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Simple Summary: Primary or secondary central nervous system (CNS) lymphoma is frequently
associated with a poor prognosis. CAR T-cells are being established as a relevant treatment approach
in hematological B-cell malignancies. Unfortunately, most clinical studies on chimeric antigen-
receptor (CAR) T-cells have excluded patients with CNS involvement but several clinical trials on
CAR T-cell therapy in CNS lymphoma patients are currently ongoing. Preclinical and preliminary
clinical data suggest an overall acceptable safety profile and considerable anti-tumor effects might be
extrapolated for CAR T-cell therapy in CNS lymphoma.

Abstract: Primary CNS lymphomas (PCNSL) represent a group of extranodal non-Hodgkin lym-
phomas and secondary CNS lymphomas refer to secondary involvement of the neuroaxis by systemic
disease. CNS lymphomas are associated with limited prognosis even after aggressive multimodal
therapy. Chimeric antigen receptor (CAR) T-cells have proven as a promising therapeutic avenue
in hematological B-cell malignancies including diffuse large B-cell lymphoma, B-cell acute lym-
phoblastic leukemia, and mantle-cell lymphoma. CARs endow an autologous T-cell population with
MHC-unrestricted effectivity against tumor target antigens such as the pan B-cell marker CD19. In
PCNSL, compelling and long-lasting anti-tumor effects of such therapy have been shown in murine
immunocompromised models. In clinical studies on CAR T-cells for CNS lymphoma, only limited
data are available and often include both patients with PCNSL but also patients with secondary CNS
lymphoma. Several clinical trials on CAR T-cell therapy for primary and secondary CNS lymphoma
are currently ongoing. Extrapolated from the available preliminary data, an overall acceptable safety
profile with considerable anti-tumor effects might be expected. Whether these beneficial anti-tumor
effects are as long-lasting as in animal models is currently in doubt; and the immunosuppressive
tumor microenvironment of the brain may be among the most pivotal factors limiting efficacy of CAR
T-cell therapy in CNS lymphoma. Based on an increasing understanding of CAR T-cell interactions
with the tumor cells as well as the cerebral tissue, modifications of CAR design or the combination
of CAR T-cell therapy with other therapeutic approaches may aid to release the full therapeutic
efficiency of CAR T-cells. CAR T-cells may therefore emerge as a novel treatment strategy in primary
and secondary CNS lymphoma.
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1. Introduction

Primary central nervous system lymphoma (PCNSL) represent a rare group of extra-
nodal B-cell non-Hodgkin lymphomas arising from the brain parenchyma, spinal cord,
eyes, or meninges without systemic, extra-axial involvement [1]. Such tumors account for
2% of all primary central brain tumors [2,3]. Antimetabolites including methotrexate and
cytarabine represent the backbone of anti-PCNSL therapy, and may be followed by consoli-
dation radiotherapy or high dose chemotherapy and autologous stem cell transplantation
(Supplementary Figure S1) [4]. The addition of chemotherapy to the former standalone
radiotherapy has translated into substantially improved survival [5]; however, PCNSL
is still associated with limited outcome compared to extra-axial disease and a median
survival of less than three years [6]. Importantly, radiotherapy is frequently accompanied
by disabling neurotoxicity including decline in cognitive function, and such effects need to
be carefully weighed against potential benefits in terms of survival [7]. Secondary CNS
lymphomas refer to secondary involvement of the neuroaxis by systemic disease, and
often indicate aggressive disease with unfavorable survival compared to systemic disease
only [8]. Median survival after diagnosis of secondary CNS lymphoma is only about four
months [8]. The identification of new therapeutic approaches for primary and secondary
CNS lymphomas is therefore urgently warranted.

Adoptive immunotherapy with chimeric antigen receptor (CAR) T-cells has emerged
as an efficient therapy for relapsed or refractory hematological malignancies [9]. Following
viral transduction, CARs direct the killing properties of an autologous T-cell population
against a tumor cell antigen. To increase persistence, activity, and expansion, CARs are
equipped with a costimulatory domain [10]. Numerous clinical studies demonstrated
substantial response rates for CAR T-cells directed against the pan-B cell antigen CD19 in
patients with diffuse large B-cell lymphoma [11], B-cell acute lymphoblastic leukemia [12],
and mantle-cell lymphoma [13]. Five CAR T-cell products are currently available for
commercial use in the United States and the European Union and constitute a major break-
through in the treatment of hematological cancers. Given that almost all CNS lymphoma
manifestations express CD19 [14,15], there is a strong biologic rationale to treat such pa-
tients with CD19-directed CAR T-cells. However, there is no definitive conclusion on
whether this indeed represents a promising therapeutic avenue. We herein provided a
review on the available literature for CAR T-cells in the treatment of PCNSL and also
secondary CNS lymphoma. We summarized recent preclinical and clinical data on CAR
T-cell therapy for primary and secondary CNS lymphoma, discussed challenges when
treating primary brain tumors with CAR T-cells, and hypothesized on future directions of
the field.

2. Preclinical and Clinical Data
2.1. Preclinical Data

Anti-tumor effects of CD19-directed CAR T-cells against PCNSL have not only been
demonstrated in vitro, but also in murine in vivo models [16,17]. Mulazzani et al. designed
an orthotopic PCNSL model by combining a chronic cranial window with two-photon
intravital microscopy, allowing the repetitive visualization of brain tumor growth [16].
A single dose of intracerebrally injected CD19-directed CAR T-cells was not only able to
mediate regression, but also to completely eliminate established PCNSL in two out of three
animals. These substantial anti-tumor effects lasted up to half a year until experiments were
terminated, and CAR T-cells resided in the brain parenchyma as well as in draining and
non-draining lymph nodes throughout the observation period. Importantly, intravenous
CAR T-cell injection was associated with a low number of tumor-infiltrating CAR T-
cells and therefore not able to sufficiently control PCNSL growth. Although the authors
speculated that this might be due to poor trafficking of CAR T-cells across the blood—
brain barrier or a rather low number of intravenously injected cells, the final mechanisms
behind this observation were not elucidated. Importantly, the study was limited by the
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use of immunoincompetent mice lacking functional T-cells (but retain B-cells) as human
lymphoma cells were utilized.

PCNSL regression after local but not intravenous administration of CAR T-cells was
recently corroborated in another immunoincompetent mouse model (lacking function T-
and B-cells) of PCNSL [18]. Wang et al. induced orthotopic PCNSL growth by intracranial
injection of human lymphoma cell lines. CD19-directed CAR T-cells were either delivered
via a single intraventricular or intravenous infusion. Bioluminescence was measured
to quantify tumor growth in vivo over the course of weeks, and only intraventricularly
injected CAR T-cells were able to control PCNSL growth. Single-cell RNA analysis of CAR
T-cells sampled from the bone marrow of post-treatment mice, in vitro culture of CAR
T-cells in either cerebrospinal fluid (CSF) or medium, and further mechanistic analyses
showed that exposure to the CSF results in a distinct anti-tumor and memory effectivity of
CAR T-cells.

These findings made from preclinical studies appear therefore promising in controlling
PCNSL; however, they have not yet been validated in immunocompetent animal models.
Given that only a limited number of preclinical studies on CAR T-cells and PCNSL is
available, a high level of suspicion is therefore required when interpreting these results;
however, some anti-tumor effects against PCNSL and CNS lymphoma in general might
be assumed.

2.2. Clinical Data

Patients with active involvement of the brain were excluded from almost all clinical
trials on CAR T-cells, mainly due to dreaded more severe neurotoxic side effects. These
trials have resulted in US Food and Drug Administration (FDA) approval of CD19-directed
CAR T-cells for patients with systemic but not CNS disease [11,12]. So far, only three studies
analyzing the clinical efficiency of CAR T-cells in patients with primary or secondary CNS
lymphoma are available to date, all of them using CAR T-cells targeting CD19 [19-21]
(Table 1).

Table 1. Published studies on CAR T-cells for treatment of primary and secondary CNS lymphoma.

g::flg}; Study Population Route of Delivery Antigens Toxicities Outcome Cll:]i((:,‘j”;/R
Case report Secondary CNS Lisocabtagene
Abramson on a patient lymphoma (1 = 1): maraleucel
etal. enrolled in a Diffuse large B-cell Intravenously (formerly None CR after 1 months NCT02631044
[19] phase 1 lymphoma JCARO017):
clinical trial CPCAR T-cells
PD (n = 4) with
Secondary CNS tonday 3 and
lymphoma (n = 8): (Gtid;) 1CRS 25(n=2)
Diffuse large B-cell Nno_NT PR (n = 2) with
Frigault . lymphoma (1 = 5) ) ongoing
e;gal Retrospective Hyigﬁ—grade B-cell Intravenousl Tisagenlecleucel: No control on day NCT04134117
[20]' cohort study lymphoma (1 = 2) y CDIYCAR T-cells toc1l1zumab 90 (n =1) and
Primary or steroid 180 (n = 1)
mediastinal B-cell g::g;ljm CR (n =2) with
lymphoma (n =1) ongoing
control on day
90 (n =1) 180
. Grade 1-2
Preliminary Pri CNS Intravenously  cpyg NT and CRS,
Siddigi data from lyrrlnrr;:(};ma (n=3) n=7) C&AF ngells treated with CR(n=1)
etal. an ongoing Secondary CNS . n;)(plr;; ao steroids (n = PR (n = 3) NCT02153580
[21] phase 1 lymphoma (11 = 4 Intraventricular, 2) or
clinical trial ymp ¢ ) under truncated eGFR tocilizumab
evaluation (n=3)
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Table 1. Cont.

Study . . . A, NCT/
Design Study Population Route of Delivery Antigens Toxicities Outcome ChiCTR
. Grade 1
(n=4)and 2
Combination of: ((1;1 =d1) 1CRS
. Primary CNS . CDI9CAR * rade 60-days assessment: .
Lietal. Phase 1 lymphoma (n = 1) Int I Tcells (n - } ) Ia\?Td Lo, CR(n=1) Cgll(,:g{{_
[22] clinical trial ~ ® Secondary CNS niravenousty CD2CAR (n =1) NT, PR (n=4
lymphoma (1 = 4) treated with (n=4) 16008526
T-cells steroids,
plasmaphere-
sis,
tocilizumab

Study design, study population, route of CAR T-cell delivery, antigens, toxicities, patient outcome, and NCT/ChiCTR are indicated.
Maximum CRS and NT were graded according to ASTCT [23]. Abbreviations: ASTCT—American Society for Transplantation and Cellular
Therapy. ChiCTR—Chinese clinical trial register. CNS—central nervous system. CR—complete response. CRS—cytokine release syndrome.
NCT—national clinical trial identifier. NT—neurotoxicity. PD—progressive disease. PR—partial response.

In 2017, a first case report on CAR T-cell efficacy in secondary CNS lymphoma was
published [19]. Abramson et al. enrolled a 68-year-old female with refractory diffuse
large B-cell lymphoma in the TRANSCEND-NHL-001 trial on the CAR T-cell product
lisocabtagene maraleucel (formerly known as JCAR017). After T-cell apheresis and prior to
lymphodepletion and CAR T-cell infusion, re-staging studies were provided and a new
right temporal mass consistent with disease involvement of the CNS was noted on imag-
ing. The patient proceeded with lymphodepletion and intravenous CAR T-cell infusion
(NCT02631044) as initially planned, and complete remission of the cerebral lymphoma site
was seen one month after infusion. Of note, this remission was durable and ongoing for
12 months at the time the report was published. Neither cytokine release syndrome nor
neurotoxicity was noted.

Another CD19-directed CAR T-cell product, tisagenlecleucel (formerly known as
CTL019), has been approved in 2017 for large B-cell lymphoma patients with systemic
but also secondary (not primary) CNS involvement. Based on the granted FDA approval,
Frigault et al. treated and reported on a retrospective cohort of eight patients with secondary
CNS involvement of the brain, spine, and leptomeninges [20]. All patients received lym-
phodepletion and a single intravenous CAR T-cell infusion of tisagenlecleucel (0.6 x 108 to
6.0 x 108 CAR T-cells). Only mild neurotoxic or systemic side effects were encountered,
and none of these patients experienced CAR T-cell-mediated toxicities necessitating therapy
with the anti-interleukin 6-receptor antagonist tocilizumab or steroids. Response assess-
ment on day 28 after CAR T-cell infusion showed complete response in two patients, partial
response in two more patients, and disease progression in four patients (including two
fatalities due to progressive disease). Further follow-up on day 90 revealed ongoing disease
control in three of the four patients who initially responded to CAR T-cells, and long-term
follow up on day 180 was available in one of those patients showing complete response.

These results suggesting considerable anti-tumor effects in the treatment of CNS
disease were recently corroborated by preliminary data from an ongoing prospective trial
of CD19-directed CAR T-cells for B-cell non-Hodgkin lymphoma (NCT02153580) [21]. The
studied CAR T-cell product is modified to express a truncated human epidermal growth
factor receptor, which may serve as an antibody target to rapidly eliminate CAR T-cells
in vivo in case of severe toxicities. Three patients with primary and four patients with
secondary CNS lymphoma were treated by intravenous CAR T-cell infusion (2 x 108
to 6 x 108 CAR T-cells) following lymphodepletion, whereas when no life-threatening
toxicities occurred, tocilizumab was provided for moderate cytokine release syndrome in
two patients and steroids for neurotoxicity in three patients. Four patients had disease
responses to CAR T-cells with one patient showing complete response and three patients
showing partial response. On a cautionary note, follow-up time was only in the range of
several weeks and it is unclear whether this response was durable.

Data from longer follow-up intervals after treatment of CNS disease were reported
from Li et al. (ChiCTR-OPN-16008526) [22]. One patient with primary and four patients
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with secondary CNS lymphoma each received one intravenous infusion of CD19-directed
(2.2 x 10° to 7.1 x 10°/kg body weight) and one infusion of CD22-directed CAR T-cells
(3.1 x 10° to 7.0 x 10°/kg). CD22 is another pan B-cell marker which offers an additional
target in the case of CD19 antigen loss [24]. In this cohort, one case of mild neurotoxic
symptoms and one case of high-grade neurotoxicity was encountered which necessitated
the use of steroids and plasmapheresis. All 5 patients responded within 60 days after
CAR T-cell administration including two complete responses. However, four patients
relapsed within three to eight months, and median progression-free survival was three
months. Despite tumor relapse, tumor tissue analysis and CSF studies in one patient
showed persistent target antigen expression and detectable CAR T-cells. The authors
speculated that the immunosuppressive tumor microenvironment providing resistance
against CAR T-cells might have contributed to tumor recurrence. However, the authors
lacked sufficient evidence for this theory.

Based on the encouraging results of above-mentioned studies, different clinical phase
I and phase II trials are currently testing safety and efficiency of CD19 CAR T-cells in
primary and secondary CNS lymphoma patients (Table 2).

Table 2. Current clinical trials to primary and secondary CNS lymphoma.

Study

Sponsor Study Chair Design Population Conditions Interventions Route of Application NCT
University Anti-CD19 CAR Intravenously
College C1a1rg _Phase I_ Adults (>16 Refractory /relapsed T-cells af’ger Ir}traventrlcularly NCT04443829
Roddie clinical trial years) primary CNS lymphodepletion and via Ommaya
London i . .
ymphoma pembrolizumab reservoir
Massachusetts Tisagenlecleucel
General Mat'thew J. 'P.hase I' Adults (>18 Refractory /relapsed (anti-CD19 CAR Intravenously NCT04134117
Hospital Frigault clinical trial years) primary CNS T-cells after
ospita 1 .
ymphoma lymphodepletion)
Refractory/relapsed
central nervous Axicabtagene
Dana-Farber ) A Phase [ Adults (>18 system (CNS) ciloleucel (anti-CD19
Cancer . . lymphoma Intravenously NCT04608487
. Jacobson clinical trial years) . CAR T-cells after
Institute Systemic lymphodepletion)
lymphoma with ymp p
concurrent CNS
lymphoma
Refractory/relapsed
Memorial Phase I central nervous
Sloan dose- Adults (>18 system (CNS) Anti-CD19
Kettering Jae Park L lymphoma 19(T2)28z1XX CAR Intravenously NCT04464200
C escalation years) g . Tocell
ancer trial ystemic cells
Center lymphoma with
concurrent CNS
lymphoma
Refractory/relapsed
central nervous Lisocabtagene
Claudia system (CNS) maraleucel
Celgene Schuster- P hase H. Adults (>18 lymphoma (anti-CD19 CAR Intravenously NCT03484702
clinical trial years) .
bauer Systemic T-cells after
lymphoma with lymphodepletion)
concurrent CNS
lymphoma
. Acute
Children lymphoblastic
Zheiian Early phase >3 leukemia with Anti-CD19 CAR
Uni?ersi% He Huang I clinical years) CNS mvolve.m’er\t T-cells after Intraventricularly NCT04532203
y trial . Adults Non-Hodgkin’s lymphodepletion
(18-75 lymphoma with
years) CNS involvement

Sponsor, study chair, study design, study population, conditions, interventions, route of application, and NCT are indicated. Abbreviations:

CNS—central nervous system; CAR—chimeric antigen receptor; NCT—national clinical trial identifier.
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3. Challenges for CAR T-Cells in CNS Lymphoma

The above-mentioned studies suggest an acceptable safety profile of CAR T-cells
for CNS lymphoma. Furthermore, considerable anti-tumor effects have been reported.
Whether these anti-tumor effects are as long-lasting and profound as it has been described
for extracranial disease might be in doubt. A number of CNS-specific aspects may hamper
clinical success of such therapies.

3.1. Immune-Escaping Tumor Properties

Primary brain tumors including PCNSL represent complex compositions of neoplastic
and non-neoplastic cells which individually contribute to tumor formation [25]. Tumor-
associated macrophages and microglia (TAM/M) constitute the majority of non-neoplastic
cells in PCNSL, and these cells create a particular immunosuppressive pre-metastatic
niche which facilitates tumor cell extravasation, survival, and expansion [26]. A spec-
trum of TAM/M activation phenotypes have been defined between the pro-inflammatory,
anti-tumor M1 and the anti-inflammatory, pro-tumor M2 phenotype [27]. Accordingly,
higher numbers TAM/M polarized towards M2 phenotype are associated with less fa-
vorable outcome in PCNSL [28]. In addition, immunosuppressive cytokines are strongly
expressed in PCNSL, whereas cytokines promoting cell-based immune response are down-
regulated [29]. To mitigate the immunosuppressive milieu, different approaches including
CAR T-cells expressing inducible proinflammatory cytokines [30] or combination therapies
with checkpoint inhibitors [31] are currently being investigated in preclinical trials.

3.2. Role of the Blood—Brain Barrier and Route of CAR T-Cell Application

In addition to metabolic barriers for tumor infiltration by CAR T-cells, physical bar-
riers including the blood-brain barrier may limit treatment success. Under physiologic
conditions, the brain is virtually free of leucocytes, and their influx is tightly regulated.
CAR T-cells have been shown to migrate across the blood-brain barrier and can be found
in brain and CSF [16,32]. In turn, locally injected CAR T-cells have not only been found
to travel to distant sites within the CSF but can also be detected in the systemic circula-
tion [16,33]. After intravenous injection, the number of CAR T-cells within the CSF seems
generally lower than in the systemic circulation [32]. In preclinical models, intravenous
administration of CAR T-cells for CNS lymphoma but also other brain tumors such as
glioblastoma has provided considerable anti-tumor effects [32,34]. However, direct com-
parison of different routes of application indicate that local delivery may be associated
with improved treatment response in brain tumors [16,35]. Importantly, immunodeficient
PCNSL mouse models may lack proper function of circulating B-cells and CD19-directed
CAR T-cells may therefore not encounter their target immediately after intravenous in-
jection (in contrast to local delivery). This may impair CAR T-cell expansion, and thus
underestimate their anti-tumor effectivity. However, insufficient anti-tumor effects after
intravenous injection of CAR T-cells have not only been observed in the murine model by
Wang et al. [18] who used NOD scid gamma mice (lacking B- and T-cell function), but also
in the murine model by Mulazzani et al. [16] who made use of Foxn1™"/™ mice (lacking
T- but not B-cell function). However, the murine CD19 on B-cells from Foxn1™/™ mice
differs substantially from human CD19 which the CAR T-cells were directed against in the
study by Mulazzani et al. It might therefore be indeed speculated that these models may
underestimate CAR T-cell effectivity.

Clinical studies for glioblastoma show that local CAR T-cell delivery (delivery into a
resection cavity or administration into the CSF) is feasible and effective [16,18,35]. Several
clinical studies using local delivery of CAR T-cells to treat primary brain tumors other
than PCNSL are currently recruiting (NCT03500991, NCT03638167, NCT04185038). Local
injection of CAR T-cells for CNS lymphoma has so far not yet been conducted; however, it
might represent an approach warranting evaluation especially for patients with primary
CNS lymphoma given the exclusive CNS involvement.
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3.3. Antigen Loss

Another factor contributing to recurrence after CAR T-cell therapy may be the loss or
downregulation of the tumoral target antigens. Of patients with B-cell leukemia, 7-25%
experience CD19-negative relapse [12,36]. The frequency of antigen loss in lymphoma
is less clear given that biopsies are rarely obtained during relapse. However, several of
such cases have been described after CAR T-cell therapy for systemic lymphoma [37], and
antigen loss might therefore be also relevant for PCNSL [38]. In the future, (re-)biopsies
of cerebral manifestations should be encouraged for antigenic profiling of the new lesion
in order to substantiate the presence of druggable targets. Approaches to prevent or
circumvent antigen loss as potential escape mechanism will also need to be evaluated in
CNS lymphoma.

3.4. Adverse Effects of CAR T-Cells

CAR T-cell therapy directed against CD19, but also other antigens might be accom-
panied by unique toxicities including cytokine release syndrome (CRS), immune effector
cell-associated neurotoxicity syndrome (ICANS), on-target—off-tumor toxicities, and pro-
longed cytopenia [39,40].

CRS represents the most commonly encountered adverse effect and is characterized
by a systemic increase of pro-inflammatory cytokines translating into sepsis-like symp-
toms [41]. A high number of up to 93% of patients with extra-axial lymphoma treated
with CAR T-cells may experience some degree of CRS, and one out of ten patients may
experience severe symptoms necessitating treatment at an intensive care unit [39]. So far,
in the treatment of CNS lymphoma, only mild cases of CRS were seen with a frequency
similar to what has been observed for systemic disease [11,12,21].

ICANS is the second most commonly observed toxicity following CAR T-cell therapy.
Clinical presentation varies and includes moderate symptoms such as headaches, fatigue,
or aphasia [42], but also more severe and potentially life-threatening symptoms such as
seizures/status epilepticus, cerebral edema, and death [43]. Pathophysiology is likely
multifactorial and involves IL-1- and IL-6-mediated systemic inflammation, blood-brain
barrier disruption, endothelial activation, and cross-reactivity of CAR T-cells against brain
tissue [44,45]. On-target—off-tumor toxicity refers to effects caused by CAR T-cells against
non-pathogenic tissue due to shared expression of target antigens on neoplastic and healthy
tissue. Parker et al. recently demonstrated by single-cell RNA sequencing and autopsy
studies that brain mural cells, which are critical for blood-brain barrier integrity, express
CD19 [45]. Thus, an on-target mechanism may contribute to the development of ICANS.
The occurrence of severe ICANS has been associated with decreased survival after CAR
T-cell therapy [46]. Treatment consists in the application of steroids. Tocilizumab, which
can be used to treat CRS, does not seem to improve ICANS. As therapy escalation plasma-
pheresis, the application of immunoglobulins, and the IL1-antagonist anakinra may show
beneficial effects in individual cases [47-49]. Although there has been major concern that
treatment of CNS disease may be paralleled by strong neurotoxic symptoms, only one case
of severe ICANS in a CNS lymphoma patient receiving CD19 and CD22 directed CAR
T-cells has so far been described [22]. In clinical trials investigating CAR T-cell therapy for
other primary brain malignancies like glioblastoma, only few cases with severe CRS and no
clinical manifestation of ICANS were reported [50]. No data exist for locally injected CAR
T-cells in CNS lymphoma therapy which would also circumvent direct exposition of brain
mural cells to CAR T-cells, and future clinical trials will need to closely monitor for ICANS.
In addition, long-term effects of CAR T-cell treatment on cognitive performance have been
described [51], and the heavy pre-treatment burden including whole-brain radiotherapy of
CNS lymphoma patients may aggravate such effects [7].

Hematological toxicities are among the most common, yet underreported adverse
effects of CAR T-cell therapy [40]. As all commercially available CAR T-cell products are
exclusively approved for patients with refractory or relapsed malignancies, all patients
underwent extensive treatment prior to CAR T-cell infusion which frequently results in
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profound and long-lasting cytopenia. Moreover, lymphodepletion is usually used prior to
CAR T-cell infusion as it may enhance anti-tumor efficacy by decreasing regulatory T-cells
and myeloid-derived suppressor cells, increasing levels of proinflammatory cytokines,
and enhancing innate immunity [52]. Such an approach is also often associated with
profound cytopenia; however, the extent and frequency of observed cytopenia cannot fully
be explained by lymphodepletion or prior chemotherapies alone and likely also includes
CAR T-cell-mediated mechanisms [53]. A high level of suspicion is required as CAR T-
cell patients are therefore highly susceptible for viral, bacterial, or fungal infections [54].
Problematically, therapeutic agents which alleviate cytopenia such as GM-CSF could
potentially worsen other toxicities such as ICANS [55]. One could argue that local delivery
of CAR T-cells (e.g., intratumoral injection of CAR T-cells or intraventricular application
via indwelling ventricle catheter) holds the potential to decrease systemic adverse effects
like cytopenia by decreasing circulating CAR T-cells in the blood stream; however, data on
that subject remain scarce and future clinical trials will have to address different routes of
administration for PCNSL immunotherapy.

3.5. Hematological Limitations: Lymphopenia and Autoimmune Diseases

Whereas patients with glioblastoma and primary brain tumors other than PCNSL
often experience lymphopenia before, during, and after CAR T-cell therapy as stated above,
patients with CNS lymphoma are at a particularly high risk due to aggressive myeloab-
lative first-line therapies which also include the use of stem cell transplantation [56-58].
In selected patients with low lymphocyte counts, apheresis of an adequate quantity of
autologous T-cells for CAR T-cell manufacturing might be challenging. Fortunately, with a
continuous improvement in lymphapheresis protocols, sufficient yields of lymphocytes
might be expected in most patients [59]. Of note, CAR T-cells from aged donors are of
impaired quality including shorter persistence and less memory-like phenotypes and one
may speculate that there might also be an association with more extensive pre-treatment
burden [60].

Moreover, autoimmune disorders requiring immunosuppressive medication are over-
represented among patients with CNS lymphoma [61]. The pathomechanistic implications
of this observations are not fully understood but likely involve Epstein-Barr virus-induced
mutations and such patients might be at particular risk for less favorable outcome [62,63].
Importantly, individuals with autoimmune disease were excluded from the landmark
clinical trials that resulted in the approval of commercial CAR T-cell products, and there
is only little evidence whether CAR T-cell therapy may aggravate symptoms or not [64].
It remains to be shown whether CAR T-cell therapy is safe and beneficial also in patients
with CNS lymphoma and a history of autoimmune disease.

4. Discussion: Future Perspectives

Given the substantial adverse effects of CAR T-cells, anti-tumor effects will need
to be carefully weighed against such side effects. Improvement of CAR T-cell efficacy
might therefore be critical to consider such a therapy in patients in which other therapeutic
approaches might still be available.

4.1. CAR T-Cell Design

Recent CAR T-cell constructs have been evolving with novel design approaches emerg-
ing to optimize clinical efficacy and safety. The basic structure of every CAR consists of
an extracellular ligand recognition domain, typically a single-chain variable fragment,
providing tumor antigen specificity, a transmembrane domain, and an intracellular T-cell-
activating domain that includes a CD3 zeta chain. Such “first-generation CARs’ showed
limited efficacy in early clinical trials due to their insufficient signaling capability and low
persistence [65,66]. To ensure a more sustained T-cell response, ‘second-generation CARs’
were modified to endow co-stimulatory domains such as CD28, 4-1BB, or OX40 [67,68]. Of
interest, ‘second-generation CARs” are the most widely used CAR T-cell constructs includ-
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Co-stimulatory
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ing all four commercially available CD19-directed CAR T-cell products (Figure 1A) [11-13].
Since a combination of multiple co-stimulatory domains could potentially enhance anti-
tumor effects, ‘third-generation CARs’ incorporating both CD28 and 4-1BB co-stimulatory
domains are currently being investigated in preclinical and clinical trials [69-71]. Such
modifications may therefore increase expansion and activation of CAR T-cells which might
be of particular importance in CNS lymphoma given its peculiar immunosuppressive
properties [72].

Immune cell
recruitment

Tcall
T-cell

Phagocytosis
and antigen
presentation

* =" +CAR NK derived
* cytokines

Figure 1. CAR design, route of CAR T-cell administration, and CAR cells. (A) Example of a second-generation CAR T-cell
design used in the published clinical trials, incorporating a single-chain variable fragment (scFv) as an extracellular ligand
recognition domain providing tumor antigen specificity, a transmembrane domain, an intracellular T-cell activating domain
that includes a CD3 zeta chain (CD3(), and a co-stimulatory domain (CD28/4-1BB), included into the manufacturing
process to ensure a more persistent CAR T-cell activity. (B) Only intravenous injection of CAR T-cells for lymphoma has
been conducted so far. The blood-brain barrier may hamper delivery of CAR T-cells to the tumor environment whereas
locally delivered CAR T-cells can travel to distant sites within the cerebrospinal fluid but can also be found in the systemic
circulation. (C) CAR T-cells, natural killer cells, and macrophages all induce antigen targeted tumor cell elimination. CAR
NK-cells recruit additional immune cells such as macrophages, T-cells, and dendritic cells, therefore improving anti-tumor
activity. CAR-macrophages express proinflammatory cytokines and demonstrate antigen-specific phagocytosis, thereby
presenting tumor antigens to regular T-cells. Abbreviations: CAR—chimeric antigen receptor; CAR NK—CAR natural killer

cells; CAR T—CAR T-cells; CAR M—CAR-macrophages; DC—dendritic cell; scFv—single-chain variable fragment.

In an effort to mitigate the effects of the immunosuppressive lymphoma microenviron-
ment, featuring TAM /M activation and immunosuppressive cytokines, CARs expressing
an additional transgenic inducible-cytokine have been designed [30]. Such ‘fourth genera-
tion CARs’ are also denoted as “T-cells redirected for antigen-unrestricted cytokine-initiated
killing” (TRUCKSs) and combine the cell-mediated attack with the immune modulating
properties of a transgenic cytokine, released upon tumor-antigen binding [73]. Through
CAR-induced release, the cytokine is delivered in the tumor microenvironment inducing a
pro-inflammatory (and anti-tumorous) micromilieu while alleviating systemic effects. One
in vivo study using CEA-directed CAR T-cells with inducible IL-12 in a mouse model of
CEA-positive tumors could even show elimination of antigen-negative tumor cells which
could prove critical in relapsed or refractory malignancies demonstrating tumoral target
antigen loss or downregulation [30].

To circumvent tumor recurrence due to loss of the target antigen, CAR T-cell products
able to recognize multiple tumor antigens have been designed. As such, Tu et al. described
a single PCNSL patient who was treated simultaneously with CD19- and CD70-directed
CAR T-cells, and durable complete remission at 17 months follow-up was reported [74].
Moreover, the above-mentioned study from Li et al. used a combination of CD19- and
CD22-directed CAR T-cells, but a less favorable outcome was seen in the reported cohort of
five patients [22]. Nevertheless, tissue analysis at tumor recurrent suggested that antigen
escape might have not contributed to recurrence.
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Apart from improving CAR constructs, there is a growing interest in developing alter-
native cell lines endowing antigen-specificity such as CAR NK-cells and CAR-macrophages,
both showing properties that could enhance anti-tumor activity (Figure 1B,C). In addition
to CAR-targeted tumor cell elimination, CAR NK-cells exhibit natural cytotoxic activity
against tumor cells independent of tumor antigen presentation [75]. Moreover, CAR NK-
cells activate other immune cells such as macrophages, T-cells, and dendritic cells and
are less likely to cause cytokine release syndrome or neurotoxicity [76]. In other primary
CNS malignancies like glioblastoma, CAR NK-cells have already shown promising re-
sults in preclinical studies [77], and HER2-directed CAR NK-cells for glioblastoma are
currently evaluated in a clinical trial (NCT03383978). An increased ratio of anti-tumorous
M1- to pro-tumorous M2-polarized macrophages within the tumor microenvironment
translates into better survival in CNS lymphoma [72]. CAR-macrophages may shape the
immunosuppressive tumor microenvironment by expressing pro-inflammatory cytokines
and converting M2 macrophages into the pro-inflammatory M1 subpopulation [78]. More-
over, CAR NK-cells and CAR macrophages might be available as ‘off-the-shelf’ products,
therefore omitting lymphapheresis. This might be particularly in CNS lymphoma patients
given the often-encountered high pre-treatment burden potentially resulting impaired
T-cell quality or quantity [79].

4.2. Combination with Other (Immunotherapeutic) Approaches

Given the peculiar role of metabolic and physical barriers for CAR T-cell efficiency
in brain tumors, as well as other solid tumors outside the CNS, the combination of CAR
T-cells with other therapies to ameliorate such effects might be helpful in increasing
therapeutic effects. CNS lymphoma frequently shows PD-L1 expression, and PD-1-positive
T-cells in the tumor microenvironment showed increased exhaustion markers compared
to PD-1-negative T-cells [72]. Based on this consideration, the combination of CAR T-
cells with checkpoint inhibition, approaches to reduce immunosuppressive cells in the
tumor microenvironment, and therapy directed against the TAM/M receptor CSF-1R
were investigated. As such, preclinical studies in brain tumor models (other than CNS
lymphoma) showed increased anti-tumor effects when CAR T-cells were combined with
immune checkpoint-blocking antibodies directed against the PD1-PDL1-axis or when CARs
were additionally equipped with a PD1-directed domain [31]. Accordingly, clinical studies
of such an approach are currently ongoing, including a trial for CD19-PD1-directed CAR
T-cells in lymphoma patients without excluding patients with CNS disease (NCT04163302).
In another phase I clinical trial by Chong et al., patients with refractory diffuse large B cell
lymphoma received cyclophosphamide chemotherapy followed by autologous CD19 CAR
T-cell administration. A patient was from this trial was separately reported: At the time of
progression, the patient’s tumor cells expressed high levels of PD-L1. Therefore, on day
26 after T-cell infusion, pembrolizumab was administered every 3 weeks (2 mg/kg). The
investigators observed decreasing numbers of T-cells expressing PD-1, and a regression of
multiple lesions by day 45 [80]. On a cautionary note, other studies (e.g., on neuroblastoma)
did not observe a clinical benefit for augmenting CAR T-cells with PD-1 inhibition [81].
This approach therefore warrants careful and thorough evaluation, and the results from
ongoing studies are expected to deliver evidence whether checkpoint inhibition indeed
increases CAR T-cell efficiency in CNS lymphoma.

Colony-stimulating factor 1 receptor (CSF-1R) controls the formation, differentiation,
and function of M2 macrophages and strategies to limit myeloid recruitment or repro-
gram the myeloid populations by CSF-1R-targeting have been proven beneficial [82,83].
In preclinical studies on CNS tumors, the blockade of CSE-1R enhanced therapeutic effi-
ciency of immune checkpoint blockade by reducing recruitment of bone marrow-derived
macrophages [84]. One may therefore speculate that selective targeting of CSF-1R by
CSF-1R-blocking agents or by CAR T-/NK-cells may synergize with CAR therapy [85,86].

Similar to CAR T-cell delivery to CNS tumor sites, the ideal mode of administration of
these additional combinatorial therapies is still an area of uncertainty. Different mechanisms
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such as direct injection via viral vectors or polymer systems using reservoir systems but
also infusion via convection-enhanced delivery are currently being investigated [87,88].

5. Conclusions

In conclusion, CAR T-cells appear as a promising therapeutic approach in CNS lym-
phoma. Preclinical data seem promising, but there is a lack of in vivo studies in immuno-
competent animals. Moreover, adverse effects of CAR T-cell therapy are not adequately
depictured in animal models and need peculiar attention when translation this therapy into
clinical studies [45]. Based on the limited clinical data available for CNS lymphoma, anti-
tumor effects and an acceptable side effect profile might be assumed. However, whether
anti-tumor effects are durable is questionable. In addition, it is unclear whether the exis-
tence of beneficial anti-tumor effects is true for both patients with primary and secondary
CNS lymphoma given unique differences in pathogenesis and clinical characteristics be-
tween the two diseases [89]. Dedicated clinical trials on CAR T-cells for PCNSL patients are
therefore urgently warranted. Immune-escaping properties of CNS lymphomas might be
among the most relevant factors limiting CAR T-cell efficacy in the CNS. Modifications of
CAR design and the combination of CAR T-cell therapy with other therapeutic approaches
may pave the way to clinical relevance of such therapy in CNS lymphoma.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/ cancers13102503/s1, Figure S1: Diagnostic and therapeutic algorithm for suspected PCNSL.
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