude of the effect of
rituximab inclusion in regimens has remained controversial, it remains com-
monplace to include rituximab in induction therapy. Both of these regimens
may therefore represent the most reasonable options to consider; however, of
note, this analysis excluded studies with a focus on treatment in elderly patients
[18]. Separately, a meta-analysis of therapy in elderly patients aged 60 and over
revealed most patients (73%) still received HD-MTX-based therapy resulting in
improved survival, andmany received whole-brain radiotherapy [19]. HD-MTX
including in combination with oral chemotherapy yielded no difference in
survival compared to more aggressive HD-MTX-based therapies, indicating
elderly patients may not derive added benefit from a more aggressive approach
[19]. Importantly, elderly patients have been shown to tolerate MTX mono-
therapy well with dosing adjusted for creatinine clearance [20]. MTX doses of at
least 3 g/m2 are recommended for adequate CSF penetration, and infusion rate
also plays an important role [21]. In addition, while WBRT improved outcome
in the elderly, it was associated with increased risk for neurological side effects
and its use for elderly patients in up front therapy is currently discouraged
unless patients have contraindications to all other therapies [19]. The availabil-
ity for enrollment to clinical trials therefore remains a critical option for elderly
patients with limitations for standard regimens.

Role of consolidation
Given the high rate of relapse of PCNSL, consolidation therapy, initiated after
complete response (CR) or complete response unconfirmed (CRu) following
induction therapy, is recommended to maximize elimination of microscopic
residual disease translating to improved overall response rates (ORR) to therapy
[15, 22]. Consolidation regimens include high-dose chemotherapy with stem
cell rescue (HDC-ASCT), high-dose cytarabine ± etoposide, or reduced dose
whole brain radiation therapy (rdWBRT) [17]. If residual disease is present post
induction therapy, whole brain radiation therapy, high-dose cytarabine ± eto-
poside, or best supportive care are all potential options [17]. Studies directly
comparing consolidation regimens are limited. Results from the CALGB 51101
randomized phase 2 study evaluating the role of myeloablative versus non-
myeloablative consolidative chemotherapy for newly diagnosed PCNSL after
completing induction MTR plus once cycle of cytarabine (MTRA) were recently
presented. Patients were stratified on age and performance status and random-
ized to receive either consolidation with thiotepa and carmustine followed by
ASCT versus one cycle of cytarabine and etoposide [23]. Patients randomized to
the myeloablative arm had an improved progression-free survival (PFS) com-
pared to the non-myeloablative consolidation; however, there were more pro-
gressions or deaths prior to consolidation start in the non-myeloablative arm
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[23]. In addition, a recent retrospective analysis of 1620 patients with PCNSL in
the comprehensive national cancer database examined outcomes of consolida-
tion with HDC-ASCT versus WBRT using propensity score matching and iden-
tified an improved OS with ASCT compared with WBRT (adjusted 3-year OS
82% versus 67%, respectively) [24]. As older patients were less likely to have
received ASCT, this study does not fully address the role of factors influencing
treatment selection, and the optimal treatment in the elderly remains in ques-
tion. While the high rate of neurotoxicity with WBRT may outweigh the benefit
of use, especially in the treatment of older adults, the use of rdWBRT as a
consolidation regimen is under ongoing investigation. Early phase and retro-
spective studies indicate decreased neurotoxicity with similar overall patient
survival compared to high-dose WBRT, including in elderly patients [25, 26].
Long-term neurologic evaluation is limited however, and more recent studies
suggest there may be delayed neurotoxicity concerns [27]. Additional prospec-
tive studies are ongoing to further define the role of radiation in this setting
(clinicaltrials.gov NCT01399372).

Among patients who undergo ASCT, several high-dose chemotherapy regi-
mens have been studied. A recent meta-analysis across studies of ASCT for
PCNSL found that the conditioning regimens of thiotepa, busulfan, and cyclo-
phosphamide (TBC) or carmustine and thiotepa (BCNU/TT) have been asso-
ciated with the highest response rates and lowest relapse rates after ASCT (90%
and 91% response, and 10% and 21% relapse, respectively) [28]. TBC chemo-
therapy was associated with higher transplant-related mortality, however (3%
versus 0%, respectively) [28].

Current treatment of relapsed/refractory disease

While response rates to HD-MTX-based induction therapy are high at 70–90%,
most patients do not sustain long-term remission, and relapses occur most
often within the first 2 years from initial response [29, 30]. Median OS remains
between 40 and 70months [29], andmedian time to death following relapse in
patients who do not receive any salvage therapy is poor at 2 months [31].
Treatment of relapsed or refractory disease is in part guided by response to
primary therapy, location of recurrence, patient age, and fitness; however, most
studies guiding selection of regimens are retrospective analyses. In general,
patients with appropriate performance status will either be considered for a
rechallenge with HD-MTX or an alternative aggressive systemic therapy ap-
proach, followed by consideration of consolidation with high-dose chemother-
apy and autologous stem cell transplantation. Patients not suitable for HD-MTX
or alternative aggressive therapy will be considered for lower intensity or
palliative therapies. National Comprehensive Cancer Network (NCCN) guide-
lines recommend consideration for rechallenge with high-dose MTX in the
scenario of a previous long duration of response to MTX, defined by at least
12 months, and selection of alternative regimens in case with previous short
duration or no response. Retrospective studies profiling rechallenge with sal-
vage MTX-based regimens in patients with an initial MTX response characterize
an overall response rate of 85–91%, with a median OS of 41–61.9 months
following relapse [29, 32]. Of note, some patients subsequently received
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additional consolidation treatments likely contributing to duration of disease
control [29].

Patients who are deemed to be ineligible for rechallenge with MTX are
typically considered for treatment with temozolomide alone or in combination
with rituximab, pemetrexed, or high-dose cytarabine-based regimens or mono-
therapy, and subsequent high-dose chemotherapy with autologous stem cell
transplant in eligible patients [33, 31, 34–45]. WBRT offers an alternative
treatment strategy for patients with serially relapsed disease or who are not
chemotherapy eligible, and while discouraged for use in first-line therapy,
WBRT may still have a role in the relapsed/refractory setting. PCNSL is radio-
sensitive and WBRT for salvage treatment is associated with overall response
rates of 74–79%; however, duration of response is short lived with most
recurrences presenting within 1 year. Consideration must still be made given
the association of WBRT with neurotoxicity, especially in the elderly [46–48].
Given these limited options for salvage therapy in PCNSL, the development of
novel therapies based on molecular insights from tumor profiling has led to
additional targeted options either recently approved or currently under investi-
gation for relapsed/refractory disease.

Role of molecular profiling in novel therapy development

Molecular profiling performed from diagnostic tissue biopsies has played a role
in characterizing the biology of PCNSL and directing the approach to novel
therapy selection. Treatment-naïve PCNSL is most often classified as activated B
cell-like/non-germinal center (ABC or NGC) type B cell lymphoma, which is
associated with a poorer prognosis in systemic diffuse large B cell lymphoma
(DLBCL) [49, 50]. Signaling pathways found in NGC DLBCL including those
with secondary CNS involvement are also activated in PCNSL, including the B
cell receptor (BCR) and toll-like receptor (TLR) pathways through activating
mutations inMYD88 (most commonly at L265P) and CD79B (most common-
ly at Y196) and leading to downstream activation of NF-κB, commonly via
Bruton’s tyrosine kinase (BTK) signaling [51, 6, 52]. These mutations are most
often mutually exclusive with other systemic DLBCL signatures including trans-
locations of BCL2, BCL6, and cMYC or with Epstein-Barr virus (EBV) infection,
which are more typical of the germinal center (GC) type of B cell lymphoma
[53], and moreover, CD79B alterations may be exclusively found in the NGC
subtype [6•]. Notably, among all systemic sites of NGC DLBCL, MYD88 and
CD79Bmutations are particularly prevalent in the historically viewed “immune
privileged” B cell lymphoma sites including the CNS and testes, as compared to
those arising in the lymph nodes, gastrointestinal tract, or other extranodal sites
[53]. Epigenetic profiling of PCNSL has also identified an overlapping signature
to some systemic DLBCL; however, overall, there is an increased predominance
of methylated cytosine-phosphate-guanine sites in PCNSL compared to systemic
DLBCL [54] (Table 2).

Within all PCNSL, other commonly identified alterations include additional
mediators or targets of BCR-NF-κB signaling (IRF4/MUM1 and CARD11),
chromatin and transcriptional regulators (MYC, PRDM1, and KMT2D), or cell
cycle/apoptosis regulators (TP53, CCND3, BTG2, PIM1, CDKN2a, and ATM)
[6•]. Similar to CD79B, alterations of IRF4/MUM1, MYC, and CARD11 are
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characteristic of the NGC subtype, whereas GC PCNSL is more likely to display
alterations in TP53 and PAX5 [6•]. In addition, aberrant somatic hypermuta-
tion (aSHM), often seen in DLBCL, has also been identified in PCNSL and
frequently affects several of these known proto-oncogenes, including PIM1,
MYC, RHOH/TTF, and PAX5 [55]. Moreover, somatic hypermutation has been
shown to increase self- and polyreactivity for proteins expressed in the CNS,
thereby facilitating unique B cell receptor signaling within PCNSL that may
allow for improved tumor survival in the CNS [56]. The characterization of the
divergent molecular signatures within PCNSL and compared to systemic
DLBCL including secondary CNS involvement continues to inform therapeutic
target selection for further development of PCNSL treatment regimens. Several
strategies have been recently employed for use in salvage therapy, and the
development of further investigational regimens remains ongoing.

Novel therapies in PCNSL
Targeted therapy with recent NCCN indication

Ibrutinib

Given the role that BCR signaling has been shown to play in
PCNSL, the investigation of inhibitors to key pathway drivers has
been of great interest in PCNSL therapeutic development. Ibrutinib,
an inhibitor to BTK, was studied in two recent prospective clinical
trials as monotherapy for relapsed/refractory disease. A dose-
escalation study of ibrutinib 560 to 840 mg revealed a CR in 39%
(5/13) and partial response (PR) in 39% (5/13) of patients, with a
median PFS of 4.6 months [57••]. A larger study in 52 patients
utilizing ibrutinib 560 mg daily for relapsed/refractory PCNSL and
primary vitreoretinal lymphoma (PVRL) found a CR rate of 19%
(10/52) and a PR of 33% (17/52), with a median PFS of 4.8
months [58••]. Ibrutinib was generally well tolerated with cytope-
nias representing the most common adverse event; ibrutinib was
detectable in the CSF following treatment [58••, 57••]. These trials
indicated use of ibrutinib is a reasonable strategy and given the high
response rates, ibrutinib monotherapy is included in NCCN for
treatment of relapsed/refractory PCNSL; however, duration of re-
sponse was short lived in this setting.
Ibrutinib in combination with other therapies has also been studied,
however remains investigational. The combination of ibrutinib with
multi-agent chemotherapy not including a HD-MTX-based regimen
resulted in a significant number of patients with severe CNS or
pulmonary Aspergillus infection [59]. In a separate phase 1b study
utilizing ibrutinib in combination with HD-MTX and rituximab for
relapsed/refractory patients, no dose-limiting toxicities were ob-
served; however, cytopenias were common. The ORR was 89% (8/9),
and the median PFS for the PCNSL cohort had not yet been reached
at the time of study publication; however, the survival may be
impacted by several patients subsequently undergoing HDC-ASCT
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following remission [60]. Ibrutinib in combination with other regi-
mens, including targeted therapy, immune therapy, and other che-
motherapy, is actively being studied in several clinical trials currently
underway.

Lenalidomide and pomalidomide

The immunomodulatory drugs (IMiDs) lenalidomide and pomali-
domide have been studied in relapsed/refractory PCNSL either as
monotherapy or in combination with rituximab. IMiDs have been
shown to exert direct antineoplastic effects via several mechanisms
including downregulation of IRF4 leading to decreased NF-κB sig-
naling, as well as indirect effects of immune modulation on the
tumor microenvironment [61]. Moreover, lenalidomide has been
shown to have higher response rates in the ABC subtype of DLBCL
[61]. A phase 1 investigation of lenalidomide ± addition of ritux-
imab at progression in six patients with relapsed PCNSL revealed
one CR with a PFS greater than 48 months, and otherwise mostly
partial responses, with a range of PFS values between 1.5 and 21
months [62]. The maximum tolerated dose was deemed to be 15 mg
daily for 21 days out of 28; however, this was determined based off
the entire cohort which also included patients with secondary CNSL
(SCNSL) [62]. A separate later phase II study of lenalidomide (20
mg/day, days 1–21) in combination with rituximab in patients with
relapsed/refractory PCNSL or PVRL evaluated 45 patients for re-
sponse assessment (34 PCNSL and 11 PVRL) and revealed a CR rate
of 35% (12/34) and PR of 29% (10/34) in the PCNSL cohort. Six
patients with PVRL achieved an ocular CR [63]. Patients who
responded to treatment continued with maintenance lenalidomide at
10 mg/day, days 1–21, and the median PFS for the PCNSL and
PVRL cohorts were 3.9 and 9.2 months, respectively. Hematologic
toxicity was the most commonly reported adverse event [63].
Pomalidomide, a third-generation IMiD with preclinical activity in CNSL, has
also been studied in patients with PCNSL. A phase 1 study of pomalidomide
and dexamethasone in relapsed/refractory PCNSL or PVRL evaluated 25
patients for response assessment (23 PCNSL, 2 PVRL) [64]. TheORRwas 48%,
including 6 CR, 2 CRu, and 4 PRs, with a median PFS of 5.3 months (9
months in responders). Themaximum tolerated dose of pomalidomidewas 5
mg/day for 21 days out of 28 [64]. Based on these data, lenalidomide and
pomalidomide were incorporated into NCCN guidelines for relapsed/
refractory disease, and further multi-agent regimens incorporating IMiDs in
PCNSL remain under ongoing investigation.
In patients with transplant ineligible relapsed/refractory DLBCL, ibrutinib
in combination with lenalidomide and rituximab has been shown to have
activity particularly in the NGC subtype in a phase 1b dose-escalation study
using ibrutinib 560 mg daily and lenalidomide dosing between 10 and
25 mg [65]. The ORR for patients with NGC DLBCL (n = 17) was 65%,
including 41% CR, and among responders, the median duration of re-
sponse was 15.9 months [65]. While patients with secondary CNS disease
who have a known poor prognosis [66] were excluded from this study, the
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activity of these known CNS penetrant drugs in combination in particular
in the NGC lymphoma subtype is promising in support of using similar
combination treatments in PCNSL.

Investigational therapies
Second-generation BTK inhibitors

While the continued investigation of ibrutinib in PCNSL remains ongoing,
there is also a recent phase I/II report of the second-generation BTK inhibitor
tirabrutinib, a highly selective and irreversible oral BTK inhibitor in relapsed/
refractory PCNSL. While there were no dose-limiting toxicities in this study,
nearly half of patients had a grade three or higher adverse event mostly involv-
ing cytopenias. Six patients had serious adverse drug reactions which included
bronchopulmonary aspergillosis in one patient and interstitial lung disease and
pneumocystis pneumonia in another patient. The overall response rate was
64%; however, durability was poor with median PFS of 2.9 months [67]. A
clinical trial is underway to study the use of an alternative second-generation
BTK inhibitor, acalabrutinib, in combination with durvalumab in PCNSL
(clinicaltrials.gov NCT04462328). Thus, the role of these agents remains prom-
ising, but data are still emerging in order to better characterize the role of
subsequent generation BTK inhibitors in PCNSL.

PI3K/mTOR pathway
Preclinical data has shown that PCNSL utilizes the PI3K/AKT/mTOR and RAS/
MAPK pathways to regulate metabolism, with increased pathway signaling
noted in particular in MTX-resistant PCNSL cell lines [68]. Targeting the
PI3K/mTOR pathway remains under investigation in PCNSL. A phase II study
of the mTOR inhibitor temsirolimus for relapsed/refractory PCNSL revealed an
overall response rate of 54%; however, duration of response was short with
median PFS of 2.1months and several patients had significant grade 3 toxicities
for cytopenias and infection [69]. Buparlisib, a pan-PI3K inhibitor, has also
been studied in a phase II trial with relapsed/refractory PCNSL and SCNSL. This
trial closed early due to limited clinical response, which may have been impact-
ed by CNS drug concentrations below a meaningful IC50 concentration [70].
Copanlisib is currently under investigation in combination with ibrutinib for
patients with relapsed/refractory disease (clinicaltrials.gov NCT03581942).

Immune checkpoint blockade
The role of immune checkpoint blockade in PCNSL remains unclear. Studies
profiling the expression of immune response biomarkers have indicated more
than half (54.8%) of PCNSL tumors express either high PD-L1 or high tumor
mutation burden (TMB), and most of the remaining tumors expressed inter-
mediate TMB, thus indicating the potential for PCNSL patients to respond to
immune checkpoint inhibitors [71]. PD-L1 and PD-L2 in PCNSL are also
expressed in peritumoral or intratumoral macrophages in most patients [72].
Clinically, use of immune therapy has been isolated to case reports. One report
of a 36-year-oldmale who became ineligible for furtherMTX-based therapy due

Lymphoma (JL Muñoz, Section Editor)124

http://clinicaltrials.gov
http://clinicaltrials.gov


to clinical deterioration notably tolerated use of nivolumab and subsequently
had a documented prolonged remission [73]. Separately, a case series of four
relapsed/refractory PCNSL patients treated with nivolumab revealed all patients
had clinical and radiographic response to treatment and some patients have
demonstrated durability of response in early follow-up analysis [74]. These
early isolated studies are promising and require further investigation. Multiple
studies are underway testing use of immune therapy monotherapy for relapsed
disease, or alternatively in combination with other targeted therapy, or for use
as consolidation in older patients.

Adaptive T cell therapy
The use of chimeric antigen receptor (CAR) T cell therapy has been recently
approved for relapsed/refractory DLBCL based off the ZUMA-1 and JULIET
clinical trials; however, these earlier studies excluded patients with secondary
CNS disease out of concern that CNS disease may increase the risk or severity of
treatment-related neurotoxicity. More recently, there is now accumulating evi-
dence that use of CD19-directed CAR-T therapy in patients with CNS disease
may be a feasible treatment strategy. Three recent studies profile the use of
tisagenlecleucel or axicabtagene ciloleucel CAR-T cell therapies, and addition-
ally one recent case report profiles the use of lisocabtagene maraleucel
(JCAR017) CAR-T cell therapy in patients with active secondary CNS lympho-
ma. All studies reported patients with CNS disease response, indicating CAR-T
cells were able to traffic to the CNS [75–78], and moreover, anti-CD19 CAR-T
cells have been identified in the cerebrospinal fluid, supporting their ability to
cross the BBB [78–80]. Importantly, there was no apparent increase in expected
cytokine release syndrome (CRS) or neurotoxicity [75–78], and active systemic
disease was not required for CAR-T cell expansion and disease response [75]. A
separate case report profiling the use of dual CD19 and CD70-directed CAR-T
therapy in a patient with relapsed PCNSL indicated the patient experienced no
CRS or neurotoxicity and remained in remission through the 17-month follow-
up at the time of publication [81]. Given these findings, use of CAR-T cell
therapy in patients with relapsed/refractory PCNSL remains an attractive strat-
egy and several clinical trials are currently enrolling for this indication
(clinicaltrials.gov NCT04443829, NCT04608487, NCT04464200). Additional-
ly, tabelecleucel T cell immunotherapy is under investigation for Epstein-Barr
virus (EBV)-associated diseases including EBV+ post-transplant lymphoproli-
ferative disease in the CNS (clinicaltrials.gov NCT04554914). Table 1 summa-
rizes novel and investigational therapies in PCNSL.

Future directions for targeted therapy

Additional agents are under investigation with no clinical data yet published. A
current phase 2 study will assess the use of the CDK4/6 inhibitor abemaciclib in
recurrent brain tumors, including a PCNSL cohort (clinicaltrials.gov
NCT03220646). The proteasome inhibitor bortezomib as monotherapy or in
combination with chemotherapy is also under study including in cohorts of
patients with PCNSL (clinicaltrials.gov NCT00598169, NCT00004002,
NCT00544284). The BCL2 inhibitor venetoclax in combination with obinutu-
zumab is also in study (NCT04073147).
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Role for maintenance therapy?

In younger fit patients who typically follow amore aggressive strategy for induction
and consolidation therapy, there are currently no standard guidelines for mainte-
nance therapy [82]. However, several therapies have been investigated for use as
maintenance therapy, and thismay be a particularly attractive strategy for use in the
elderly who are unable to tolerate more aggressive up-front regimens (Table 2).
Currently, the optimal treatment strategy in the elderly remains poorly defined
given the concern of neurotoxicity with WBRT, as well as the significant toxicity in
autologous stem cell transplant or high-dose chemotherapy consolidation regi-
mens. A retrospective analysis on the use of maintenance temozolomide mono-
therapy in elderly patients found this regimen to display activity and be generally
well tolerated, allowing for an alternative strategy when more aggressive regimens
are contraindicated [83], and prospectively, temozolomide maintenance in
patients older than 65 years of age following HD-MTX-based induction demon-
strated a 2-year OS of 60% [84]. Procarbazine maintenance has also been studied
in the elderly (age 9 65) population, with 2-year OS of 47% [85]. Moreover,
maintenance therapy with HD-MTX has been a routinely used strategy which
may improve the prognosis for PCNSL in the elderly patient [86, 20].

In addition to chemotherapy regimens and given the promising results in
relapsed/refractory PCNSL, the use of ibrutinib or lenalidomide as an alterna-
tive maintenance strategy remains under ongoing study across all ages. A recent
phase I investigation of lenalidomide maintenance after response to salvage
therapy in relapsed/refractory PCNSL identified a potentiated duration of re-
sponse leading to a delay in need for subsequent WBRT in patients [62]. A

Table 1. Comparison of primary CNS lymphoma and secondary CNS lymphoma

Primary CNS lymphoma Secondary CNS lymphoma

Definition Origin in the central nervous system
and confined to areas including
the brain, spine, and CSF

CNS disease presents either concurrent
to systematic lymphoma or as secondary
progression of systemic lymphoma

Pathology Primarily DLBCL (90%) but also rarely
includes Burkitt, low-grade,
or T cell lymphoma [2]

DLBCL, Burkitt lymphoma

Risk factors Immunodeficiency and older age [2] Advanced stage (stage III or IV),
extralymphatic sites of involvement,
age 9 60 [52]

Clinical presentation Focal neurologic deficits, personality
changes, symptoms of increased
intracranial pressure, seizures [2]

Headaches, cranial nerve palsies, change in
neurologic status, seizures, coma [52]

Molecular subtype Activated B cell origin phenotype
(80–95%) or germinal center
B cell phenotype (5–13%) [6•]

Activated B cell origin phenotype (47%)
or germinal center B cell phenotype
(53%) [6•]

Outcome Median overall survival 24 months;
5-year survival 30–40% [15]

Median overall survival 2.2 months [66]
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separate study revealed low-dose lenalidomide (5–10 mg/day) maintenance
following induction in older patients aged 70 and over with PCNSL was well
tolerated [87]. Thus, the optimal use of maintenance therapies across PCNSL
populations remains an area of ongoing debate and active study.

Challenges and special considerations in PCNSL treatment

There remain several ongoing challenges within the management of PCNSL.
Within this uncommon diagnosis are the rare subsets of PCNSL patients with
PLML or POL, both of which can represent a diagnostic challenge. The clinical
presentation of PLML can include multi-focal symptoms at onset that refer to
multiple neuraxial levels and some patients may require a meningeal biopsy for
confirmation [10]. Moreover, there is a higher representation of T cell lymphoma
within PLML than PCNSL as a whole and there are no established standard
treatment paradigms for this disease with survival outcomes quite variable with
no clear outcome predictors [10]. POL is uniquely characterized by an increased
predominance ofmucosa-associated lymphoid tissue (MALT) lymphoma subtype,
followed by DLBCL and follicular lymphoma [88]. Importantly within POL, this
diseasemay secondarily progress to involve the brain parenchyma inmost patients,
and diagnosis may be missed while the lymphoma is confined to the ocular space
[9]. Ocular symptoms, which typically include unilateral floaters or blurred vision,
scotoma, or less commonly decreased visual acuity, may precede the diagnosis of
PCNSL by 1 month to 10 years [9]. POL is commonly treated with radiation;
however, it also responds to systemic chemotherapy used in PCNSL, and frequent-
ly, this approach is favored over ocular radiation. Moreover, intraocular chemo-
therapy can also be used to often induce an initial or second remission [9, 88].
Notably, PCNSLmay secondarily progress to have intraocular involvement, which
may not be associated with any ocular symptoms [9]. Thus, the continued evalu-
ation for ocular spread remains an important concern in the treatment of PCNSL,
and the limitations in recognition and treatment of the rare subsets of PCNSL
represent an ongoing challenge for patient care.

The treatment of PCNSL is restricted by several factors. The BBB governs
penetration of several chemotherapy regimens into the CNS that have been used
in systemic DLBCL. Several studies aimed at improving the permeability of the
BBB to increase effective chemotherapy delivery have been tried, but this strategy
is currently limited to clinical trials [89]. The use of intrathecal chemotherapymay
have a role, but also requires further investigation, and both strategies require
ongoing assessment for potentially increased neurotoxicity. Moreover, there are
challenges with response assessment, as patients with residual enhancement
following therapy who would otherwise meet criteria for a complete response
are often classified as a “complete response unconfirmed” (CRu) [90]. The
residual enhancement may represent biopsy-related change or focal hemorrhage
[90]. Given these patients are treated effectively as though they are in CR, theywill
require serial imaging for stability assessment in their ongoing evaluation.

In addition, as patients live longer with PCNSL, there remains a concern for
delayed neurotoxicity which can significantly impact quality of life. A recent
longitudinal study of patients who remained progression free of disease at 5 years
following induction chemotherapy and either rdWBRT or HDC-ASCT evaluated
patient cognition through combined neuropsychiatricmeasures and brain imaging
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[27]. While both groups had initial improvement of cognitive function through
year 3 post treatment, there was a subsequent decline in neurocognitive function
with increasing structural brain abnormalities at later time points [27]. Given the
impact on patient morbidity, many ongoing trials now incorporate standardized
metrics of cognition assessment into the protocols.

Moreover, it will be important to address any healthcare inequalities in both
the access to standard therapies and to enrollment in clinical trials in order tomore
broadly translate efficacy results for novel therapies across diverse populations in
the ongoing studies for improved treatment of PCNSL. Historically, HIV-
associated PCNSL had been excluded from PCNSL clinical trials. HIV-PCNSL is
typically Epstein-Barr virus (EBV) associated, and prior to the use of combined
antiretroviral therapy (cART) for HIV, patients were ineligible for high-dose che-
motherapy due to profound immunosuppression and were often treated with
WBRT, with survival times of a few months [91]. More recently, use of cART has
allowed patients with HIV-PCNSL to be treated with HD-MTX-based regimens,
which resulted in the long-term survival of a cohort of patients in retrospective
analysis [92]. Subsequent consideration for HDC-ASCT may be feasible as well
[93]. Moreover, Blacks and Hispanics now comprise the majority of HIV-positive
non-Hodgkin lymphoma patients in the USA [94], and it will be important to
continue to consider this population in ongoing clinical trials with novel therapies.

Summary

PCNSL represents a rare primary CNS malignancy with evolving treatment algo-
rithms in particular in relapsed/refractory disease. When available, our practice is to
enroll patients in clinical trials both in the newly diagnosed and the relapsed/
refractory setting. Our preferred first-line regimen is MTR as standard of care given
patient tolerability and response rates. For young and fit patients, we typically
consolidate with ASCT in CR1 using carmustine and thiotepa myeloablative con-
ditioning regimen. For transplant-ineligible patients including the elderly, we opt to
use cytarabine alone or combined with etoposide for non-myeloablative consoli-
dation. We avoid consolidation with WBRT due to concerns regarding neurocog-
nitive decline and consider rdWBRT if radiation therapy is indicated. Our practice
for the preferred second-line therapy is largely dependent of the previously pre-
scribed first-line therapy and the duration of such therapy. For a patient with a long
duration of response to first-lineHDMTX, we consider rechallengewithHDMTX (±
rituximab) followed by a BTK inhibitor. For a patient with a short duration of
response to first-line HDMTX, and depending on the initial consolidation regimen,
we frequently consider high-dose cytarabine for fit patients and/or one of the novel
agents, specifically BTK inhibitors. While not a standard of care, we have occasion-
ally used radiosurgery for focal recurrences followed bymaintenance therapywith a
BTK inhibitor or an immunomodulator such as lenalidomide.
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