Neuro-Oncology Advances

6(1), vdae070, 2024 | https://doi.org/10.1093/noajnl/vdae070 | Advance Access date 10 May 2024

Effective re-induction regimen for children with
recurrent medulloblastoma

Katrina O'Halloran, Sheetal Phadnis, Gregory K. Friedman, Katie Metrock, Tom B. Davidson,
Nathan J. Robison, Benita Tamrazi, Jennifer A. Cotter, Girish Dhall*, and Ashley S. Margol*

All author affiliations are listed at the end of the article
*These authors contributed equally to this work.

Corresponding Author: Katrina O’Halloran, MB, BCh, BAO, MS, Children’s Hospital Los Angeles, 4650 Sunset Blvd MS 54, Los
Angeles, CA 90027, USA (kohalloran@chla.usc.edu).

Abstract

Background. There is no standard treatment for the recurrence of medulloblastoma, the most common malignant
childhood brain tumor, and prognosis remains dismal. In this study, we introduce a regimen that is well-tolerated
and effective at inducing remission.

Methods. The primary objectives of this study were to assess tolerability of the regimen and overall response rate
(ORR). A retrospective chart review of patients with recurrent medulloblastoma, treated at two institutions with a
re-induction regimen of intravenous irinotecan and cyclophosphamide with oral temozolomide and etoposide,
was performed. Demographic, clinicopathologic, toxicity, and response data were collected and analyzed.
Results. Nine patients were identified. Median age was 5.75 years. Therapy was well-tolerated with no therapy-
limiting toxicities and no toxic deaths. Successful stem cell collection was achieved in all 5 patients in whom it was
attempted. ORR after 2 cycles was 78%. Three patients had a complete response, 4 patients had a partial response,
1 patient had stable disease, and 1 patient had progressive disease. Four patients are alive with no evidence of dis-
ease (NED), 2 patients are alive with disease, 2 patients have died of disease, and 1 patient died of toxicity related
to additional therapy (NED at time of death).

Conclusions. This regimen is well-tolerated and effective. Tumor response was noted in the majority of cases, al-
lowing patients to proceed to additional treatment with no or minimal disease. Further study of this regimen in a
clinical trial setting is an important next step.

Key Points

A re-induction regimen of intravenous irinotecan and cyclophosphamide with oral
temozolomide and etoposide is well tolerated and effective for some patients with recurrent
medulloblastoma.

Medulloblastoma is the most common malignant brain tumor
in children, requiring intensive multimodal therapy inclusive
of aggressive surgical resection followed by craniospinal ir-
radiation (CSI) and chemotherapy. High-dose chemotherapy
(HDC) with autologous stem cell rescue (AuSCR) is often em-
ployed to avoid CSI in infants and young children due to the
known neurocognitive late effects of cranial irradiation in this
age group.’® Despite these therapies, 20-30% of children diag-
nosed with medulloblastoma will experience tumor recur-
rence with the majority of those dying from disease.*89 At
the time of medulloblastoma recurrence, the salvage approach

depends on which upfront therapy was used, with consider-
ation for the alternative treatment strategy. In this study, we
outline a tolerable and effective re-induction regimen for
children with recurrent medulloblastoma.

Medulloblastoma Recurrence After HDC and AuSCR

It is well-described that a proportion of children treated with
irradiation-avoiding strategies upfront can be salvaged with
full-dose CSI with or without neo-adjuvant, adjuvant, or
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Importance of the Study

There is no standard of care for recurrent or progres-
sive medulloblastoma, and prognosis remains dismal.
To improve outcomes, it is necessary to identify regi-
mens that are effective in inducing radiographic remis-
sion, especially in order to augment therapies that work
best in the setting of minimal disease. Toxicity is also a
significant concern, given that these patients have al-
ready received myelosuppressive therapy. This study

maintenance chemotherapy.’®'® Salvage CSI| has been
shown to have overall survival (OS) rates of 39% at five
years.' A more recent international retrospective study of
patients with relapse after CSl-avoiding upfront therapy re-
ported a 5-year post-relapse survival of 42.6% with a ma-
jority of patients subsequently receiving salvage CSI.'®

Medulloblastoma Recurrence After CSI

In contrast, patients who experience recurrence after up-
front treatment with CSI have dismal outcomes. A review
of the Canadian experience reported that 31.2% of pedi-
atric patients diagnosed with medulloblastoma had recur-
rence (85% received CSI during upfront therapy), and OS
at 5 years following recurrence was 12.4%.'® The Seattle
group reported a similar experience, with median survival
after disease recurrence of 10.3 months and 3-year overall
survival of 18% for patients treated with upfront CSI."”
Patients treated with CSl-containing regimens are typically
treated at recurrence with either salvage conventional che-
motherapy or HDC with AuSCR.3.18.19

Recurrence After CSI—Conventional
Chemotherapy Salvage

The Children’s Oncology Group (COG) phase Il study of
the use of temozolomide in patients with recurrent cen-
tral nervous system tumors showed activity against
medulloblastoma and tumors previously designated as
primitive neuroectodermal tumor (PNET) with an overall
response rate (ORR) of 16%.2° Subsequently, 4 cycles of
temozolomide in combination with irinotecan was shown
to have an ORR of 32.6%.2" The COG study ACNS0821
(NCT01217437) evaluated the addition of bevacizumab
and demonstrated that 17.4% of patients had a complete
response (CR), and 30.4% had a partial response (PR;
ORR 47%) with prolonged OS by 3 months compared to
temozolomide and irinotecan without bevacizumab.??

Recurrence After CSI—HDC and AuSCR Salvage

Salvage strategies utilizing HDC and AuSCR have also been
described in the treatment of recurrent medulloblastoma
after upfront radiation therapy. In early studies of cy-
clophosphamide and melphalan followed by AuSCR,
the therapy was tolerable in 8 patients with recurrent

highlights a novel and well-tolerated regimen that suc-
cessfully induces responses in some patients, allowing
them to proceed to additional therapies with no or min-
imal disease burden. It may be considered a therapeutic
option for patients with recurrent medulloblastoma and
should be considered for incorporation into future clin-
ical trials.

medulloblastoma with 3 patients experiencing a PR and
1 a CR (ORR 50%).% In another study, 4 of the 19 patients
with recurrent medulloblastoma treated with cyclophos-
phamide and melphalan had no evidence of disease (NED)
following AuSCR.?* A regimen of high-dose carboplatin,
thiotepa, and etoposide followed by AuSCR has also
been evaluated; of 23 patients, 7 remained without dis-
ease progression at a median of 54 months after AuSCR."
A further report from the expanded series with long-
term follow-up noted that event-free survival trended
towards improvement in patients who demonstrated
chemotherapy-sensitive disease and who received further
irradiation as part of salvage therapy.'®

The German protocol HIT97 enrolled 72 patients with re-
current medulloblastoma and PNET.?® Patients received 2
cycles of carboplatin and etoposide followed by disease
evaluation. Those who demonstrated response received
2 additional cycles followed by high-dose carboplatin,
etoposide, thiotepa and AuSCR, and overall, 52% of pa-
tients responded after cycle 2. However, only 5 patients
were long-term survivors with 2 patients reported to
have a continuous remission. Patients with recurrent
medulloblastoma after treatment on HIT-SIOP-PNET4 were
treated with combinations of surgery, radiation, and HDC
with AuSCR. Five-year OS was 6% and in multivariate anal-
ysis neither irradiation nor HDC with AuSCR significantly
prolonged survival.?

Given the poor prognosis of recurrent medulloblastoma,
there remains a need for improved therapies and effective
re-induction strategies. In this study, we describe a con-
ventional chemotherapy regimen that is well-tolerated,
effective at inducing disease response, and can be suc-
cessfully used as a precursor to other potential salvage
therapies.

Materials and Methods

We developed a novel re-induction chemotherapy reg-
imen of intravenous irinotecan and cyclophosphamide
with oral temozolomide and etoposide. (Table 1). Agents
were primarily chosen based on lack of previous exposure.
Cyclophosphamide was included for its known efficacy
against medulloblastoma and to aid with peripheral blood
stem cell (pBSC) collection.

The primary objectives were analysis of toxicity and ORR;
overall survival was evaluated as a secondary objective.
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Table 1. Re-induction Regimen (Each Cycle is 28 Days)

Drug Route Dose Frequency

Irinotecan \% 125 mg/m?/dose Days 1,8

Cyclophosphamide \% 1500 mg/m?dose  Days 1, 2

Temozolomide PO 150 mg/m?/dose Qday on
days 1-5

Etoposide PO 50 mg/m?%dose Qday on
days 1-7

Treatment-associated toxicities were assessed and graded
as per the National Cancer Institute Common Terminology
Criteria for Adverse Events Version 5. Radiographic re-
sponses were evaluated by a pediatric neuroradiologist
at each institution, as defined by the published Response
Assessment in Pediatric Neuro-Oncology criteria: CR with
disappearance of all disease, PR with >50% reduction in
disease, progressive disease (PD) with >25% increase in
disease, or stable disease (SD) with disease not meeting
the aforementioned criteria.?’

Patients underwent disease evaluation with magnetic
resonance imaging after 2 cycles of chemotherapy with
the expectation that patients would either receive 2 addi-
tional cycles of therapy for PR or proceed to consolidation
in the setting of NED. Radiographic disease evaluation
was repeated after 4 cycles. For patients treated with HDC
and AuSCR upfront, the intent was to give CSI as consol-
idation. For patients initially treated with CSI, the intent
was to give HDC and AuSCR as consolidation therapy. If
HDC and AuSCR were planned, pBSC collection was per-
formed after cycle 1, if not previously collected as part of
upfront therapy and available for administration.

Approval was obtained from the Children’s Hospital Los
Angeles and the University of Alabama at Birmingham
institutional review boards (CHLA-21-00219, UAB IRB-
300008049) to conduct a retrospective chart review of
children with recurrent medulloblastoma treated with
the re-induction regimen as described from 2015 to 2020.
Clinicopathological features at diagnosis and recurrence
as well as toxicity, treatment response, and survival data
were collected.

Results
Demographics

Nine children were included in this study. Demographics,
clinicopathologic features, and initial treatments are
outlined inTable 2. The median patient age at diagnosis
was 5.75 years (range: 2.5-17 years) and there was a
male preponderance (67%). At the time of diagnosis,
four patients (44%) had MO disease per modified Chang
staging system, three patients (33%) had M3 disease,
and one patient (11%) had M4 disease; one patient had
unknown upfront M staging.* Molecular subgrouping
was available in 6 patients, and all were non-SHH/
non-WNT.

UpFront Therapy

Initial treatment varied among subjects. Four patients were
treated with HDC and AuSCR (patients 2, 7, 8, and 9). One
patient had a complex induction course due to neurologic
compromise and received modified induction chemo-
therapy in addition to spinal radiation with palliative intent.
This was followed by remarkable clinical improvement;
therefore, this patient subsequently received whole brain
radiation with boost (patient 3). Three patients were treated
with upfront CSI and maintenance chemotherapy (patients
1, 4, and 6) while one patient who received initial therapy
abroad was treated with CSl alone (patient 5).

Recurrence and Re-induction

The mean time from diagnosis to first recurrence was 19
months with 2 patients having both local and leptomenin-
geal recurrences and 7 patients experiencing distant recur-
rences at metastatic sites outside the tumor bed. Recurrence
and re-induction treatment are outlined in Table 3. All pa-
tients received at least 2 cycles of the described re-induction
chemotherapy regimen, as outlined in Figure 1.

Toxicities

All  patients experienced myelosuppression during
re-induction. Additional toxicities during re-induction are
described in Table 3. Second to myelosuppression, infec-
tion was the most common complication with 6 patients
experiencing febrile neutropenia, 2 of whom experienced
septic shock requiring admission to the intensive care unit.
All patients received therapy at full dose, except patient 4
who required dose modification for persistent thrombocy-
topenia.There were no treatment-related deaths.

Response

Two patients had a CR after two cycles of therapy and
proceeded to consolidation (patients 1 and 3). Of the re-
maining 7 patients, 5 had a PR (patients 2, 5, 6, 8, and 9)
and 2 had SD (patients 4 and 7). ORR after 2 cycles was
78%. Two of the 5 patients with PR proceeded directly to
consolidation (patients 8 and 9). The other 3 patients who
achieved a PR received 2 additional cycles of therapy with
1 patient achieving CR (patient 2, Figure 2) and the other
2 achieving further response resulting in minimal disease
(brain lesion nearly resolved in patient 5, spine leptome-
ningeal plaque nearly resolved in patient 6; Figure 3). The
2 patients with SD received an additional 2 cycles (patients
4 and 7). One patient had ongoing SD after 4 cycles and
proceeded to consolidation (patient 7), while the other had
PD after cycle 4 (patient 4). In addition, pBSC collection was
achieved in all patients for whom it was attempted (n = 5).

Consolidation

All patients were able to reach consolidation, which varied
among subjects. The 4 patients initially treated with HDC




O'Halloran et al.: Effective re-induction for medulloblastoma

Table 2. Demographics and Initial Treatment

Pa- Age
tient at Dx
(months)

Extent
of initial
resec-

Histology

Upfront radia-
tion

Upfront chemotherapy

tion

1 75 F Mo GTR Classic 4 Csl Maintenance: CCNU, VCR, CP, CPM (9
2340cGy + boost cycles)
3060cGy

2 53 F MO GTR Classic 3 n/a Induction: CP, CPM, ETOP, VCR, MTX

(6 cycles)

Consolidation: HDC carboplatin,
thiotepa, etoposide with AuSCR (1
cycle)

3 65 M M3 STR Anaplastic 4 Spinal 2310cGy Induction: CP, CPM, ETOP, VCR, MTX
then cranial (3 cycles), metronomic cyclophos-
1800cGy + boost phamide and etoposide, maintenance
5400cGy with cis-retinoic acid and vorinostat

4 107 M M3 GTR Classic 4 Csl Maintenance: CP, CPM, VCR (6 cycles)
3600cGy + boost
1980cGy

5 210 M unk unk unk unk CS14140cGy n/a

6 119 M MO STR Classic 4 Csl Maintenance: CCNU, VCR, CP, CPM (9
2340cGy + boost cycles)
3060cGy

7 31 M MO GTR Classic 3/4 n/a Induction: CP, CPM, ETOP, VCR, MTX

(6 cycles)

Consolidation: HDC carboplatin,
thiotepa, etoposide with AuSCR (1
cycle)

8 69 F M3 GTR Classic 3/4 n/a Induction: CP,VCR, ETOP, CPM, MTX

(3 cycles)
9 36 M M4 GTR Anaplastic Unk n/a Induction: CP,VCR, ETOP, CPM, MTX
(5 cycles)

M, male; F, female; GTR, gross total resection; STR, subtotal resection; unk, unknown; VCR, vincristine; CP, cisplatin; CPM, cyclophosphamide; ETOP,

etoposide; MTX, methotrexate.

and AuSCR all received CSl (patients 2, 7, 8, and 9) while the
2 patients initially treated with CSI and maintenance che-
motherapy went on to receive HDC and AuSCR (patients 1
and 6). The patient who was treated with induction chemo-
therapy, palliative spinal, and subsequent low-dose cranial
irradiation received HDC and AuSCR followed by whole
brain irradiation (patient 3). The patient initially treated
with CSI alone proceeded to receive HDC and AuSCR fol-
lowed by CSI (patient 5). The patient with PD after 4 cycles
of re-induction chemotherapy received consolidation as
per the MEMMAT protocol (patient 4).28

All patients who received consolidation with HDC
and AuSCR stem cell rescue had subsequent successful
engraftment.

Survival

Three patients are alive with NED at 15-, 56-, and
80-month follow-up (patients 2, 3, 6). One patient died of
consolidation-related toxicity (radiation-induced spinal
cord necrosis) but was NED at the time of death 28 months
from initial recurrence (patient 5). Five patients eventually
developed PD (patients 1, 4, 7, 8, 9). Two patients died of

disease, 2 are alive with disease and one is alive with NED
after prior PD and additional antiangiogenic plus intra-
thecal therapy. In total, 4 patients (44%) are alive with NED
(patients 2, 3, 6, and 7). Of note, molecular testing was not
performed on patients 2 and 3; however, neither showed
evidence of MYC amplification/overexpression by fluores-
cence in situ hybridization or immunohistochemistry, re-
spectively. Chromosomal microarray demonstrated that
patient 6 had isodicentric 17q and loss of Y chromosome,
and patient 7 had copy number gains in chromosomes 1-7,
9, 12-15, and 17-22, with no evidence of MYC nor MYCN
amplification nor isochromosome 17q.

Discussion

Medulloblastoma requires the use of multimodal therapy
in the upfront setting, whether it is surgery in combination
with chemotherapy and CSl in older children or surgery in
conjunction with conventional chemotherapy and HDC/
AuSCR in infants and young children.?®30 At the time of re-
lapse, these principles remain true, especially for tumors
that have evaded prior intensive therapy. The prognosis at
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All patients
(n=9)

2 cycles re-induction
(n=9)

Complete response
(n = 2; patients 1, 3)

2 further cycles re-induction

Partial response
(n=5; patients 2, 5, 6, 8, 9)

(n = 3; patients 2, 5, 6)

Stable disease
(n = 2; patients 4, 7)

2 further cycles re-induction
(n = 2; patients 4, 7)

|

Stable disease

Progressive disease

Complete response | Further partial response
(n = 1; patient 2) (n = 2; patients 5, 6)

(n = 1; patient 7)

Consolidation |_

(n = 2; patients 8, 9)

(n = 1; patient 4)

Consolidation
(n = 1; patient 7)

Consolidation
(n = 2; patients 5, 6)

Consolidation
(n = 1; patient 2)

Consolidation | |
(n = 2; patients 1, 3)

Figure 1.

CONSORT diagram.

Recurrence Post re-induction cycle 2 Post re-induction cycle 4 Post consolidation

Figure 2. Representative MRl images from patient 2.

Figure 3. Representative MRl images from patients 5 and 6. Patient 5 (left): Brain lesion prior to re-induction (left) and nearly resolved after 4
cycles (right). Patient 6 (right): T10 lesion prior to re-induction (left) and nearly resolved “plaque” after 4 cycles (right).
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relapse remains very poor and improved therapeutic strat-
egies are needed. Since therapies may be most effective
when there is minimal residual disease,®"? it remains im-
portant to identify tolerable and effective regimens that
may re-induce remission prior to consideration of addi-
tional consolidation or clinical trial options.

There are several clinical trials currently underway for
recurrent medulloblastoma. A phase Il study evaluating
metronomic antiangiogenic chemotherapy in the setting of
recurrent medulloblastoma is ongoing (NCT01356290) and
interim reporting showed a response rate of 45% with 6 pa-
tients achieving CR.33The Pediatric BrainTumor Consortium
study PBTC-053 (NCT03904862) is enrolling patients with
recurrent SHH group medulloblastoma to evaluate study
drug CX-4945, a small molecule and casein kinase 2 in-
hibitor. The Pediatric Neuro-Oncology Consortium study
PNOC027 (NCT05057702) is enrolling patients with recur-
rent medulloblastoma utilizing sequencing and real-time
in vitro drug screening to recommend personalized treat-
ment plans. Biomarker-specific CART cell studies for which
patients may also be eligible include the IL13Ra2-CAR T
Cell trial (NCT04661384) and the BrainChild B7-H3 CART
trials (NCT04185038 and NCT05768880).

Despite numerous ongoing trials, recurrent medullo-
blastoma remains challenging to treat. Approaches to min-
imize disease burden prior to consideration of additional
salvage options are needed, and a re-induction regimen as
we have outlined can be considered in combination with
novel treatment methods that work best in the setting of no
or minimal disease.34-36

Direct comparisons of response rates are challenging
due to the lack of accepted standard of care for recur-
rent medulloblastoma, and the consequent heteroge-
neity of treatment approaches. However, most salvage
regimens have reported responses of up to ~50%, with
temozolomide/irinotecan/bevacizumab reported with an
ORR of 47%, HDC approaches including cyclophospha-
mide/melphalan an ORR of 50%, and HIT97 an ORR of
52%_14—18,20—26

In this study we report an ORR of 78%, demonstrating
that some patients with recurrent medulloblastoma re-
main responsive to conventional chemotherapy. Three
patients were able to achieve a CR, and two additional pa-
tients achieved a substantial PR.

While this investigation was focused on the re-induction
chemotherapy regimen, it is worth noting that some pa-
tients who received CSI post-re-induction were treated
with less than 3600cGy. Patient 2 received 2340cGy cra-
nial and 3600cGy spinal irradiation and is alive with NED
at 56 months, while patient 3 received 1800cGy cranial
and 2310cGy spinal irradiation followed by 2340cGy cra-
nial irradiation at the time of relapse and is also alive
with NED at 80 months. While this is a very small sample
size, it is still an important observation given patients
may still be young at the time of recurrence and full dose
CSI may not align with a family’s goals of care. Given the
heterogeneity of the clinical and pathologic features of
children with recurrent medulloblastoma, it is important
to have a variety of well-tolerated and effective treatment
options to offer families based on their goals of care,
availability of clinical trial options, and/or other thera-
peutic modalities.

Limitations

This study has several limitations including small sample
size, heterogeneity of upfront therapy, and incomplete
data regarding molecular subgroups which may have influ-
enced response to chemotherapy. It is therefore important
to recognize that these results may not be generalizable to
all patients with relapsed or progressive medulloblastoma.

Clinical Application

At our institutions, this regimen is considered in cases of
recurrent medulloblastoma—when clinical status allows
and in shared decision-making with families—as a bridge
to further therapy with curative intent. Potential advan-
tages include induction of response, allowing for further
consolidation or consideration of novel therapies and
trials with minimal disease. Limitations of this regimen
include side effects related to treatment intensity, namely
myelosuppression, and the potential for serious infections,
which must be considered in the context of a patient’s prior
treatment and associated toxicities.

Conclusion

The described re-induction regimen is well-tolerated and
can induce complete and partial responses and lead to
subsequent long-term survival when used in combination
with consolidation strategies. This regimen should be con-
sidered when there is a need to reduce the disease burden
prior to proceeding to subsequent treatments that require
minimal or no evidence of disease for best outcomes.
Further evaluation of this re-induction regimen in a pro-
spective trial is recommended.

Keywords

medulloblastoma | recurrence | re-induction

Lay Summary

Medulloblastoma is a common brain cancer in children. There
are no standard therapies when the disease comes back after
initial treatment. In this study, the authors looked to see how
well a new combination chemotherapy consisting of intrave-
nous irinotecan and cyclophosphamide with oral temozolomide
and etoposide treated medulloblastoma once the disease came
back after initial treatment. To do this, they analyzed the medical
records of 9 medulloblastoma patients treated with this regimen
across 2 U.S. institutions. They found no unexpected side effects
from the intensive chemotherapy treatment. A positive effect
was seen in 7 of the 9 patients after two rounds of treatment with
tumors shrinking substantially or disappearing completely. All
patients were able to go on to receive additional help to control
disease.




Funding

There is no funding associated with this work.

Conflict of interest statement

There are no conflicts of interest.

Data availability

There are no additional data, all data have been presented in the
manuscript.

Authorship statement

Concept: K.0.,, AS.M., and G.D.. Manuscript composition:
K.0., S.P, G.K.F,KM.,TB.D.,,N.J.R, J.A.C,G.D. and A.S.M.

Affiliations

Department of Pediatrics, Children’s Hospital Los Angeles, Los
Angeles, California, USA(K.0., T.B.D., N.J.R.,, A.S.M.); Keck
School of Medicine of University of Southern California, Los
Angeles, California, USA (K.0., T.B.D.,N.J.R., B.T., J.A.C., A.S.M.);
Department of Pediatrics, Children’s of Alabama, Birmingham,
Alabama, USA (S.P, G.K.F, KM. G.D.); Department of
Pediatrics, University of Alabama at Birmingham, Birmingham,
Alabama, USA (S.P, G.K.F, K.M., G.D.); Division of Pediatrics,
The University of Texas MD Anderson Cancer Center, Houston,
Texas, USA (G.K.F); Department of Radiology, Children’s Hospital
Los Angeles, Los Angeles, California, USA (B.T.); Department
of Pathology and Laboratory Medicine, Children's Hospital Los
Angeles, Los Angeles, California, USA (J.A.C.)

References

Ostrom QT, Patil N, Cioffi G, et al. CBTRUS statistical report:
Primary brain and other central nervous system tumors diagnosed
in the United States in 2013-2017. Neuro Oncol. 2020;22(12 suppl
2):iv1-iv9e.

Dhall G, Grodman H, Ji L, et al. Outcome of children less than three years
old at diagnosis with non-metastatic medulloblastoma treated with che-
motherapy on the “Head Start” | and Il protocols. Pediatr Blood Cancer.
2008;50(6):1169-1175.

Dhall G, O'Neil SH, Ji L, et al. Excellent outcome of young children
with nodular desmoplastic medulloblastoma treated on “Head Start”
lll: A multi-institutional, prospective clinical trial. Neuro Oncol.
2020;22(12):1862—1872.

20.

21.

O'Halloran et al.: Effective re-induction for medulloblastoma

Chang CH, Housepian EM, Herbert C, Jr. An operative staging
system and a megavoltage radiotherapeutic technic for cerebellar
medulloblastomas. Radiology. 1969;93(6):1351-1359.

Cohen BH, Geyer JR, Miller DC, et al; Children's Oncology Group. Pilot
study of intensive chematherapy with peripheral hematopoietic cell sup-
port for children less than 3 years of age with malignant brain tumors,
the CCG-99703 Phase I/II Study. A Report From the Children’s Oncology
Group. Pediatr Neurol. 2015;53(1):31-46.

Ramaswamy V, Remke M, Bouffet E, et al. Risk stratification of child-
hood medulloblastoma in the molecular era: the current consensus. Acta
Neuropathol. 2016;131(6):821-831.

Hill RM, Kuijper S, Lindsey JC, et al. Combined MYC and P53 defects
emerge at medulloblastoma relapse and define rapidly progressive,
therapeutically targetable disease. Cancer Cell. 2015;27(1):72-84.
Ramaswamy V, Remke M, Bouffet E, et al. Recurrence patterns across
medulloblastoma subgroups: An integrated clinical and molecular anal-
ysis. Lancet Oncol. 2013;14(12):1200-1207.

Hill  RM, Plasschaert SLA, Timmermann B, et al. Relapsed
medulloblastoma in pre-irradiated patients: Current practice for diag-
nostics and treatment. Cancers (Basel). 2021;14(1):126.

Shih CS, Hale GA, Gronewold L, et al. High-dose chemotherapy with au-
tologous stem cell rescue for children with recurrent malignant brain tu-
mors. Cancer. 2008;112(6):1345-1353.

. Gururangan S, Krauser J, Watral MA, et al. Efficacy of high-dose che-

motherapy or standard salvage therapy in patients with recurrent
medulloblastoma. Neuro Oncol. 2008;10(5):745—751.

Kumar R, Smith KS, Deng M, et al. Clinical outcomes and patient-
matched molecular composition of relapsed medulloblastoma. J Clin
Oncol. 2021;39(7):807-821.

Butturini AM, Jacob M, Aguajo J, et al. High-dose chemotherapy and
autologous hematopoietic progenitor cell rescue in children with re-
current medulloblastoma and supratentorial primitive neuroectodermal
tumors: The impact of prior radiotherapy on outcome. Cancer.
2009;115(13):2956-2963.

Muller K, Mynarek M, Zwiener |, et al. Postponed is not canceled: Role
of craniospinal radiation therapy in the management of recurrent infant
medulloblastoma--an experience from the HIT-REZ 1997 & 2005 studies.
Int J Radiat Oncol Biol Phys. 2014;88(5):1019-1024.

Erker C, Mynarek M, Bailey S, et al. Outcomes of infants and young
children with relapsed medulloblastoma after initial craniospinal
irradiation-sparing approaches: An International Cohort Study. J Clin
Oncol. 2023;41(10):1921-1932.

Johnston DL, Keene D, Strother D, et al. Survival following tumor re-
currence in children with medulloblastoma. J Pediatr Hematol Oncol.
2018;40(3):e159-e163.

Koschmann C, Bloom K, Upadhyaya S, Geyer JR, Leary SE. Survival
after relapse of medulloblastoma. J Pediatr Hematol Oncol.
2016;38(4):269-273.

Dunkel IJ, Gardner SL, Garvin JH, Jr, et al. High-dose carboplatin,
thiotepa, and etoposide with autologous stem cell rescue for patients
with previously irradiated recurrent medulloblastoma. Neuro Oncol.
2010;12(3):297-303.

Dunkel 1J, Boyett JM, Yates A, et al. High-dose carboplatin, thiotepa,
and etoposide with autologous stem-cell rescue for patients with
recurrent medulloblastoma. Children’s Cancer Group. J Clin Oncol.
1998;16(1):222-228.

Nicholson HS, Kretschmar CS, Krailo M, et al. Phase 2 study of
temozolomide in children and adolescents with recurrent central
nervous system tumors: A report from the Children’s Oncology Group.
Cancer. 2007;110(7):1542—1550.

Grill J, Geoerger B, Gesner L, et al; European Consortium Innovative
Therapies for Children with Cancer (ITCC) and the European Society



22.

23.

24.

25.

26.

2].

O’'Halloran et al.: Effective re-induction for medulloblastoma

for Paediatric Oncology (SIOPE) brain tumor group. Phase Il study of
irinotecan in combination with temozolomide (TEMIRI) in children with
recurrent or refractory medulloblastoma: A joint ITCC and SIOPE brain
tumor study. Neuro Oncol. 2013;15(9):1236—1243.

Lewy AS, Krailo M, Chi S, et al. Temozolomide with irinotecan
versus temozolomide, irinotecan plus bevacizumab for recurrent
medulloblastoma of childhood: Report of a COG randomized Phase |l
screening trial. Pediatr Blood Cancer. 2021;68(8):e29031.

Mahoney DH, Jr, Strother D, Camitta B, et al. High-dose melphalan and
cyclophosphamide with autologous bone marrow rescue for recurrent/
progressive malignant brain tumors in children: A pilot pediatric on-
cology group study. J Clin Oncol. 1996;14(2):382—388.

Graham ML, Herndon JE, 2nd, Casey JR, et al. High-dose chemo-
therapy with autologous stem-cell rescue in patients with recur-
rent and high-risk pediatric brain tumors. J Clin Oncol. 1997;15(5):
1814-1823.

Bode U, Zimmermann M, Moser O, et al. Treatment of recurrent
primitive neuroectodermal tumors (PNET) in children and ado-
lescents with high-dose chemotherapy (HDC) and stem cell sup-
port: Results of the HITREZ 97 multicentre trial. J Neurooncol.
2014;120(3):635-642.

Sabel M, Fleischhack G, Tippelt S, et al; SIOP-E Brain Tumour
Group. Relapse patterns and outcome after relapse in standard
risk medulloblastoma: A report from the HIT-SIOP-PNET4 study. J
Neurooncol. 2016;129(3):515-524.

Warren KE, Vezina G, Poussaint TY, et al. Response assess-
ment in medulloblastoma and leptomeningeal seeding tumors:
Recommendations from the Response Assessment in Pediatric Neuro-
Oncology committee. Neuro Oncol. 2018;20(1):13-23.

28.

29.

30.

31

32.

33.

34.

35.

36.

Peyrl A, Chocholous M, Kieran MW, et al. Antiangiogenic metronomic
therapy for children with recurrent embryonal brain tumors. Pediatr
Blood Cancer. 2012;59(3):511-517.

Ingraham FD, Bailey OT, Barker WF. Medulloblastoma cerebelli; diag-
nosis, treatment and survivals, with a report of 56 cases. N Engl J Med.
1948,238(6):171-174.

Tice GM. Treatment and prognosis of medulloblastoma. JAMA.
1962;182(6):629-631.

Choi LM, Rood B, Kamani N, et al. Feasibility of metronomic maintenance
chemotherapy following high-dose chemotherapy for malignant central
nervous system tumors. Pediatr Blood Cancer. 2008;50(5):970-975.
Kramer K, Pandit-Taskar N, Humm JL, et al. A phase Il study
of radioimmunotherapy ~with intraventricular (131) 1-3F8 for
medulloblastoma. Pediatr Blood Cancer. 2018;65(1):626754.

Peyrl A, Chocholous M, Sabel M, et al. Sustained survival benefit in re-
current medulloblastoma by a metronomic antiangiogenic regimen: A
Nonrandomized Controlled Trial. JAMA Oncol. 2023;9(12):1688—-1695.
Finlay JL, Goldman S, Wong MC, et al. Pilot study of high-dose thiotepa
and etoposide with autologous bone marrow rescue in children and
young adults with recurrent CNS tumors. The Children’s Cancer Group.
J Clin Oncol. 1996;14(9):2495-2503.

Egan G, Cervone KA, Philips PC, et al. Phase | study of temozolomide in
combination with thiotepa and carboplatin with autologous hematopoi-
etic cell rescue in patients with malignant brain tumors with minimal
residual disease. Bone Marrow Transplant. 2016;51(4):542-545.

Kadota RP, Mahoney DH, Doyle J, et al. Dose intensive melphalan
and cyclophosphamide with autologous hematopoietic stem cells
for recurrent medulloblastoma or germinoma. Pediatr Blood Cancer.
2008;51(5):675-678.




	Effective re-induction regimen for children with recurrent medulloblastoma  
	Materials and Methods
	Results
	Demographics
	UpFront Therapy
	Recurrence and Re-induction
	Toxicities
	Response
	Consolidation
	Survival

	Discussion
	Limitations
	Clinical Application

	Conclusion
	References


