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Abstract

Medulloblastoma (MB) is the most common malignant brain tumor in children, making up ~20% of all primary
pediatric brain tumors. Current therapies consist of maximal surgical resection and aggressive radio- and chemo-
therapy. A third of the treated patients cannot be cured and survivors are often left with devastating long-term side
effects. Novel efficient and targeted treatment is desperately needed for this patient population. Cellular immu-
notherapy aims to enhance and utilize immune cells to target tumors, and has been proven successful in various
cancers. However, for MB, the knowledge and possibilities of cellular immunotherapy are limited. In this review,
we provide a comprehensive overview of the current status of cellular immunotherapy for MB, from fundamental
in vitro research to in vivo models and (ongoing) clinical trials. In addition, we compare our findings to cellular im-
munotherapy in glioma, an MB-like intracranial tumor. Finally, future possibilities for MB are discussed to improve

efficacy and safety.
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The incidence of central nervous system (CNS) tumors
is most frequent in pediatric patients (0-21 years of age).
Medulloblastoma (MB), a World Health Organization (WHO)
grade IV classified malignancy, is the most prevalent' and re-
sponsible for over 60% of all intracranial embryonal tumors
in the USA diagnosed between 2011 and 2015.2 The peak in-
cidence is between 6 and 8 years of age.! In childhood, ap-
proximately 1 in 200 000 individuals is diagnosed with MB,?
whereas the incidence in adulthood is much lower (1 in
2 000 000).2 MB originates from the progenitor cell popula-
tions in the cerebellum during early life and has been linked to
specific genetic aberrations. Based on these aberrations, four
MB subgroups have been described; Wingless (WNT), Sonic
Hedgehog (SHH), Group 3 (G3), and Group 4 (G4).45 Although
morphologically all classified as MB, these subgroups are dif-
ferent in cell-of-origin, driver aberration, and prognosis thus
should be treated as biologically distinct entities (Figure 1).

In most WNT-MB patients, an activating mutation in the
gene encoding B-catenin results in a constitutively active WNT
signaling that contributes to enhanced cell growth and pro-
liferation.® Patients often have a favorable prognosis mainly
attributed to an altered vasculature in the brain and higher
permeability of blood brain barrier (BBB), making it more
susceptible to systemic chemotherapies.” SHH-MB is genet-
ically best characterized with most mutations found within
the SHH pathway. This subgroup is more heterogenetic com-
pared to WNT-MB and is divided in four additional subgroups
(SSHa, SSHP, SSHy, and SSH®).” Depending on the subtype of
SSH-MB, adult patients can be treated by inhibiting proteins
upstream of SSH. However, children cannot use these inhibi-
tors because of potential skeletal abnormalities resulting in a
far worse prognosis.! Additionally, TP53-mutant tumors dras-
tically decrease survival in both children and adults.® For sub-
groups 3 and 4, less than a third of cases can be dedicated
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Figure 1. Classification of medulloblastoma subgroups. dNPCs, differentiating neural stem and progenitor cells; GNPCs, granule neuron pre-
cursor cells; SHH, sonic hedgehog; URLPs, upper rhombic lip progenitors; WNT, wingless-related integration site. Figure was generated based on

available literature.'46-9,

to one driver event and are therefore genetically not well
defined.® Genetic aberrations that are most prevalent in G3
and G4 are high-level MYC amplification and PRDM®6 over-
expression, respectively. G3-MB has the lowest survival
rate and is considered the most aggressive and G4-MB has
a moderate risk of progressive disease compared to other
subtypes.® However, precise prognoses of both subgroups
depend on the exact genetic profile of the tumor.!
Conventional treatment options for MB patients include
maximal surgical resection, aggressive chemotherapy,
and radiation therapy.'® Surgery is often performed first
and the prognosis strongly depends on the extent of
tumor resection.” This is followed by irradiation of the
entire cranio-spinal axis and results in a multitude of se-
vere adverse effects, such as neuroendocrine dysfunction,
growth disturbances and deformities, neurocognitive dis-
ability, infertility, secondary malignancies, and a lowered
quality of life.'? For this reason, infants are approached
with a non-radiation strategy, being at highest risk for
severe intellectual impairment. Studies that minimized
or omitted radiation therapy were not effective to treat
MB, 34 emphasizing the trade-off between survival and
neurocognitive disabilities.”® Adjuvant chemotherapy has

greatly increased survival of MB patients but is still unable
to cure over 30% of all patients (5-year survival).'012
Cancer treatment was brought to a new era after the in-
troduction of targeted immunotherapy. Immunotherapy
shows a unique profile of toxicities and adverse events
that require specific management’® but has been success-
fully implemented in treatment protocols for other cancers,
for example, melanoma, urothelial cancer, non-small-cell
lung cancer, and many others." Cellular immunotherapy,
a subgroup in cancer immunotherapy, specifically focuses
on infusing auto- or allogenic immune cells or modified
immune cell lines to kill cancerous cells. This therapy ex-
ploits tumor-specific antigens and proteins to recognize
and selectively target cancer cells, and has been proven to
be successful in multiple hematologic tumors.' In order to
be effective as a therapy, immunotherapy requires a pro-
inflammatory tumor microenvironment (TME), however
MB tumors, due to a non-inflammatory microenvironment,
have a generally low influx of immune cells, for example,
B cells, T cells, yvo T cells, NK cells, and NKT cells.’®22
Immunosuppressive cells that are present in the TME in-
clude regulatory T cells, immunosuppressive M2 pheno-
type macrophages, and tumor-associated astrocytes.?324
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To overcome this suboptimal condition, cytotoxic cells
can be engineered to be resistant to the inhibitory TME?526
and perhaps combined with immune checkpoint blockade
therapy.?’ These findings suggest the potential benefit of
(local) cellular immunotherapy in MB.

Recently, several chimeric antigen receptor (CAR)
T cell therapies have been FDA (US Food and Drug
Administration) approved as a novel cellular immuno-
therapy for refractory B cell malignancies.?®?°The first proof
of principle3® for CART cells was reported in 1987 and, since
then, several generations of CARs have been developed for
efficient antitumor strategies. Basically, the constant region
of the T cell receptor is fused to single-chain variable frag-
ments of a monoclonal antibody through a flexible linker
peptide. This enables CART cells to recognize antigens spe-
cific to the inserted monoclonal antibody without requiring
major histocompatibility complex (MHC) presentation.3'-33
Treatment of leukemia with CART cells targeting CD19, ex-
pressed on all B lineage cells, resulted in increased overall
survival and complete remission.®* The most recent CAR is
a fourth-generation, often referred to as an “armored” CAR
because of the incorporation of additional stimulatory do-
mains.3! By adding such domains, for example, to enhance
IL-12 secretion, CART cells modulate the cytokine composi-
tion in the TME thereby stimulating innate immune cells and
countering inhibitory elements of the original TME, the latter
being especially important for solid tumors.®® However,
long-term effects have not been studied well and CART
cell therapies are technically complex, time-intensive, and
expensive.3® Moreover, CART cell therapy does not yield a
similar result in the treatment of solid tumors yet, especially
in those with challenging microenvironments.38

Natural killer (NK) cells are innate lymphoid cells that
are known to identify and target viral-infected cells and
cancer cells. Their cytotoxic function has a lot of similar-
ities to CD8+T cells, as they both secrete cytotoxic granules
and pro-inflammatory cytokines.®’” Contradictory to T cells
(and B cells), NK cells do not require somatic hypermuta-
tion of antigen receptors to target specific peptides. Rather,
a combination of activating and inhibitory signals through
non-specific receptors decide a potential response to a target
cell.®8 Effector functions of NK cells on cancerous cells can
take one of three forms. First, NK cells can directly kill cancer
cells using the “missing-self” mechanism, for example, the
absence of MHC type | (MHC-I) expression. Many tumors,
including MB,® can downregulate MHC-l expression so that
recognition by CD8+ T cells is limited. Since NK cells acti-
vation is inhibited by MHC-I molecules, its downregulation
results in NK cell activation.®® Second, antibody-dependent
cell-mediated cytotoxicity (ADCC) has shown to be suc-
cessful in hematological as well as solid tumors.3Third, NK
cells secrete an abundance of pro-inflammatory cytokines,
amongst which are tumor necrosis factor (TNF) and inter-
ferons (IFNs). These molecules can have anti-angiogenic,
anti-proliferative, and pro-apoptotic effects on cancer cells
and stimulate activation and recruitment of other immune
cells.? Despite this, NK cell therapy is not always beneficial
for cancer patients. Well-known limitations include suppres-
sion of NK cells through hypoxia in the tumor microenviron-
ment and anti-inflammatory molecules, such asTGF-3, IL-10,
and prostaglandin E2, emphasizing the challenges of these
tumor defense systems yet to be overcome.3%4

Natural killer T (NKT) cells, a subset of T cells with NK
cell-associated markers, can recognize cells through lipid-
based peptides presented on CD1d molecules.*2CD1d is an
MHC-I-like molecule that presents hydrophobic structures.
The recognition and effector functions of NKT cells are
roughly similar to that of NK cells andT cells, and recently
even CAR NKT cells have been synthesized to target B cell
lymphoma in mice.*

Dendritic cells (DCs), although not cytotoxic cells by it-
self, are intensively studied for novel cancer treatments.
DCs are professional antigen-presenting cells (APCs) that
process and present antigens through MHC (I and Il) as an
integration of the innate and adaptive immune system for
a specific and sustained immune response.** DC therapy
consists of monocyte or hematopoietic stem and pro-
genitor cell (HSPC) extraction from the patient through
leukapheresis, ex vivo “training” to present TAs through
(1) loading of tumor antigenic peptides, (2) pulsing with
whole tumor apoptotic bodies, (3) pulsing with tumor lys-
ates, or (4) transfections with tumor-derived mRNA, and
re-administration.*® Promising (pre)clinical data of DC
therapy for several cancers have been reported together
with satisfactory clinical safety studies.*®

In this review, we provide an overview of current cellular
immunotherapy in MB. Based on existing literature, we
focus on cytotoxicT cell, NK cell, NKT cell, and DC therapy
performed in vitro, in vivo, and in the clinic. We will com-
pare these therapies with recent discoveries in glioma re-
search, as it is the most studied brain cancer. Finally, future
possibilities on cellular immunotherapy for MB will be
discussed.

Cellular Immunotherapy
T Cells

CART cells have shown remarkable clinical results in he-
matological malignancies such as B cell leukemia or lym-
phoma.3® However, it has not been as successful in solid
tumors because of the scarcity of tumor-specific antigens
(TAs). To date, several molecules have been identified to
be MB-specific. Rivero-Hinojosa et al. have screened 46
MB tumors and found a total of 362 peptides that were
MB-specific, with one (NSSVSGIFTFQK) being present in
more than 20% of all tested MB tumors.

Currently, also other tumor-specific proteins and pep-
tides are tested for their potential role in (CAR) T cell
therapy for MB. CART cell therapy targeting HER2 in MB
has been studied most intensively in the past years. MB
cell lines Daoy, D283, and D425,% as well as 31.1% of pri-
mary MB tumors*® show HER2 overexpression. The first
evidence was produced in 2007 when HER2 CAR T cells
were found able to kill Daoy, D283, and primary tumor
cells.*® Consequently, HER2 CAR T cell therapy was de-
livered intratumorally in Daoy xenogenic mice, showing
significant tumor regression.*® Even though overall sur-
vival of the treated group was significantly higher than un-
treated control, all mice relapsed and died within 55 days
post-treatment.*®

The safety risk of an intravenous injection of HER2 CART
cells was reported in a case report from 2010. A 39-year-old
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patient with colon cancer metastatic to the liver and lungs
was treated with intravenous HER2 CAR T cell therapy
(10 billion cells). Five days after treatment, the patient suc-
cumbed to a cytokine storm triggered by recognition of
HER2 on lung epithelial cells.®°This on-tumor off-target ef-
fect underlines the importance of specific TAs for patient
safety and effective treatment. Healthy brain tissue does
not express HER2,%" suggesting minimal on-target off-
tumor effects in the brain.

In 2018, Nellan et al.*’” compared intratumorally de-
livered HER2 CART cells with intravenous therapy in Daoy
xenograft-bearing mice.To accomplish complete tumor re-
gression in both models, a five-fold higher cell dose was
required intravenously compared to intratumorally. The
same effect of complete tumor regression intratumorally
versus intravenously was observed for mice with D283
xenografts.#” Overall survival of the treated groups was
100% and no mice relapsed. Notably, all mice were eu-
thanized at 37 days post-treatment due to protocol restric-
tions. This short follow-up makes it impossible to compare
the results with the 55 day follow-up of Ahmed et al.*
Furthermore, Nellan et al. also examined the safety of intra-
ventricular therapy in non-human primates—rhesus ma-
caques—which have a 98% homology to human HER2. CSF
showed HER2 CART cells and increased IL-2 and IL-6 levels,
whereas none were found in peripheral blood. Therefore
the authors stated the superiority of intra-ventricular treat-
ment compared to intravenous injection and concluded
that it did not cause significant on-tumor off-target expo-
sure or toxicity. These results therefore seem promising to
start human HER2 CAR-T efficacy and safety studies.

In the most recent ongoing safety study, a phase | clin-
ical trial (NCT03500991), an interim analysis of three MB
patients was published.?® All three patients received HER2
CART cells intratumorally in week one, two, and three of
each 4-week course. Patient one received two courses
whereas patients two and three completed three courses
of cell infusions. Of the patients, none experienced dose-
limiting toxicities but adverse events consisted of head-
ache, pain, and fever that were consistent with elevated
systemic C-reactive protein levels.?® After treatment, pa-
tients were subjected to scheduled neuroimaging to ex-
amine disease progression. Patients one and three had
progressive disease but patient two had stable disease.?®
The authors conclude that locoregional administration
of HER2 CAR T cells may be feasible and that assessing
on-target CART cell activity in the CNS can be valuable.?®
Nevertheless, the clinical benefit must be examined in a
larger cohort of MB patients.

In a large group 3 MB study of 326 human samples from
2020, EPHA2, HER2, and IL13Ra2 were found to have a
higher expression compared to normal brain tissue con-
trols.2 CAR T cells mono-specific for EPHA2 and triva-
lent for co-targeting EPHA2, HER2, and IL13Ra2 were
administered in the lateral ventricle of different group 3
MB xenograft mice models. A single dose of either CAR
T cell increased survival and minimized tumor recur-
rence, whereas repeated CAR T cell therapy showed ad-
ditional clinical benefits.?2 Thereafter, in the same study,
the authors compared intraventricular CAR T cell de-
livery with intravenous tail injections and concluded that
while there is a clinical benefit for intravenous injections,

intraventricular delivery has significant superior outcomes
in group 3 MB in vivo models. Despite the success of the
therapies performed in this study, all models eventually
presented tumor recurrence. Further investigations where
EPHA2 CART cell therapy was combined with the effective
chemotherapeutic Azacytidine, showed a complete tumor
clearance and relapse-free survival in 40% of the mice.5?
Other mice experienced a significant reduction in tumor
burden but eventually relapsed®?

Besides HER2, other, less extensively studied proteins
have been found on MB cells (Figure 2). Immune check-
point B7-H3 (CD276) is expressed on 96% of examined
MB tumors as was shown in two independent studies.?:62
A co-culture of B7-H3 CAR T cells with primary MB cells
resulted in an upregulation of secreted IFN-y, TNF-0, and
IL-2 showingT cell activation.®' Subsequent in vivo studies
in mice bearing Daoy and aggressive c-MYC-amplified
MB xenografts showed total eradication of the tumors in
67% of the mice after intravenous injection of B7-H3 CART
cells.8" Furthermore, a negative correlation was found be-
tween overall survival and the number of B7-H3 molecules
expressed per cell of each tumor line after treatment.®’ An
antigen preferentially expressed in melanoma (PRAME)
that is also expressed on MB83 can stimulate CD8+T cells
in melanoma patients.>® PRAME is evenly expressed
by all four molecular subgroups of MB and high mRNA
levels significantly correlate with worse overall survival.%*
PRAME CAR T cells exerted antitumor activity towards
Daoy and HLA-matched primary MB cells in co-cultures.®*
In addition, Daoy xenograft-bearing mice showed an in-
creased overall survival after intravenous infusion with
PRAME CAR T cells.?* During the study, a total of 33
semiquantitative tests for health, behavior, and neurologic
reflexes were performed and no signs of neurologic tox-
icity were discovered.?

NK group 2 member D activatory receptor ligands
(NKG2DLs) are expressed on MB cell lines (Daoy and D341)
and most primary MB tumor samples.??5%% CAR T cells
targeting these NKG2D ligands were used in an in vitro ex-
periment with Daoy and resulted in killing of tumor cells
through lysis and upregulation of cytokines TNF-a, IFN-
v, IL-10, and 1L-2.56 As a result, the same CART cells were
tested in mice with MB xenografts and eliminated tumors
without exhibiting significant toxicity or pathological
changes to organs.’® Nevertheless, due to selective pres-
sure there is always a possibility of antigen escape. In this
case, NKG2DL escape would mean CART resistance and
partial NK cell evasion (since MHC-I downregulation could
still be recognized). Therefore, CAR target ligands have to
be chosen with extreme caution to limit potential tumor
cell multi-resistance.

Because of the recent success of in vivo studies with
CART cell therapy for MB models, several clinical trials
have been started. In total, seven phase | clinical trials
are ongoing and are testing the safety and dosing of CAR
T cell therapy in MB patients (Table 1). However, to date,

no phase Il, lll, or IV clinical trials have been registered yet
to determine the clinical benefit of these treatments in MB
patients.

In most studies with CAR T cell therapy in glioma pa-
tients, the initial patient response was beneficial and
overall survival was increased, however, this was often



Schakelaar et al. Cellular immunotherapy for medulloblastoma

T cell

HER2

CAR

IL-13Ro2
TCR

DC vaccine

NKG2DL

ttRNA/lysate

NKT cell

NKTCR

MB cell
[ ]

NKG2DL

NK cell

Figure 2. Schematic representation of the most important cellular immunotherapeutic strategies for medulloblastoma. B7-H3, B7 homolog 3;
CAR, chimeric antigen receptor; CD1d, cluster of differentiation 1; DC, dendritic cell; EGFR, epidermal growth factor receptor; EPHA2, ephrin
type-A receptor 2; HER2, human epidermal growth factor receptor 2; IL13-Ra2, interleukin-13 receptor subunit alpha-2; MHC-I, major histocom-
patibility complex type I; NK, natural killer; NKCR, NK cell receptor; NKG2DL, ligands of NKG2D; PRAME, antigen preferentially expressed in mela-
noma; TCR, T cell receptor, ttRNA; total tumor RNA. Figure was generated based on the available literature,2226:47-49.52-63,

followed by tumor recurrence.® Therapy resistance can
be explained by TA escape variants. Due to the heteroge-
neity of gliomas, antigens specific to the CAR may not be
ubiquitously expressed or lose expression over time ena-
bling subsequent survival of antigen negative clones and
thus treatment resistance.®*To cope with this, combination
treatment of multi-specific CART cells resulted in increased
antitumor response and improved survival in glioblastoma
mouse models.®>6 Due to the low mutational burden, an-
tigen escape seems theoretical less likely in MB but no clin-
ical data is available for MB. As of yet, no clinical study has
started that examines bi- or multi-specific CART cell treat-
ment in gliomas and MB but, based on mouse models,
may provide an effective cellular immunotherapy with re-
duced risk of relapse in patients.

NK Cells

Compared to T cells, NK cells do not require specific TA
recognition to kill tumor cells. Instead, they heavily rely
on recognition of “induced self” and “missing self” an-
tigen presentation to identify target cells,> of which the

most important host ligands include NKG2DLs (activatory)
and MHC-I (inhibitory) (Figure 2). Therefore, a high
NKG2DLs/MHC-I ratio results in high NK cell activation.??
In co-cultures between MB cell line Daoy and NK cells,
NKG2DL/MHC-I ratio was shown to predict NK cell cytotox-
icity better than NKG2DL expression alone.??

Furthermore, NK cells can efficiently kill several MB
cell lines in in vitro co-cultures®?¢” and NK cell tumor in-
filtration has been correlated with a better prognosis.®®
Nevertheless, NK cell receptors that were involved in cyto-
toxicity differed between cell lines and correlated with ex-
pressed ligands on tumor cells.%® Cancer stem cell marker
CD133 did not influence NK activation and cytotoxicity in
similar experiments. Therefore, the authors concluded that
in all MB cell lines tested, NK cell killing was present and
independent of CD133 expression.5®

The microenvironment of MB tumors is known to con-
tain high levels of TGF-f which can inhibit NK cell func-
tion.?® Therefore, NK cells unsusceptible to TGF-$ could
prove to be extra efficient in MB treatment. To this end,
an NK cell line that expresses a dominant-negative
receptor (DNR) for TGF-3 was produced and tested.
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List of ongoing CAR T cell and NK cell clinical trials for medulloblastoma patients

Table 1.
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Phase Cell therapy Target

Clinical trial

Treatment-related AEs

NKG2DL i.v.

CART

NCT05131763

Dose-limiting toxicity

34
48

GD2.C7R i.v.

HER2

CART

NCT04099797
NCT03500991

Treatment-related AEs and establish feasibility

CART

Treatment-related AEs and establish feasibility

36
30

EGFR

CART

NCT03638167

11-2025
05-2026

Overall survival and treatment-related AEs

IL13-Ra2 i.c.

B7-H3

CART

NCT04661384

Treatment-related AEs and establish feasibility

90
54
15
26

CART

NCT04185038

05-2026

Treatment-related AEs and Dose-limiting toxicity

iC9-GD2

N.S.

CART
NK
DC

NCT05298995
NCT02100891

12-2022
12-2022

Disease control rate
12 month PFS

i.v.

ttRNA-DC/XALT

NCT01326104

Abbreviations: AE, adverse event; B7-H3, B7 homolog 3; C7R, interleukin-7 cytokine receptor; CAR, chimeric antigen receptor; EGFR, epidermal growth factor receptor; HER2, human epidermal growth factor

receptor 2; iC9, inducible caspase-9; i.c., intracranial; i.v., intravenous; IL13-Ra2, interleukin-13 receptor subunit alpha-2; N.S., not specified; PFS, progression-free survival; ttRNA-DC/xALT, total tumor RNA-DC +

expanded autologous lymphocyte transfer.

All data concerning the clinical trials were obtained from ClinicalTrials.gov (accessed on August 3rd, 2022).

DNR-transduced NK cells showed no impaired cyto-
kine secretion, cytolytic activity, and cell expansion.?®
However, no cytotoxic assays with MB cells have been
reported with these NK cells yet.

To our knowledge, one study tested NK cell treatment for
MB in mice. Two intratumoral infusions of NK cells were
administered and Daoy xenograft-bearing mice showed
a significant decrease in tumor size compared to the con-
trol.% Worthwhile to mention is that additional labeling of
NK cells with a fluorine-19 MRI probe did not change the
cytotoxic outcome in vivo but does allow for the moni-
toring of intracranial delivery via MRI.8°

In 2020, the previous group also completed the first
phase | clinical trial (NCT02271711) of intracranial NK
therapy for MB patients. Five MB patients enrolled and
were treated with varying doses of NK cells. Delivery
through either the fourth ventricle or the lateral ventricle of
all cell doses did not lead to any dose-limiting toxicities and
most patients only experienced grade one or two adverse
effects.”Two patients required brief hospitalization during
treatment but were released after maximally three days.
These data demonstrate the feasibility of intracranial NK
cell treatment in MB patients.”® At the radiographic eval-
uation, one of five MB patients showed a nearly 30% size
reduction of the tumor after five infusions. However, after
two weeks, the patient experienced multiple seizures and
had progressive disease.”® To examine clinical benefit cor-
rectly, longer treatment and follow-up are required. Only,
one other clinical trial (NCT02100891) has been started in
recent years and is summarized inTable 1.

When comparing T and NK cell therapies, it stands out
thatT cell treated patients more often develop severe toxic
adverse effects in the form of cytokine release syndrome
(CRS) and graft versus host disease (GvHD).”' However
not yet fully understood, NK cell therapies show to be
safer and patients have a reduced risk of CRS and GvHD,
which explains the interest in NK cell immunotherapy
candidates.”?73

For both MB and glioma patients, NK cell therapy lags
behind when compared to T cell-based treatments. Most
of the research is performed in pre-clinical models and
only a handful of phase | clinical trials have been started.
Moreover, NK cells are often, but not always, engineered
as CAR NK.These cells can be engineered from primary
NK cells or the NK-92 cell line of which both have been
proven successful in glioma treatment.” CAR NK cells
could offer an advantage since they recognize TAs, but
also have the intrinsic ability to kill tumor cells that do
not present MHC-I. For MB, no studies for CAR NK cell
therapy have been described yet. However, due to evi-
dence of toxicity and adverse effects inT cell-based treat-
ments in MB patients,?%%0 CAR NK might offer a targeted
and safer solution.

Dendritic Cells

DCs have limited cytotoxic properties and are best known
as professional antigen-presenting cells. DC therapy strat-
egies focus on ex vivo “training” of immune cells and can
take one of two forms. Either DCs are introduced to TAs
after which they are reinfused into the patient and activate
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the adoptive T cell response, or autologous T cells are ex-
panded ex vivo with DC help and re-administered to the
patient (Figure 2).7%

Even though MB is known for its low mutational burden,
Blaescke et al.”® showed that neoantigens can be used to
stimulate a de novoT cell response after ex vivo co-culture
with loaded DCs. An additional study showed that mul-
tiple MB cell lines were killed in vitro after a co-culture with
similarly DC-activated T cells.”” However, another group
showed no survival benefit after treatment with solely
DC-activatedT cells but required combination therapy with
gemcitabine and rapamycin.®°

Flores et al.”* used total tumor RNA (ttRNA)-pulsed DCs
to generate a polyclonal T cell population for Group 3 MB
treatment. In their mouse model, injection of this T cell
population resulted in an increased survival compared to
unreactive T cells. Furthermore, clonal expansion of the
most efficient subpopulation of T cells was visible over the
course of time, namely a 10% increase 120 days after in-
itial infusion.” A phase I/ll clinical trial (Re-MATCH; FDA
IND no. BB-14058) evaluated the feasibility and safety of
this approach in recurrent MB patients.”* One patient dem-
onstrated progression-free survival far exceeding that
of other patients (13 months). It was found that clonal
hyperexpansion of a singleT cell clone could be attributed
as a predictive biomarker for treatment response and thus
survival. However, the authors did not elaborate on treat-
ment efficacy and response.’

A clinical trial from 2009 examined injection of DCs loaded
with lysate on pediatric patients with malignant CNS tumors,
among which five MB.”® Although no clear clinical benefit
was shown in any of the MB cases, median progression-free
survival ranged from 3.0 to 17.7 months.”® As possible ex-
planations of the treatment response, the authors mention
that 60% of patients were aged <3 years and therefore have
worse outcomes. Additionally, at the time of the experiment,
no well-definedTAs for MB had been described.”®

The most recent phase Il clinical trial (NCT013261604)
(Table 1) for DC therapy published ongoing study results of
a significantly increased (P <.001) 12 months progression-
free survival population as compared to historical con-
trol. However, raw data and elaborate patient data have
not yet been published. Additional phase | clinical trials
that have been completed (NCT03615404; NCT01171469;
NCT00014573) showed safe application of DC therapy for
brain tumors in general.

In the beginning of the 21st century, DC therapy was
already tested on glioblastoma patients. But even after
vaccinating over 1000 patients, results between studies
differ drastically. Most find a stimulation of the T cell re-
sponse and increased survival but two recent clinical trials
failed to do so0.”® In a glioblastoma review,”® authors elabo-
rate on the hostile TME to DC therapies. Translating this to
MB, with a similarly hostile TME, may mean that DC treat-
ment also has to take immunosuppression into account
to become more efficient. Additionally, inter-patient var-
iability of the immunogenicity of tumors affect response
to DC therapy.** To overcome these hurdles, several strat-
egies are being developed that exploit optimal DC sub-
types, maturation cocktail, delivery, dosage, timing, and
combination therapies to improve T cell-driven anticancer
immunity.8°

NKT Cells, B Cells, and vd T Cells

NKT cells can be of particular interest in CNS malignan-
cies as the brain is the second-most lipid enriched tissue
in the body.8' Moreover, tumor lipid antigens that are pre-
sented via CD1d—an MHC-I-like molecule—can only be
recognized by NKT cells (Figure 2). Although making up
only a slight portion of all immune cells, NKT cells have
been proven to kill tumor cells and reactivate exhausted
CD8+T cells and NK cells.82 In a panel of 38 primary MB tu-
mors, 34.2% showed CD1d expression.%® Liu et al.® found
that NKT cells kill CD1d+ MB cells (Daoy) in in vitro cyto-
toxicity assays. Subsequently, intracranial treatment with
ex vivo expanded NKT cells in mice with Daoy xenografts
showed significant tumor growth delay. Co-administration
of NKT cells with an activating ligand (7DW8-5) resulted in
even more tumor regression.®® In contrast to some CART
cell studies, intravenous injection of the same treatment
did not affect tumor growth at all.>® Little research has been
conducted on the role of NKT cells in MB, but glioma pa-
tient data shows inconclusive results.8% Promising results
are seen in an in vivo model study with intracranial injec-
tion of NKT cells.®* However, in order to speculate about
the implementation of NKT cell therapy in MB treatment
plans, more (clinical) research is required. To date, no clin-
ical studies regarding NKT cell treatment in MB patients
have been started.

vO T cells are a subgroup of T cells that produce large
quantities of cytokines mostly present in peripheral tissues
such as skin, lungs, and intestines.®Vermeulen et al. (2018)
showed low and heterogeneous influx of yd T cells in MB.
However, no other studies regarding the presence of yo T
cells in MB have been reported.

B cells can have multiple roles, both anti- and pro-
tumorigenic, in the tumor microenvironment, for example,
producing antibodies against TAs or inducing regulatory
T cells.®® However, B cells have not received much atten-
tion compared to the other cell types described above and
no studies have examined the therapeutic role of B cells in
MB.® InTable 2, the current advantages and disadvantages
per treatment option have been summarized.

Discussion

In cellular immunotherapy for MB, researchers have come
up with treatment options that are at the same time max-
imally efficient and minimally toxic to patients. For effi-
ciency, immune cells need to be attracted to and activated
by tumor cells, a process in which the hostile TME of MB
plays a crucial—and understudied—role. Simultaneously,
toxicity depends on specificity, location, and dosage of the
given therapy.

In all MB subgroups, a hypoxic and anti-inflammatory
state is induced by the tumor.8687 However, differences
in cytokine composition in the TME have been described
depending on subgroups, genetic aberration within sub-
groups, and state of metastasis.®® Recently, Sreenivasan
et al.?% found IL-6 to play an important role in acquiring drug
resistance and metastatic potency in Group 3 MB and show
a benefit of targeted blocking in vitro. However, in SHH MB,
clinical benefit of IL-6 targeting was only found in male mice,




Schakelaar et al. Cellular immunotherapy for medulloblastoma

Table 2. Advantages and disadvantages of cellularimmunotherapy strategies for medulloblastoma

Treatment
CART cell

Advantages

¢ Best studied in MB
e Specifically targeted
¢ Designable affinity
® Prolonged activity

NK cell
e Safe and affordable

¢ CAR NK upgrade possible
e Off-the-shelf application

DC vaccine
¢ Safe
* Prolonged activity
e Minimal TA escape

NKT cell

composition of CNS

voT cell * None yet

B cell * None yet

* Possible allogeneic therapy

¢ Polyantigenic therapy

* Promising mouse studies
e Interesting because of lipid

Disadvantages

*TA escape

e Off-tumor, on-target effects

¢ Questionable high-dose safety
® Expensive

® Prone to hostileTME

e Shorter activity

¢ CAR is expensive

e Clinical efficacy unclear
® Prone to hostile TME

* Expensive

e Clinical efficacy unclear
® Prone to hostile TME

e Understudied in MB

e Understudied in MB
e No clinical data

e Understudied in MB
¢ No clinical data

e Understudied in MB
¢ No clinical data

Abbreviations: CAR, chimeric antigen receptor; CNS, central nervous system; DC, dendritic cell; MB, medulloblastoma; NK, natural killer; TA,

tumor-specific antigen; TME, tumor microenvironment.

suggesting a potential sexually dimorphic role,® whereas in
Group 4 MB, IL-6 did not correlate with drug resistance or
metastasis.®8 To date, many (clinical) studies are performed
without specifying MB subgroup and, as a result, conflicting
and non-comparable data could be acquired. Therefore,
it will be increasingly important to start researching and
treating MB subgroups as biologically distinct entities so
that therapies can be tailored towards maximal efficiency.

The different efficacy in CART and NKT cell delivery - ei-
ther intracranial or intravenous—has been noted by sev-
eral groups in vivo.4”%259 ntracranial injection was found to
be significantly more efficient and presented less systemic
side effects but also requires a more invasive approach. On
the contrary, intravenous delivery of immune cells is min-
imally invasive but may lead to suboptimal BBB crossing
and higher dosing thereby increasing risk of adverse ef-
fects. Whether this difference in delivery method is also
visible in other cellular immunotherapies, for example, NK
cell and DC is yet to be determined.

Besides a hostile TME and a delivery mechanism trade-
off, targeted cellular immunotherapy poses another major
challenge that needs to be overcome. TA escape leads to
therapy resistance and tumor recurrence after initial re-
sponse to treatment and is visible in most mouse and clin-
ical studies described.?6:49.526470.74.78 A way to minimize TA
escape could be combination therapy, combining multiple
cellular and/or other immunotherapies. NK cells might be
engineered as CAR NK cells to target cancer cells through
neoantigens as well as the “induced-self” and “missing-
self” mechanisms. Moreover, NK cells are known to pro-
mote DC attraction to the TME, possibly increasing the
efficacy of DC vaccines.?' Alternatively, the MB field could
learn from other combination therapy approaches that
have been studied in other CNS tumors. In glioblastoma,

a special subset of hematopoietic stem and progenitor
cells was used to regain the tumors sensitivity to anti-PD-1
treatment.®?

Conclusions

In conclusion, CAR-T cell, NK cell, NKT cell, and DC immuno-
therapy are effective and relatively safe in in vitro studies and
MB mouse models. In (ongoing) MB phase | and Il clinical
studies, these cellular therapies are safe at low dosage with
limited adverse events and show signs of clinical benefit.
For MB, phase Il clinical studies that specifically examine
overall survival and other clinical benefits for these therapies
have yet to be started. Intracranial cellular immunotherapy
may provide better clinical results compared to intrave-
nous administration and has a lower risk on adverse effects.
However, the challenging and unique TME and high treat-
ment resistance potential stand in the way of an efficient MB
treatment. By combining individual therapies, such as DC
vaccines, (engineered) cytotoxic cells, and immune check-
point blockades, we believe these challenges can be over-
come to produce treatment options for all MB subgroups.

Search Strategy and Selection Criteria

Relevant pre-clinical studies were identified in PubMed
and Embase with the search terms “medulloblastoma”
and specific terms for Mesh or title/abstract screening (eg,
“medulloblast*’ “medulloblastomaltiab]” in combination
with “immunotherapy’ “immunotherapyltiab]” “cellular*”

“cellular therapy” or specific cell therapies such as “CAR7
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“NK7 “NKT? “Dendritic*’ “Vaccin*” and “gamma delta T
cells” Relevant clinical studies were identified by searching
using these same terms on ClinicalTrials.gov. No date restric-
tions were applied to either search; the last search of both
databases was done on the 2nd of June, 2022. Only articles in
English were reviewed. Publications corresponding to trials
included in this Review were identified via search of National
Clinical Trial numbers on PubMed. The final reference list for
the pre-clinical studies was generated on the basis cellular
injection therapy only, and relevance to medulloblastoma,
mechanisms of targeting, and therapeutic avenues. The final
reference list for the clinical studies was based on all current
trials of cellular immunotherapy for medulloblastoma.
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