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Abstract. Medulloblastoma (MB) is the most frequent
malignant brain tumor in children. Treatment of MB is based
on histopathological and molecular stratification, and
includes surgical intervention, often with craniospinal
irradiation and adjuvant chemotherapy. Unfortunately,
however, this treatment leads to a high morbidity rate, and
it does not cure all patients either, with around 30%
succumbing to their disease. With improved cancer genomics
and better molecular characterization, MB has been
classified into four major subgroups, wingless-activated,
sonic hedgehog-activated, Group 3, and Group 4, with each
group consisting of additional subtypes. Recently disclosed
genetic drivers of MB may in the future help improve
treatment, and in this way reduce therapy-related toxicity. In
this review, we describe the heterogeneity of the MB
subgroups, and potential new options for targeted therapy.

Medulloblastoma (MB), the most frequently occurring
malignant brain tumor in children, is treated depending on
histopathological and molecular stratification, and age, with
the current standard of care often including surgery,
craniospinal irradiation (CSI) and adjuvant chemotherapy (1).
This leads to considerable morbidity among the 70% of
patients that are cured, and leaves the remaining 30% in need
of better therapeutic options since they are not cured (1-3).
With advanced cancer genomics, elucidation of the molecular
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complexity of MB has resulted in its classification into four
major subgroups, wingless-activated (WNT), sonic hedgehog-
activated (SHH), Group 3, and Group 4 MB, with each
comprising additional subtypes (2). Genomic data have also
identified genetic drivers for MB, and, as specific targets,
these could potentially help improve present treatment options
considerably and thereby reduce therapy-related toxicity (3).

In this review, we describe the heterogeneity of the MB
subgroups, and some advances in targeted therapy. We also
focus on pathways that drive MB tumorigenesis, and present
an overview of some current preclinical and clinical studies
targeting the hedgehog (HH), phosphoinositide 3-kinase
(PI3K), cyclin-dependent kinase 4 and 6 (CDK4/6)
pathways, as well as approaches in immunotherapy. While
research continuously sheds more light on the individual
genomic complexity of MB, the challenge lies in the
comprehensive evaluation and translation of newly obtained
data into new therapeutic approaches.

Epidemiology and Symptomatology

Brain tumors are the most frequent solid tumors in children,
and among these, MB represents the most common
malignant one, accounting for 20% of all pediatric brain
tumors (1, 4). The incidence of MB in children is roughly
five cases per million individuals, and in adults, around one
case per 2 million individuals (4, 5). MB is mainly observed
the first 9 years of life, with a peak incidence between 4 to
7 years of age (6). Although the sex predominance differs
between MB subtypes, males are generally 1.5-2 times more
frequently affected than females (4).

The World Health Organization has classified MB as a grade
IV tumor, usually originating in the cerebellum or the posterior
fossa, and shown to spread via the cerebrospinal fluid to the
brain and spine (2, 7). In children, MB is mostly located in the
midline of the cerebellum, whereas in adults, lateral tumors are
more frequent (7). Histologically, the tumor consists of densely
packed cells, which are predominantly undifferentiated. If
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differentiation occurs, cells differentiate mostly into neuronal
cells, or less commonly, into glial cells (2).

Individual symptoms of MB, e.g. headache, clumsiness,
nausea, morning vomiting, fatigue, as well as poor school
performance, or other nonspecific features, depend mainly
on tumor location but can also be due to increased
intracranial pressure, or to direct effects of the tumor mass
(8). In addition, ataxia, difficulties with handwriting, vision,
or other motor skills can result from MB (8). Due to the
rapid development of MB, presentation of symptoms is
frequently observed in fewer than 3 months after the tumor
has developed (9). The median period of time until diagnosis
from the first symptoms is around 2 months. An early
diagnosis can positively affect the patient’s outcome, since
metastases are observed in 30% of all patients at diagnosis
(8, 10). Neuroimaging, such as non-contrast computed
tomography of the head is performed as a first line of
diagnostics (11). This is followed by confirmatory magnetic
resonance imaging with and without gadolinium, and
provides further information about the relationship between
the tumor and the surrounding brain structures and also
identifies whether metastases are present (11). Notably, the
molecular subgroup can often be determined by the location
of the tumor, since WNT tumors mainly occur in the
cerebellar peduncle or cerebellopontine angle, while SHH
MB is preferably located in the cerebellar hemisphere (12).
In contrast, Group 3 and Group 4 MB are usually found in
the midline (12). Ultimately, however, histopathological and
molecular information is required for correct subgroup
determination and a more detailed description of the different
molecular subgroups of MB is presented below.

Molecular Subgroups of Medulloblastoma,
Risk Stratification, and Quality of Life

MB is usually divided into four molecular subgroups, named
according to the specifically altered cellular pathway or the
specific genomic variations they harbor: WNT, SHH, Group
3 and Group 4 MB (Table I). Within each subgroup, there
are further subdivisions (10).

Wingless-activated MB. This subgroup accounts for
approximately 10% of all MB cases, and is most common
between ages 6-10 years or later, and is relatively equally
distributed between males and females; with a 90% 5-year
survival rate, it has a very good prognosis compared to other
MB subgroups (8, 13). In 80-90% of cases, WNT MB
presents somatic activating mutations in exon 3 of CTTNBI,
which encodes [-catenin, and these mutations stabilize this
protein, and in 85-90% of these same cases, a partial loss of
chromosome 6 is observed (1, 8). Stabilized [-catenin
accumulates in the nucleus and co-activates transcription
factors, which enhance the expression of WNT-responsive
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genes, which in turn up-regulate cell growth and
proliferation (8, 14). In patients, without CTTNBI mutations,
mutations of the tumor suppressor adenomatous polyposis
coli (APC) gene are frequent (1, 8, 15). APC normally is
able to build a complex with axin 1, axin 2, casein kinase 1
alpha 1 and glycogen synthase kinase 3 beta to drive
ubiquitylation and degradation of 3-catenin. Loss-of-function
mutations of APC, with more active [3-catenin, can therefore
also constitutively activate WNT signaling. By increasing the
understanding of the molecular background of WNT MB,
targeted therapies might be helpful in reducing the amounts
of chemotherapy agents required. However, targeting the
WNT/f-catenin pathway directly would be critical, since it
plays an important role during embryonal development,
regulating stem cell pluripotency and driving cell growth and
proliferation (3, 8). However, since WNT signaling is also
required for bone formation, inhibition of WNT can lead to
osteoporosis (3).

Sonic hedgehog-activated MB. This accounts for 25-30% of
all MB and mainly affects infants (younger than 3 years) and
adults, and in the latter, it is the predominant group (60%),
while it generally spares children above 3 years old (1).
Patients with SHH MB have an overall survival of about
70%, however, outcome strongly depends on additional
molecular events, e.g. TP53 status (1, 16). SHH MB is
driven by germline or somatic mutations and copy-number
variations in genes of the SHH pathway, such as loss-of-
function mutations or deletions of protein patched homolog
1 (PTCHI) (43% of all patients) or SUFU negative regulator
of hedgehog signaling (SUFU), activating mutations in
smoothened (SMO), or amplifications of zinc finger protein
GLI1/2 (GLI1/GLI2) or MYCN proto-oncogene (MYCN) (1,
17). These molecular alterations result in a constitutive,
ligand-independent activated SHH signaling. Normally, SHH
binds PTCHI1 leading to a release of SMO, which is
responsible for the dissociation of the transcription factor
GLI from SUFU (17). Subsequently, unbound GLI is
translocated to the nucleus and activates the expression of
SHH-activated genes, which drive cellular differentiation,
organ formation and post-embryonic tissue regeneration (8,
18). SMO presents a favorable candidate for targeted
therapies, but since it has an essential role during
development, SMO antagonists can lead to serious growth
plate challenges in younger patients (8, 19). Another
important characteristic of SHH MB is its 7P53 status, since
patients harboring 7P53 mutations have a 5-year survival
rate of around 40%, while those with wild-type TP53 SHH
MB have an increased survival rate of approximately 80%
(1). Interestingly, TP53 is also commonly mutated in WNT
MB but does not affect overall survival (20). Copy-number
variations of TP53 or the receptor tyrosine kinase PI3K are
also commonly observed in SHH MB tumors (1). TP53 has



Maier et al: Targeted Therapy of Medulloblastoma (Review)

Table 1. Overview of the four subgroups of medulloblastoma. Wingless (WNT)-activated, sonic hedgehog (SHH)-activated, Group 3 and Group 4
medulloblastoma (MB) are compared regarding clinical, molecular and pathological characteristics [adapted from Szalontay and Khakoo (11)].

MB subgroup

WNT

SHH

Group 3

Group 4

Clinical data Age group

Gender distribution

Prognosis

5-Year survival

Metastasis
Occurrence 10%

Mutation

Copy-number alterations

Tumor location

Origin

Histology

Children and adults
Equal
Very good
97-100%
8.6-21-4%
30%

CTNNBI, APC

Monosomy of chr6

Cerebellar penduncle/
cerebellopontine angle

Cells in the lower
rhombic lip

Classic

Infants and adults
Equal
Good

67.3-88.5%
8.9-20%

25%

PTCHI, SUFU,
SMO, TP53

MYCN amplification
GLI2 amplification

Copy-number variations

of TP53 or PI3K

Cerebellar
hemisphere

Cerebellar granule
neuron progenitors

Desmoplastic nodular

Infants and children
Male predominance
Poor
41.9-66.2%
20-43.3%

35%
GFlII
OTX2 gain

MYC amplification
Isochromosome 17q

Midline, ill-defined
margins

Uncertain

Classic

Children and adults
Male predominance
Intermediate
66.8-82.5%
38.7-40.7%

KDMO6A, ZMYM3,
KMT2C, KBTBD4

Isochromosome 17q
Gain of chromosome
7 17q
Deletion of
chromosome
8,11, 18p

Midline, no
enhancement

Uncertain

Classic

(MBEN - infant, LC/A

(LC/A — infant)
— TP53-mutant)

APC: Adenomatosis polyposis coli; chr6: chromosome 6; CTNNBI: catenin beta 1; GFII: growth factor independent 1 transcriptional repressor
oncoprotein; GLI2: GLI family zinc finger 2; KBTBD4: kelch repeat and BTB domain containing 4; KDMO6A: lysine demethylase 6A; KMT2C:
lysine methyltransferase 2C; LC/A: large cell/anaplastic; MBEN: medulloblastoma with extensive nodularity; MYC: MYC proto-oncogene; MYCN:
MYCN proto-oncogene; OTX2: orthodenticle homeobox 2; PI3K: phosphoinositide 3-kinase; PTCHI: patched homolog 1; SMO: smoothened;
SUFU: SUFU negative regulator of hedgehog signaling; 7P53: tumor protein p53; ZMYM3: zinc finger MYM-type containing 3.

a checkpoint role for DNA damage and repair, therefore its
dysregulation results in defective apoptosis, whereas the
PI3K pathway drives proliferation and cellular growth (21).
Based on DNA methylation data, four subclasses (SHHa,
SHHP, SHHy and SHHO) represent clinically relevant
distinct subgroups (22).

Group 3 MB. This subgroup comprises 25% of all MB cases,
and mainly affects children 2-5 years of age, with male
predominance; it is associated with the worst prognosis (50%
overall survival rate) (1). Group 3 MBs are primarily
characterized by a high-level of MYC loci amplification but
other molecular features, such as presence of isochromosome
179, loss or gain of chromosome 8q (MYC locus at 8q24), and
activation of the growth factor independent 1 transcriptional
repressor oncoprotein (GFII), and orthodenticle homeobox

(OTX) amplification are also described (22). Group 3 MB
relapses mainly in form of metastases, which are rarely
observed in the same location as the primary tumor (23). Due
to its dismal prognosis, targeted therapies are of high interest
for this subgroup.

Group 4 MB. Accounting for 35% of all MB cases, Group 4
MB is more common in males, and while its general
prognosis is good, patients with an initially metastatic disease
have a much higher risk of relapse (3, 24). No consensus
mutation has been identified as most frequent in this MB
subgroup but genetic alterations which drive Group 4 MB
include mainly the overexpression of the histone-modifying
PR/SET domain protein (PRDM6), and mutations in other
genes such as lysine demethylase 6A (KDM6A), zinc finger,
MYM-type containing 3 (ZMYM3), lysine methyltransferase
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2C (KMT2C) and kelch repeat and BTB domain containing 4
(KBTBD4) have also been described (15). In addition, this
group is associated with a high burden of chromosomal copy-
number variations, with gain of chromosome 7 or 17q,
deletion of chromosome 8, 11 or 18p, and isochromosome
17q (11).

Risk stratification. When a patient is considered as having a
high risk for poor outcome, factors such as age, extent of
resection, metastasis and histological subtype play an
important role. Average-risk patients are considered to be
older than 3 years of age and have a tumor size <1.5 cm?
after surgery. High-risk group patients have >1.5 cm? of
tumor after resection and large-cell anaplastic histology (11).
However, rather than classifying risk by clinicopathological
variables, today risk stratification on a molecular subtype-
based approach is recommended (25).

Thereby the low-risk group, with a survival higher than
90%, includes patients younger than 16 years of age with
non-metastatic WNT MB, or non-metastatic Group 4 MB
with genetic events as loss of chromosome 11 or gain of
chromosome 17 (25). The standard-risk group (survival of
75-90%) comprises patients with non-metastatic SHH MB
with tumors without a 7P53 mutation or MYCN
amplification, and those with non-metastatic and non-MYC-
amplified Group 3 MB (25). Patients with metastatic non-
infant, TP53 wild-type and MYCN-amplified non-metastatic
SHH MB and metastatic Group 4 MB are considered as
high-risk (survival 50-75%) (25). The very high-risk group
has a survival rate of less than 50%, and includes patients
with SHH MB harboring 7P53 mutations, or Group 3 MB
with metastasis (25).

Quality of life. The tumor, as well as its treatment, affects
brain development. As a consequence, neurological,
neuropsychological and physical disabilities occur in adult
survivors of childhood MB (26, 27). Therapeutic
interventions such as surgery, alone or together with
chemotherapy, and CSI can lead to reduced intelligence,
deficits in speed of processing, attention, memory and
executive functions. Tumors located in the cerebellum impair
motor and behavioral functions (8). Survivors of SHH MB
generally have a higher quality of life and intelligence
compared to those of other subgroups (28). Of note, 95% of
MB-associated deaths are not due to the primary tumor but
to recurrent and refractory MB (6).

Standard-of-Care Therapies
Current strategies. Standard treatment for childhood MB
consists of surgery, radiation and chemotherapy. The

molecular and clinical risk features of each patient should be
assessed to provide a maximally curative and minimally
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harmful treatment (8). After successful surgery, radiation,
and adjuvant chemotherapy, patients with WNT MB have an
excellent 5-year progression free survival of >95%, while
those with SHH MB and Group 4 MB have an intermediate
rate of 70-80%, as compared to only 50-60% for those with
Group 3 MB (25). Nevertheless, many MB survivors suffer
from severe neurocognitive, neuro-endocrine and
psychosocial deficits due to standard-of-care therapy (8).
There is therefore a strong motivation to identify targeted
therapies that are less toxic and more effective, in order to
reduce the resulting long-term side-effects.

Surgery. After initial MB diagnosis, gross total resection of
the tumor is carried out as a first-line of treatment. The
volume of the tumor should be reduced as much as possible,
while minimizing the risk of post-operative neurological
damage (9). The location of the tumor and its relationship
with surrounding structures is highly critical, as
neurosurgical procedures carry the risk of developing a
cerebellar mutism syndrome (CMS) (11). The incidence of
CMS strongly varies within the four subgroups of MB but
seems to be independent of tumor volume and location (29).
Post-operatively, about 25% of all patients with MB develop
difficulties with executive function, linguistic processing,
visual spatial abilities and affective modulation, for which
risk factors are young age, large tumor volume or midline
tumor location (30). Patients with severe CMS are more
likely to suffer from long-term neurocognitive effects (29).

Radiation. For children older than the age of 3 years,
postoperative radiation is performed as standard of care.
Average-risk patients may receive e.g. 23.4 Gy CSI and a
higher boost of 55.8 Gy to the tumor bed, usually combined
with weekly doses of cytostatic drugs as radiosensitizer 30
days after surgery, while those classified as high-risk patients
are treated with e.g. 36 Gy CSI and additional boosts to
metastases (31, 32). Notably, however, pediatric MB
survivors commonly suffer from a lower intelligence
quotient, memory and defective executive functions (31).
Proton-beam radiation presents an alternative to photon-
based approaches, since it seems to significantly improve
acute toxicities and neurocognitive late effects (33).
However, alopecia and radiation necrosis are more common
with proton radiation (34).

Chemotherapy. When chemotherapy was added to the
standard-of-care therapy as an adjunct to surgery and
radiation in 1979, it substantially improved progression-free
survival and overall survival rates in patients with and
without metastatic MB, even with reduction of the CSI dose
(35). Cytostatic drugs need to pass the blood—brain barrier,
and today, common chemotherapeutic agents are cisplatin,
vincristine, cyclophosphamide and lomustine (10). Multi-
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agent combinations of these drugs in multiple cycles (mostly
4-9 cycles) have been implemented, where a higher
cumulative dose is applied for high-risk patients (8). The
event-free survival of patients with MB treated with
combinations of cisplatin, lomustine and vincristine or a
combination of cisplatin, cyclophosphamide and vincristine
were reported to be around 81% or 86%, respectively (35).
Since there is a high risk of developing long-term cognitive
difficulties from radiation, children under the age of 4 years
are in general spared CSI, instead receiving more intense
chemotherapy (10).

Targeted Therapies

General introduction. From a molecular and clinical
perspective, MB is a heterogeneous disease classified into
four major subgroups, with distinct genetic profiles, and
treated accordingly (36). Current standard therapy, mainly
composed of maximal surgical resection followed by CSI and
chemotherapy, presents severe treatment-related toxicity, and
secondary tumors may also occur (36, 37). Reducing these
consequences without affecting treatment efficacy is the focus
of targeted therapy, aiming to reduce the doses of cytotoxic
agents and radiation, as well as optimizing overall survival
(38). Tailored therapy for each MB subgroup and subtype is
still at its infancy (37). In WNT and SHH MB, some driver
mutations and inhibitors interfering in aberrant signaling
pathways or targeting somatic mutations have been identified,
and are intensively studied in vitro and in vivo. Group 4 MB
is the least characterized, and Group 3 has the worst
prognosis, and here high doses of cytotoxic chemotherapy are
still indispensable, so current studies focus on optimizing the
doses of cytostatic drugs to balance efficacy and toxicity
rather than utilizing targeted therapies (37). Some potential
targets for SHH and WNT MB are discussed below, and in
addition, some more general targets are presented.

The hedgehog pathway. SHH MB is characterized by a
constitutive active HH signaling pathway (37). In intact cells,
no HH ligands are present, so PTCHI inhibits SMO, and
thereby inhibits HH signaling. Extracellular HH proteins
induce the unbinding of PTCHI and SMO, resulting in
activation of the HH signaling pathway (37). More
specifically, SMO translocates into the primary cilium, where
it activates the GLI family zinc finger transcription factors
(GLI1 and GLI2), which in turn initiate the expression of
HH target genes (GLI, PTCHI, cyclin D1, snail family
transcriptional repressor (SNAIL)). Mutations in these target
genes may lead to SHH MB (39). Therefore, small molecules
targeting upstream factors involved in HH signaling are
being investigated as potential treatment.

Vismodegib (GDC-0449) is a Food and Drug
Administration (FDA)-approved SMO inhibitor for SHH-

dependent cancer but it is not approved for treatment of MB
(40). Vismodegib has been shown to be very efficient in
tumor suppression in mouse models, and its application
induced tumor regression in patients with refractory
metastatic MB (19, 40, 41). There are several ongoing
clinical trials testing the effect of adjuvant chemotherapy in
combination with vismodegib (e.g. NCTO01878617).
However, mutations in the SMO gene can lead to resistance
to SMO inhibitors due to impaired drug binding, and induce
disease progression (42). In addition, it was observed that
patients with high-risk SHH MB, with an SUFU mutation,
or MYCN and GLI2 amplifications, did not respond to
vismodegib but still developed growth-plate fusions after its
application (17, 43). Notably, an alternative clinical trial
(NCT01601184) in which patients with SHH MB were
treated with vismodegib in combination with the alkylating
agent temozolomide was stopped, since no positive effect
was reached after the first stage of phase II.

To overcome the limitation of acquired resistance to SMO
inhibitors, there is an emerging need to find new therapeutic
strategies in which molecules downstream of the HH
pathway are targeted. One approach is to epigenetically or
directly inhibit the transcription factor GLI, which is
considered to be much more efficient than inhibition of
SMO, since GLI is a terminal effector of HH signaling and
initiates the transcription of HH target genes (44). For
instance, the GLI antagonists GANTS58 and GANT61 bind
to the groove between the zinc finger-2 and -3 of GLI
without direct interference with DNA (44). Epigenetically,
acetylation of a lysine residue on the C-terminal end of GLI
functions as an inhibitory switch and thereby prevents the
expression of HH target genes (45). An ongoing study
(NCT03904862), in which GLI is blocked by a casein kinase
2 inhibitor (silmitasertib), is currently being evaluated in
phase I/II trial for patients with recurrent or CDK4/6
pathway relapsed SHH MB (10).

PI3K pathway. Alterations of the signaling pathway of the
intracellular lipid kinase PI3K are known to play a crucial
role in MB, as well as in other solid tumors, by regulating
cellular growth, proliferation and cell survival (46).
Activated by growth receptor tyrosine kinases, PI3K recruits
and activates protein kinase B, leading to downstream
activation of other kinases, e.g. the mammalian target of
rapamycin (mTOR), which promotes tumor growth
intravasation and invasion, making the inhibition of this
pathway favorable for tumor therapy (47). Since PI3K is
involved in modulating the survival of MB stem cells
following irradiation, agents targeting PI3K and its
downstream signaling are considered to be beneficial alone,
or in combination with adjuvant chemotherapy (48).
Recently, it was shown that PI3K inhibitors such as
alpelisib (BYL719) alone, and in combination with cytostatic
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drugs (cisplatin, vincristine or doxorubicin) reduced viability
and proliferation in childhood neuroblastoma cell lines,
indicating that these combinations might also be used for
MB (49). Targeting not only PI3K, but simultaneously the
fibroblast growth factor receptor (FGFR) showed an
increased sensitivity compared to single-drug treatment,
especially of more resistant MB childhood cell lines, and
reduced cell viability and proliferation (46). The
combinational inhibition of PI3K (BYL719) and mTOR
(OSI-027) even enhanced anti-MB effects in vitro and in vivo
compared to single-drug use (50). Thereby, the transcription
factor GLI involved in HH signaling was identified as a
target for simultaneous PI3K and mTOR inhibition (50).

Another therapeutic strategy combined targeting of the
PI3K/mTOR pathway and HH signaling. Treatment of MB
cells with the HH inhibitor vismodegib and the PI3K
inhibitor BEZ235 significantly suppressed cell growth and
survival, and in addition, increased -cisplatin-mediated
cytotoxicity (51). In addition, in vivo experiments with MYC-
amplified NOD scid gamma mouse models supported this
observation, since combinational treatment with vismodegib
and BEZ235, or their respective combination with cisplatin
delayed tumor growth and enhanced survival of mice (51).
Two ongoing clinical trials are currently investigating the use
of the PI3K inhibitor samotolisib (LY3023414) in patients
with recurrent MB (NCT03213678, NCT03155620) but both
are still in the recruitment phase.

The CDK inhibitor pathway. The cyclin D-CDK-inhibitor of
CDK4 (INK4) retinoblastoma (Rb) pathway regulates cell-
cycle progression by initiation of the G,;—S-phase transition.
Active CDK4/6 can phosphorylate the Rb tumor-suppressor
protein, so it dissociates from E2F transcription factors and
thereby allows for DNA replication and cell-cycle
progression (52). Increased CDK4/6 activity can be mediated
by overexpression of D-type cyclins, mutations, or
amplification of CDK4/6, as shown e.g. in MB, or the loss
of cyclin D-CDK4/6 negative regulators, for instance
p16NK4A “which can subsequently lead to cancer growth
(21, 53). Selective inhibition of CDK4/6 potently arrests the
cell cycle and thereby presents a favorable target for cancer
treatment. A theoretical concern about these inhibitors is that
CDKs also have an essential role in normal cells. However,
cells with a dysregulated CDK4/6-INK4-Rb pathway
response, should be more sensitive than normal cells, and in
this way these endogenous inhibitors may spare CDK2
activity and allow normal cells to proliferate (54).

Three selective CDK4/6 inhibitors, namely palbociclib,
ribociclib and abemaciclib, have been approved by the FDA
for treatment of estrogen receptor-positive metastatic breast
cancer (55). The addition of CDK4/6 inhibitors to established
treatments of MB might therefore possibly improve the
efficacy and durability of the antitumor response, and may
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potentially overcome acquired or de-novo treatment resistance.
According to a study using patient-derived xenograft mouse
models, the CDK4/6—cyclin D-Rb pathway was characterized
as a ‘druggable’ pathway for all non-WNT MB (56).
Furthermore, experimental data have shown that pretreatment
with biologically achievable doses of palbociclib significantly
reduced the surviving fraction of tumor cells in response to
radiation and increased the sensitizer enhancement ratio (57).
Clinical and experimental studies have also demonstrated
enhanced cytotoxicity when combining various cytostatic
drugs with palbociclib, ribociclib or abemaciclib for several
tumor types, e.g. non-small-cell lung carcinoma, breast,
ovarian, gastric, pancreatic cancer and others (55, 58-63).
Furthermore, addition of CDK4/6 inhibitors enhanced
chemotherapy-induced apoptosis of tumor cells in in vitro and
in vivo contexts in preclinical studies (55). Combining
CDK4/6 inhibitors and chemotherapy is therefore an attractive
therapeutic strategy, especially since these inhibitors are not
associated with cumulative toxicity and can therefore be
administered for a long time period (63).

A clinical study from the St. Jude Children’s Research
Hospital, USA, has just started and is investigating the
combination of the CDK4/6 inhibitor ribociclib with the
cytostatic gemcitabine, or in combination with the small
molecule trametinib, or with the HH antagonist sonidegib,
respectively, to treat recurrent or progressive MB
(NCT03434262). Another approach is following the
combinational treatment comprising the CDK4/6 inhibitor
palbociclib, ribociclib, or abemaciclib, respectively, together
with the alkylating agent temozolomide and the cytotoxic
alkaloid irinotecan (NCT03709680, and NCT04238819).
Two clinical trials investigating the single-drug use of either
palbociclib or abemaciclib in patients with recurrent or
refractory solid tumors (including MB) are also ongoing
(NCT03526250, NCT02644460).

Immunotherapy. Another treatment approach for MB is
immunotherapy. In a recent review on immunotherapy and
medulloblastoma, the authors concluded that cancer
vaccines, oncolytic viral therapy, natural killer cells, and
CAR T therapy may all be effective against the innate
immunosuppressive properties of MB, and thereby
potentially prolong survival (64).

Immunotherapy may be beneficial for a variety of cancer
types, however, its application in central nervous system
tumors is still challenging due to the lack of immunogenic
antigens (65). Nevertheless, the variety of dysregulated
pathways in MB potentially increases the re-expression of
fetal, developmental antigens, which might be targeted since
they are not expressed in normal tissue (65, 66). To target
such antigens might be an attractive strategy, since it would
eliminate cancer cells while sparing important surrounding
brain tissue (65, 66).



Maier et al: Targeted Therapy of Medulloblastoma (Review)

Another alternative is to use immunotherapy in
conjunction with chemotherapy or radiotherapy. Clinical and
pre-clinical studies have, for example, shown that
simultaneous treatment with vaccination (such as with
dendritic cells loaded with brain tumor stem cells or total
tumor RNA-loaded autologous lymphocyte transfer) and
chemotherapy improved antigen-specific T-cell activity (65,
67). Furthermore, low-dose radiation up-regulated expression
of human leukocyte antigen class I and class II in various
MB cells by more than 20%, while the high amount of
reactive oxygen species generated resulted in increased
human epidermal growth factor receptor 2 (HER2) and
vascular endothelial growth factor expression, which can
both be targeted by antibodies (64, 68). The Ilatter
observations imply synergistic effects of low-dose radiation
and the application of monoclonal antibodies.

Notably, anti-HER2 chimeric antigen receptor T-cell
(CAR T) therapy is a successful approach to treating several
types of cancer, and the HER2 receptor is also known to be
overexpressed in MB. Furthermore, one study has already
shown that CAR T-cells were able to clear MB implanted in
the posterior fossa in mice without any significant toxicity
(64). However, antigenic escape is a prevalent challenge,
therefore CAR T-cells should be designed to target multiple
tumor antigens. A clinical trial is currently investigating
HER2 CAR T therapy in patients with HER2-positive
recurrent central nervous system tumor, including those with
MB (NCT03500991).

Another clinical trial currently in phase I and II utilizes
a cancer vaccine consisting of RNA-loaded autologous
dendritic cells (DCs) which is administered to patients with
MB (NCTO01326104). In this trial, DCs were matured and
activated with specific inflammatory cytokines, and then
incubated with amplified tumor messenger RNA, which
originated from an individual cDNA library from each
patient (69). Finally, the DCs were cultured with T-cells and
re-administered together with these T-cells to the respective
patient with MB. This procedure is complicated and time-
consuming, since tumor cells from each patient have to be
collected (64, 69). Unfortunately, several clinical trials
testing cancer vaccines in MB have been unsuccessful and
were terminated (NCT02332889, NCTO01171469,
NCTO00014573).

Other approaches are also useful, as indicated by a
research group showing that MB cells express the poliovirus
receptor CD155 on their surface, which allows a poliovirus
to infect and inhibit tumor proliferation (70). This serves as
an optimal target for oncolytic viral therapy using poliovirus,
and has already demonstrated efficacy in vitro (64). CD155
expression was found to be the highest in WNT MB and
Group 3 MB, and infection by poliovirus reduced
proliferation, resulting in cellular death (70). There are
several ongoing clinical studies evaluating cancer vaccines

using poliovirus, reovirus, or oncolytic herpes simplex virus
(NCT03043391, NCT02444546, NCT03911388).

Finally, programmed death-ligand 1 is a favorable target
for checkpoint inhibitors but the complete absence of this
ligand in MB has been reported (71). Nevertheless, clinical
studies are investigating checkpoint inhibitors against
programmed death-ligand 1 in patients with MB
(NCT03173950, NCT02359565) (65).

Summary and Conclusion

Despite recent advances in cancer genomics, the standard of
care for all MB subgroups still generally consists of maximal
surgical resection, CSI and adjuvant chemotherapy, leading
to numerous severe short- and long-term side-effects. For
new therapeutic approaches, major efforts have been made
to characterize specific gene mutations or amplifications as
possible targets for tailored treatment, with some of them
being already investigated in pre-clinical or clinical trials.

Currently, HH pathway inhibitors, already FDA-approved for
treatment of other types of tumors, deliver promising clinical
trials for the therapy of SHH-driven MB. Other targets such as
PIBK or CDK4/6 are highly interesting for personalized
therapies, and their use is already being evaluated in several
trials for other cancer types. However, one major obstacle is the
development of drug resistance to these pathway inhibitors,
which could potentially be overcome by combining inhibitors
of different pathways. An alternative possibility would be to
combine pathway inhibitors, with chemotherapy, since an
enhanced sensitivity of MB cancer cells to chemotherapy was
revealed when mediated by inhibitor treatment.

In contrast, specific tumor drivers in Group 3 and Group 4
MB have not been well identified, and fewer specific
approaches for these subgroups are available. More
information on the nature of these tumors and further trials are
important in improving patient survival and quality of life.

A different strategy altogether is to treat MB by
immunotherapy, where the major challenge lies in the
identification of new antigens to engineer therapies with
simultaneously more than one target. In this way, immuno-
suppression can be counteracted, and the patient’s immunity
activated by cancer vaccines, viruses, or T-cell therapy.

Finally, continued effort should be made on the molecular
characterization of MB, with the aim of personalizing
treatment strategy when defining the initial diagnosis,
thereby maximally reducing treatment-related toxicity while
retaining and improving overall survival. As pre-clinical
research is continuously driving the field forward, with large
international trials, the biology of individual treatment
responses is being more and more understood. Using this
comprehensive knowledge, targeted therapies have the
potential to improve overall survival as well as the quality
of life of MB survivors.
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