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Abstract

Background. Vismodegib specifically inhibits Sonic Hedgehog (SHH). We report results of a phase l/ll trial
evaluating vismodegib + temozolomide (TMZ) in immunohistochemically defined SHH recurrent/refractory adult
medulloblastoma.

Methods. TMZ-naive patients were randomized 2:1 to receive vismodegib + TMZ (arm A) orTMZ (arm B). Patients
previously treated withTMZ were enrolled in an exploratory cohort of vismodegib (arm C). If the safety run showed
no excessive toxicity, a Simon'’s 2-stage phase Il design was planned to explore the 6-month progression-free sur-
vival (PFS-6). Stage Il was to proceed if arm A PFS-6 was >3/9 at the end of stage I.

Results. A total of 24 patients were included: arm A (10), arm B (5), and arm C (9). Safety analysis showed no excessive
toxicity. At the end of stage |, the PFS-6 of arm A was 20% (2/10 patients, 95% unilateral lower confidence limit: 3.7%)
and the study was prematurely terminated. The overall response rates (ORR) were 40% (95% Cl, 12.2-73.8) and 20%
(95% Cl, 0.5-71.6) in arm A and B, respectively. In arm C, PFS-6 was 37.5% (95% Cl, 8.8-75.5) and ORR was 22.2% (95%
Cl, 2.8-60.0). Among 11 patients with an expected sensitivity according to new generation sequencing (NGS), 3 had
partial response (PR), 4 remained stable disease (SD) while out of 7 potentially resistant patients, 1 had PR and 1 SD.
Conclusion. The addition of vismodegib to TMZ did not add toxicity but failed to improve PFS-6 in SHH recurrent/
refractory medulloblastoma. Prediction of sensitivity to vismodegib needs further refinements.

Key Points
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Importance of the Study

Adult medulloblastoma is an orphan disease requiring
specific studies because it differs from its pediatric
counterpart on pathology, molecular biology, and toler-
ance to treatment. Sonic Hedgehog (SHH) pathway is
often activated in adult medulloblastoma and may rep-
resent an ideal therapeutic target. Vismodegib inhibits
SMO and is therefore a specific inhibitor of this pathway.
Potential toxicity and efficacy of adding vismodegib to
chemotherapy (temozolomide [TMZ]) in relapsing pa-
tients deserve further study. The authors report on the

Adult medulloblastoma is a rare orphan disease that af-
fects about 0.6 cases per million inhabitants. It requires
specific studies because it differs from its pediatric coun-
terpart regarding incidence, pathology, molecular biology,
and tolerance to treatment. Front-line treatment of adult
medulloblastoma has typically been designed based on pe-
diatric protocols.” It consists of surgical resection followed
by radiotherapy and chemotherapy.2® At recurrence, the
therapeutic options remain limited.

Methylation and transcriptomic profiles have iden-
tified subgroups of medulloblastoma based on their
activation profile that reflect the cell of origin. Adult
medulloblastoma predominantly (about 60% of patients)
belongs to the desmoplastic subtype with Sonic Hedgehog
(SHH) pathway activation,” specifically SHH-8.8 Adult SHH-
activated medulloblastoma have an intermediate prog-
nosis with a 5-year survival rate of 50% to 70%,° provided
there is no associated p53 mutation.'®The SHH pathway is
a potential candidate for targeted therapy for patients with
recurrent or refractory disease.

The SHH pathway is spatially and temporally involved
in expansion, migration, and differentiation of imma-
ture precursor cells from the external granule cell layer to
form the internal granule-cell layer during cerebellar mat-
uration. This pathway becomes normally inactive in most
normal adult tissue. Its reactivation is a driving phenom-
enon in the pathogenesis of medulloblastoma. Adult-type
medulloblastoma is enriched for either PTCH1 or SMO
(smoothened) mutations and is thus prone to respond to
anti-SHH therapies." Vismodegib is a ligand-specific inhib-
itor of the SHH pathway. Even though tumors are sensi-
tive, no long-lasting responses have yet been described.?
Blocking tumor cell proliferation at different molecular
levels may generate synergistic/additive effects as re-
ported in various models.”® Temozolomide (TMZ) is an
oral chemotherapy that has proved activity in relapsing
medulloblastoma and its minimal hematotoxicity allows
its use in patients previously treated with craniospinal ra-
diation. It is thus an attractive option both to be tested in
association with an anti-SMO compound and to be used as
a comparative standard therapy.

The MEVITEM phase I/ll trial reported here explored the
toxicity and efficacy of adding vismodegib toTMZ in adult
patients with recurrent or refractory medulloblastoma with
an activation of SHH.

final results of a phase I/Il study evaluating vismodegib
+ TMZ vs TMZ in adults with recurrent/refractory
medulloblastoma with SHH activation determined by
immunohistochemistry. Although the combination did
not add significant toxicity and significantly improved
radiological response rate, it failed to significantly im-
prove the 6-month progression-free survival. The NGS
analysis failed to accurately predict response and re-
sistance to vismodegib. Further studies are required to
improve the handling of this targeted therapy.

Methods
Study Design and Patients

Designed in 2011 and opened in 2012, MEVITEM was a
multicentric, randomized (ratio 2:1), open-label, phase
I/ll trial aiming to evaluate the safety and clinical ac-
tivity of the association of vismodegib + TMZ in adult
patients (>18 years) with recurrent or refractory SHH
medulloblastoma. It included (i) a safety run-in, aiming to
evaluate the safety of the combination of vismodegib +
TMZ and (ii) a phase Il part aiming to evaluate the clinical
activity of vismodegib + TMZ (Figure 1). An exploratory
arm with vismodegib alone was proposed for patients
pretreated by TMZ. Main eligibility criteria included:
histologically confirmed recurrent or refractory SHH
medulloblastoma for which no known curative therapy
existed, the absence of previous treatment withTMZ, evi-
dence of measurable disease, and documented activation
of the SHH pathway. SHH pathway status was assessed
by immunohistochemistry (IHC) and was centrally re-
viewed. Only patients with cytoplasmic GAB1 and filamin
A positive staining, with negative nuclear $-catenin were
included. Further eligibility criteria included Eastern
Cooperative Oncology Group (ECOG) performance status
of 0-2, adequate hematological function (absolute neutro-
phil count >1.5 x 10° cells per L, platelets >100 x 10° cells per
L, hemoglobin concentration >10 g/dL), adequate hepatic
function (bilirubin <1.5 x ULN, aspartate aminotransferase
and alanine aminotransferase <2.5 x ULN); adequate renal
function (creatinine clearance >50 mL/min (calculated by
Cockcroft-Gault formula or Modification of Diet in Renal
Disease (MDRD) formula for patients older than 65 years)
or serum creatinine <1.5 x ULN. Exclusion criteria were
the presence of a malabsorption syndrome, uncontrolled
hypocalcemia, hypomagnesemia, hyponatremia, or hypo-
kalemia, the absence of any history of congestive heart
failure or ventricular arrhythmia requiring medication or
congenital long QT syndrome. Of note, there was no limit
to the number of previous treatment lines.

Ethics approval was obtained for this study (EudraCT No.:
2011-003372-37, ClinicalTrials.gov identifier NCT01601184)
which was conducted in accordance with the Declaration of
Helsinki, International Conference on Harmonization-Good
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Fig.1 Study scheme.

Clinical Practice, and participating country and institution
regulations. All patients provided written informed con-
sent.The sponsor of the study was the Centre Léon Bérard,
Lyon, France.

Procedures

Eligible patients naive of TMZ were randomized 2:1 be-
tween arm A and arm B. In arm A, patients received
vismodegib (150 mg/day, per os, continuously) plus TMZ
(150 mg/m? from day 1 to day 5 over a 28-day cycle period
during cycle 1 and 200mg/m? from day 1 to day 5 over a
28-day cycle period during subsequent cycles). Patients in
arm B received TMZ (same regimen) as a single agent.The
protocol was amended to allow on a case-by-case basis,
the enrollment of patients previously treated by TMZ in a
third independent and parallel arm (arm C, vismodegib
single agent, 150 mg/day, per os, continuously; Figure 1).

Study treatments were continued until disease pro-
gression, unacceptable toxicity, or withdrawal of con-
sent. Upon disease progression, patients randomized in
arm B were allowed to cross over and initiate vismodegib
as a single agent treatment. Response assessments ac-
cording to WHO criteria' included neurological evalua-
tion and cerebrospinal fluid (CSF) MRI every 2 months.
Imaging was reviewed centrally. Patients were followed
up for safety through clinical and biological assessments
at least monthly (weekly for the first 2 cycles) until treat-
ment discontinuation. Adverse events (AE) were assessed
and graded according to the CommonTerminology Criteria
Adverse Events (CTCAE) version 4.03.

Outcomes

The primary endpoint for the safety run-in (phase I) was
the incidence of severe toxicities defined as any of the fol-
lowing AE related to study drugs and occurring during the
first 3 months of treatment: any grade >4 or any grade 3

Vismodegib (150mg/d, po,
continuously) + TMZ (150 mg/m2 D1-
D5 every 28 days for Cycle 1 then
200mg/m2 from D1-D5 for C>2)

ARMB
TMZ (150 mg/m2 D1-D5 over a 28
days for Cycle 1 then 200mg/m2 from
D1-D5 for C>2)

r SAFETYRUNIN mmp
(Arm A: 6, Arm B:3)

PHASE Il *

= Stage 1 (Arm A: 9, Arm B: 5)
= Stage 2 (Arm A: 25, Arm B: 13)

ArmC
Vismodegib (150mg/d, po, continuously)

AE leading to study treatment interruption for more than
7 days or permanent discontinuation.

The primary endpoint for phase Il was the progression-
free survival after 6 months of treatment (PFS-6) defined
as the proportion of patients without centrally documented
disease progression per WHO criteria or death within the
first 6 months of study treatment. Secondary endpoints in-
cluded overall response rate (ORR), duration of response,
progression-free survival (PFS), time-to-treatment failure
(TTF), and safety.

Statistical Analysis

Sample size.—Sample size for the safety run-in phase
(phase 1) was calculated to screen patients for major tox-
icity events. Based on binomial probabilities, there is a 90%
probability of observing 1 or more patients with a toxicity
event, if that event occurs in at least 32% of the target pop-
ulation. Upon successful completion of the run-in phase,
6 patients from phase | were set to be carried over to arm
A of the phase Il part of the trial. Patients from the safety
run-in phase were part of phase Il.

The phase Il study was conducted after the Independent
Data Monitoring Committee (IDMC) review of phase
| using a minimax Simon's 2-stage design,'® considering
a PFS-6 of 30% being unpromising and a 55% PFS-6 as
the lowest response rate considered as effective for the
combined treatment. In the absence of data on response
rate of relapsing medulloblastoma in adults, the 30% re-
sponse rate was used as a cutoff for efficacy considera-
tion, derived from pediatric data.”” Assuming a unilateral
type | error rate of 5% and a power of 80%, enrollment of
25 patients was planned in arm A (9 for stage | and 16 for
stage Il).

No formal comparison between arms A and B was sched-
uled. Arm B was only used to validate the results obtained
in arm A. Considering the 2:1 randomization ratio, the
sample size in arm B was 3 patients for the safety run-in
and 13 patients for phase Il (5 for stage | and 8 for stage Il).
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For arm C, no specific sample size was determined as no
formal statistical analysis was performed on this dataset.

Analysis.—Based on the intention-to-treat principle, ef-
ficacy analyses were performed including all randomly
assigned patients. All randomly assigned patients who
received at least 1 dose of vismodegib were assessed
for safety.

An interim safety data analysis was planned after
3 months of follow-up of the first 9 randomized patients (6
inarm A and 3 in arm B). If <2/6 patients randomized to the
combination arm had experienced severe toxicities, the
safety data were considered acceptable and the phase I
part could be initiated. A contrario, if >2/6 patients exposed
to vismodegib + TMZ experienced severe toxicities related
to vismodegib the study would be terminated.

The PFS-6 was defined as the proportion of patients
without documented disease progression (complete re-
sponse [CR], partial response [PR], or stable disease [SD]
according to WHO criteria) within the first 6 months of
study treatment, based on central review of tumor assess-
ment. At the stage | analysis, if at least 3 out of the first
9 eligible and assessable patients in arm A did not show
disease progression after 6 months of treatment, patient
enrollment would continue; otherwise, the study would be
stopped at this stage for lack of efficacy. In a second stage,
if at least 12 successes were observed among the 25 pa-
tients of arm A, the treatment would be considered as ef-
fective in this indication.

PFS and TTF were estimated as a function of time by the
Kaplan-Meier method.

For arm C, all enrolled and treated patients were
analyzed.

NGS Analysis

A posteriori, DNA was extracted from archival tumor sam-
ples demonstrating a tumor cell fraction above 50%. Using
a standard protocol (Qiagen, QIAmp DNA mini Kit) up to
200 ng of DNA was mechanically fragmented using a
Covaris instrument (Covaris Inc., Woburn, MA, USA).

Following the manufacturer’s protocol, the Sureselect
XTHS kit (AgilentTechnologies, Santa Clara, CA, USA) was
used for targeted hybrid-capture sequencing on a panel
of 66 genes including those implied in the SHH pathway
(Supplementary Table 1). Samples were sequenced,
on MiSeq platform (lllumina, San Diego, CA, USA).
Bioinformatic analyses (alignment, variant calling anno-
tation, and copy number analysis), were performed using
the SeqOne (Montpellier, France) online website. Mutation
sensitivity was assessed using public databases (clinvar,'®
cosmic'®) and PubMed search engine.

Results
Patient Characteristics and Treatment

Between 29 October 2012 and 12 December 2016, 10
sites in 2 European countries recruited 36 patients with

a diagnosis of medulloblastoma locally assessed. All pa-
tients had a centrally confirmed medulloblastoma and 24
patients with documented SHH pathway activation were
enrolled: arm A: 10 patients, arm B: 5 patients, and arm
C: 9 patients. Their clinical characteristics are described in
Table 1. The other 12 patients did not have SHH activation.
Of note, 14 patients had CNS relapse and 10 patients devel-
oped extra-CNS relapse. Extra-CNS metastasis occurred
mainly in lymph nodes and bone (Table 1).

Safety Endpoints

The safety analysis performed after enrollment of the first 6
patients in arm A was reviewed by an IDMC that allowed the
opening of phase Il. Overall, the combination of vismodegib
+TMZ was safe, with 1/6 patients experiencing severe toxicity
during the first 3 months of treatment (of note, another case
showed expected hematological toxicities grade 4).

All patients (100%) experienced at least 1 AE and 9/10
(90%) patients randomized in arm A experienced at least 1
AE related to vismodegib (Table 2). In arm B, post-switch,
4 out of 5 patients experienced at least 1 AE related to
vismodegib, with 2 of grade >3. In arm C, all 9 patients ex-
perienced at least 1 AE related to vismodegib that was at
least a grade >3 in 4 of them. The main AE (ie, >20%) re-
lated to vismodegib included alopecia, fatigue, cramps,
diarrhea, dysgeusia, hemoglobin decrease, hematological
disorders, ionogram abnormalities, hot flush, liver lab ab-
normality (Table 2).

A total of 5 patients exposed to vismodegib (arm A: 2,
arm C: 3) experienced at least 1 serious AE related to
vismodegib: a grade 3 muscle spasm, a grade 3 E. coli uri-
nary tract infection, a grade 2 erectile dysfunction/hair loss/
muscle spasms, a grade 3 sinus tachycardia, and a grade 3
thrombocytopenia/menorrhagia.

Efficacy Endpoints

After completion of the safety analysis, 6 additional pa-
tients were randomized. At the end of stage | of Simon’s
design, recruitment was suspended according to stopping
rules defined in the protocol (Figure 2).

The median treatment exposure to vismodegib was
6.67 months (min, max: 0.8-26.2) in arm A and 3.71 months
(min, max: 1.7-11.7) in arm C. Median exposure duration to
TMZ was 5.81 (min, max: 0.2-26.2) and 1.97 (min, max: 0.2-
4.3) months in arm A and arm B, respectively.

All patients (n = 5) randomized in arm B crossed over to
vismodegib as compassionate use following disease pro-
gression underTMZ single agent.

In all arms, the main reason for ending the treatment
was progression (90% in arm A, 100% in both arm B and C).

According to central review, at the end of stage |, PFS-6
was 20% (95% Cl, 2.5-55.6) in arm A, 0% (95% Cl, 0-60.2) in
arm B (Figure 3A). The proportion of successes required
to initiate stage Il (ie, 3 patients without progression at
6 months out of 9 in arm A) was not reached, thus the study
was terminated. The primary endpoint was analyzed ac-
cording to central review assessment, the decision rule for
the endpoint was based on this review. We also reviewed
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Table1 Baseline Characteristics
Parameters TMZ +Vismodegib, Vismodegib,
N =10 (%) N=9
Sex, n (%)
Male 8 (80.0%) 4 (80.0%) 6 (66.7%)
Female 2 (20.0%) 1(20.0%) 3(33.3%)
Age (years) 39.0 (26, 43) 36.0 (21, 45)
Median (min; max) 38.0 (21, 55)
Time since first diagnosis (years)
Median (min; max) 6.6 (1.5,17) 6.1(1.8,10) 6.3(1.6,9)
Histological type, n (%)
Missing 1 0
Classical 5 (55.6%) 1(20.0%) 3(33.3%)
Desmoplastic 3(33.3%) 4 (80.0%) 6 (66.7%)
Large cell 1(11.1%) 0 (0.0%) 0
c-Myc amplification
No 2 (20.0%) 0(0.0%) 4 (44.4%)
Unknown 8(80.0%) 5(100.0%) 5 (55.6%)
CNS localization
Vermis
Yes 4 (40.0%) 1(20.0%) 4 (44.4%)
No 6(60.0%) 4 (80.0%) 5 (55.6%)
Hemisphere
Yes 7 (70.0%) 5(100.0%) 5 (55.6%)
No 3(30.0%) 0 4 (44.4%)
Supratentorial metastasis
Negative 10 (100.0%) 4 (80.0%) 8 (88.9%)
Positive 0 1(20.0%) 1(11.1%)
Spinal metastasis
Negative 9 (90.0%) 5 (100.0%) 7 (77.8%)
Positive 1(10.0%) 0 (0.0%) 2 (22.2%)
Extra-CNS disease 4 (40.0%) 1(20%) 5 (55.6%)
Lymph node 1 1 3
Bone 4 1 4
Other site, n = 1 each (breast, mediastinum, lung, pleura liver, pancreas, 1 0 1
colon)
Cerebrospinal fluid (CSF)
Negative 8 (80.0%) 4 (80.0%) 8 (88.9%)
Unknown 2 (20.0%) 1(20.0%) 1(11.1%)

Abbreviations: CNS, central nervous system; TMZ, temozolomide.
Bold values indicate TMZ-naive randomized patients.

the PFS data based on investigator-based assessment. This
evaluation reached the same conclusion of futility.
According to central review, the ORR were 40% (4 PR/10;
95% Cl, 12.2-73.8) and 20% (1 PR/5, 95% Cl, 0.5-71.6) in arm
A and B, respectively. The median duration of odds ratios
(OR) was 3.17 and 3.71 months in the TMZ + vismodegib
and TMZ arms, respectively. Median PFS was 4.8 (95% Cl,
1.0-5.9) and 3.8 (1.0-22.8) months in arm A and B, respec-
tively (Figure 3A and Supplementary Figure 2A). Median

0OS were and 19.1 (1.4-22.2) and 9.3 (3.5-22.8) months in
arm A and B, respectively (Supplementary Figure 2B).

The median TTF was 4.8 (0.3-5.9) and 2.0 months (0.2-
4.3) in arm A and B, respectively. The median PFS and TTF
from switch in arm B patients were 0.92 (0.5-2.2) and 0.89
(0.5-2.2), respectively.

In arm C, PFS-6 was 37.5% (95% ClI, 8.8-75.5) and ORR
was 22.2% (95% Cl, 2.8-60.0). The median PFS was 1.9 (95%
Cl, 1.7-8.9).
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Table2 Safety Endpoints

Number of Patients With at Least

Arm ATMZ + vismodegib, N = 10

Arm BTMZ, N =5

Arm CVismodegib, N =9

1 AE related to vismodegib 9
1 grade >3 AE related to vismodegib 2

1 SAE related to vismodegib as per sponsor assess- 2
ment

Main AE related to vismodegib (>20%) per patient

Alopecia 3(33.3%)
Fatigue 3(30%)
Cramps 4 (40%)
Diarrhea 1(10%)
Dysgeusia 2 (20%)
Hemoglobin decreased 1(10%)
Hematological disorders 4 (40%)
lonogram abnormalities 0

Hot flush 0

Liver lab abnormality 6 (60%)

42 9

22 4

0 3

0 4 (44.4%)
0 3(33.3%)
1(20%) 3(33.3%)
0 2(22.2%)
0 3(33.3%)
3(60%) 3(33.3%)
3(60%) 5 (55.6%)
1(20%) 3(33.3%)
0 2(22.2%)
2 (40%) 3(33.3%)

Abbreviations: AE, adverse events; SAE, serious adverse events; TMZ, temozolomide.

ancluding AE post-switch to vismodegib for arm B.

AE were classified as follows: (“Fatigue,” “Asthenia”) = ‘Fatigue’; (“Cramps,

" ou " ou

Leg cramps,” “Muscle cramps”) = ‘Cramps’; creatinine increased, ALT

(SGPT) increased, AST (SGOT) increased, alkaline phosphatase increased, GGT increased = ‘Liver lab value abnormality’; (“Leucocytes decreased,”

"o "o

“Leucocytes increased,” “Lymphocytes decreased,
disorders’; (“Phosphorus decreased,” “

"o

Calcium decreased,

Neutrophils decreased,

" ou "o

Neutrophils increased,” “Platelets decreased”) = ‘Hematological

Magnesium increased”) = ‘lonogram abnormalities.

Assessed foreligibitly (n =36)

Excluded (n=12)

= SHH pathway not activated, n =12

Not previously treated by TMZ (n=15)

|

Previously treated by TMZ (n=9)

RANDOMISED (n=15, ratio 2:1)

Allocated to TMZ + Vismodegib, n=10

Initiated treatment with TMZ+
vismodegibn=10

Analysed forsafety Run, n=6

Analysed for efficacy ,n=10*

Off treatment, n=10

*: patients from the safety run in are part of the Phase Il analysis

Fig.2 Consort graph.

Molecular Profiles

Twenty-one patients who received vismodegib (8 in
arm A, 4 in arm B after failure of TMZ, and 9 in arm

Allocatedto TMZ alone,n=5

= |nitiated treatmentwith TMZ alone, n=5 -

Off treatment, n=5

v
Allocated to Vismodegib alone, n=9

Initiated treatment with Vismodegib alone,
n=9

= Analysedforsafety Run,n=3

= Analysed for efficacy,n=9

= Analysed for efficacy,n = 5*

= Off treatment,n=9

Initiated vismodegib after PD, n=5

C) could be analyzed by new generation sequencing
(NGS). Inactivating PTCH1 mutations were found in 12
patients, SMO mutations in 6 and 3 patients showed no
SHH pathway alterations (PTCH1, SMO, SHH mutation,
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or GLI2 amplification). An activating TERT promoter
mutation was found in 19 of the 21 analyzed patients.
The two others were non-informative due to insuffi-
cient NGS depth coverage of the region (Table 3).

Out of the 12 patients with PTCH1 mutations, 3 har-
bored 2 concomitant inactivating mutations. The allele fre-
quencies of the PTCH1 mutations were above 70% in the
9 patients with 1 mutation and the sum above 80% in the
3 patients with 2 concomitant mutations. The allele fre-
quencies were consistent with the tumor cell fraction. They
were in favor of either a biallelic inactivation of PTCH1 or
an inactivating mutation associated with a loss of hetero-
zygosity in the tumor cells.

The 6 SMO mutations identified with the exception of the
p.A524P mutation have been previously described as path-
ogenic, activating, confirmed as somatic and/or resistant
to targeted SMO therapy.?°26 The most frequent p.L412F
SMO mutation, was identified in 3 patients.

In arm A, 4 out of the 8 patients had PTCH1 inactivating
mutations, 1 had a SMO resistance mutation, 2 had SMO
activating mutations with unknown vismodegib sensitivity
and 1 had no SHH pathway alteration. In arm B, 2 out of the 4
patients had PTCH1 inactivating mutations alone, one had a
concomitant PTCH1 inactivating mutation and a SMO variant
of unknown significance (VUS) and 1 had no SHH pathway
alterations. In arm C, 5 out of the 9 patients had PTCH1

1955

A Efficacy endpoints as per central review and WHO criteria
Efficacy Endpoints Arm A Arm B Arm C
TMZ + vismodegib T™MZ vismodegib
N=10 N=5 N=9
PFR-6M, % 20% 0 37.5%
[95% Cl] [2.5;55.6%) [0;60.2%)] [8.5; 75.5]
ORR, % 40% (4/10) 20% (1/5) 22.2% (2/9)
[95% CI] [12.2;73.8] [0.5;71.6] [2.8; 60.0]
DoR, median, month 3.17 3.71 4.01
[min; max] [1.6;4.2] [8.7;3.7] [3.6; 4.4]
PFS, median, months 4.8 3.8 1.9
[95% ClI] [1.0; 5.9] [1.0; 22.8] [1.7, 8.9]
TTF, median, months 4.8 2.0 1.9
[95% CI] [0.3-5.9] [0.2-4.3] [1.7 8.3]
Cl: confidence interval
B Swimmer ploas per central review
8-1(R) .
1-6(S) N
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Table3 Predicted Sensitivity According to NGS

Predicted Best Re- Tumor SMO hTERT Promoter Patient
Sensitivity sponse Location ID
under (AF%) (AF%)
Vismodegib
S PR A Extra p.Leu744fs (95%) WT c.-124C>T (69%) 3.1
CNS p.Lys163* (73%) WT c.-124C>T (60%) 3.7
C CNS p.Asn386fs (93%) WT c.-146C>T (61%) 3.2
SD A Extra p.Tyrd46* (95%) WT c.-124C>T (52%) 1.6
C Extra p.GIn160* (82%) WT c.-124C>T (69%) 2.3
Extra p.Arg135* (95%) WT ¢.-124C>T (50%) 3.5
Extra p.Pro643fs (49%); WT ¢.-124C>T (100%) 5.2
c.-60 + 2-60 + 3insTT
(43%)
PD A CNS p.Tyr381fs (41%); WT ¢.-124C>T (63%) 34
p.Glu539fs (45%)
B CNS p.Asp635fs (24%); WT c.-124C>T (49%) 1.1
p.GIn242fs (62%)
Extra p.Arg770* (40%); WT NI 3.3
p.Glu1095* (50%)
© CNS p.Trp926* (95%) WT ¢.-124C>T (70%) 1.3
R PR C Extra WT p.Leud12Phe (44%) c.-124C>T (56%) 5.1
SD A Extra WT p.Leud12Phe (37%) NI 8.1
PD A CNS WT WT ¢.-124C>T (29%) 1.7
B CNS WT WT ¢.-124C>T (73%) 8.2
C Extra WT WT c.-146C>T (67%) 14
CNS WT p.Leud12Phe (25%) c.-124C>T (60%) 2.2
CNS WT WT c.-146C>T (100%) 3.6
UK PR A CNS WT p.Gly416Asp (33%) c.-124C>T (51%) 1.2
CNS WT p.lle408Val (17%); ¢.-124C>T (69%) 1.5
p.Ser278lle (15%)
SD A CNS N/A N/A N/A 9.1
PD A Extra N/A N/A N/A 2.1
B CNS p.Asp879fs (86%) p.Ala524Pro (47%) c.-124C>T (86%) 2.4
CNS N/A N/A N/A 6.1

Abbreviations: AF%, allelic frequency; CNS, central nervous system; N/A, not available; NI, not informative; PD, progressive disease; PR, partial

response; R, resistant; S, sensitive; SD, stable disease; WT, wild type.

*The protein coding sequence ends at a translation termination codon (stop codon).

inactivating mutations, 2 had a SMO resistance mutation and
2 had no SHH pathway alterations. Altogether, only 11 of 21
presented an expected molecular sensitivity according to
NGS analysis: 3 had a PR 4 remained stable as best response
and 4 had progression while out of 7 patients classified as po-
tentially resistant, 1 had a PR, 1 a SD, and 5 had progression.

Discussion

The initial development of anti-SHH started with the iso-
lation of cyclopamine. This steroidal alkaloid is a con-
stituent of the corn lily. If pregnant sheep ingested their
flowers, they gave birth to offspring with only 1 eye and
brain malformations. Vismodegib and sonidegib were

then discovered by high-throughput screening of a library
of small-molecule compounds and subsequent chem-
ical optimization. Other chemical semi-synthetic deriva-
tives of the alkaloid cyclopamine are currently developed
such as saridegib, taladegib, BMS-833923, CUR-61414, or
glasdegib.?’” Second-generation triazole antifungal drugs
such as itraconazole or posaconazole are another alterna-
tive to inhibit the Hedgehog signaling pathway.?8

In animal models, mice with a heterozygous deletion
of PTCH1+/- develop basal cell carcinoma (BCC) and
medulloblastoma that are highly responsive to inhibition
by SMO antagonists, strongly suggesting that these tu-
mors are “addicted” to SMO activity. Anti-SMO has been
developed for use in hematological malignancies and
is approved for the treatment of BCC that show similar
pathway activation as SHH medulloblastomas. The role of
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anti-SHH therapies was explored in pediatric and adult re-
lapsing or refractory medulloblastoma.?®3The underlying
mechanisms of activation of this pathway are different in
adults and children, where downstream mutations are
often responsible for SHH activation and are resistant to
anti-SMO. In the PBTC-032 and PBTC-025B phase Il trials,
out of 12 children and 31 adults with relapsing/resistant
histologically confirmed medulloblastoma treated by
vismodegib, 1/12 and 3/31 showed objective responses,
respectively. All responders were classified as SHH sub-
group based on IHC. The median PFS in adults was signif-
icantly longer in the SHH-MB as compared with non-SHH
subgroup, though it was consistently less than 4 months.?®
Out of 39 children and 16 adults with relapsing/resistant
histologically confirmed medulloblastoma treated by
sonidegib, 2/39 and 3/16 showed an objective response, re-
spectively.The duration of response in adults was however
short-lived (1.6 and 8.7 months, respectively, for patients
with CR and 4.8 months for the PR). These 5 responses all
occurred among the 10 patients who tested positive with
a 5-gene Hh signature reverse transcriptase-polymerase
chain reaction (RT-PCR) assay, while no response was
documented in any patient with Hh-negative signature.303
A meta-analysis of all patients with medulloblastoma
treated with anti-SMO suggests an ORR of 55% for
sonidegib and 17% for vismodegib. Sonidegib shows sig-
nificantly more responses than vismodegib in the pediatric
population, but similar activities in adults.®?These rates are
worse than those observed in phase | for locally advanced
or metastatic BCC.33 In our series, of 19 patients selected
by positive IHC, 2/9 treated with vismodegib alone and 4/10
treated in combination withTMZ showed a PR.The median
duration of response did, however, not exceed 4 months.
Of 24 patients exposed to vismodegib in our series (19 in
arm A and C plus 6 in arm B treated with vismodegib after
progressive disease under TMZ), 6 objective responses
were documented, however with a short duration. The in-
cidence of extra CNS of relapses in this series is unusually
high as 10 out of 24 patients showed extra-CNS relapse:
this is more than the usual 20% reported in prospective
trials and might be linked to a recruitment bias, as it is pos-
sible that many patients with neurological deficits linked
to CNS recurrence were not referred for an experimental
treatment. Further, intuitively, one might expect that recur-
rences outside of the CNS would be more prone to respond
as drugs are not required to cross the blood-brain barrier.
However, we observed no difference in ORR between CNS
and extra-CNS relapses, suggesting that CSF penetration
is not a key factor explaining our disappointing results.3*
The response to anti-SHH may be spectacular,’? but al-
ways transient, suggesting the need for combined therapy
to enhance and extend the duration of the response. As anti-
SHH therapies only rarely show hematological toxicities,
combination therapy with classical chemotherapeutics
such as TMZ may be considered. TMZ has demonstrated
some efficacy in pediatric medulloblastomas: As a single
agent, the ORR ranges from 16% (4/25)% to 43% (17/40)%¢ in
pediatric relapsing/refractory medulloblastomas. It is 28%
at 2 cycles when associated with topotecan®” and 32% at
4 cycles when associated with irinotecan.®® Moreover, TMZ
presents a minimal risk of neutropenia, which is an impor-
tant consideration in recurrent medulloblastoma, where all
patients have previously received craniospinal irradiation.

It was thus an attractive drug to be used as a control, and
in association with anti-SHH, especially if maintenance
therapy is envisaged in further development. Our series
confirms that the combination of vismodegib and TMZ
does not increase toxicity and results in a significant re-
sponse rate. Unfortunately, it also shows no advantage on
PFR-6M, strongly suggesting that the addition of TMZ fails
to extend the duration of response of vismodegib in recur-
rent SHH medulloblastoma. This observation may be com-
pounded by a number of factors:

First, we intentionally selected relatively lax inclusion
criteria and allowed for inclusion of patients with hetero-
geneous presentations and that could have been heavily
pretreated to reflect the real-life situation experience of
recurrent/progressive medulloblastoma and allow re-
cruitment in a reasonable timeline according to the
epidemiology in potential referring centers.® It is there-
fore possible, that these results may not apply to naive
medulloblastoma patients.

Second, our results reported here with vismodegib ei-
ther alone or associated with TMZ might be due to a bias
in SHH selection: Several methods can be used to confirm
the subgrouping of formalin-fixed and paraffin-embedded
(FFPE) samples in a clinical setting. The simplest and
fastest way to screen SHH activation is the use of IHC
combination of 4 markers GAB1, B-catenin, filamin A, and
YAP1."* SHH medulloblastoma are typically and specifically
stained with antibodies against GAB1.They shareYAP1 and
filamin A with the Wnt subgroup. A recent study confirmed
the excellent specificity (99.5%) and sensitivity (91.5%)
of IHC to detect SHH-activated medulloblastomas.*?
Expression profiling using nanoString*' or methylation
profiling*? offer reliable methods for FFPE samples mo-
lecular grouping and/or prognosis classification*® but re-
quire costly equipment and bioinformatics skills. However,
none of these methods identifies the molecular alteration
responsible for the activation of the SHH pathway, and a
complementary NGS analysis is required to further specify
whether the tumor may be sensitive to targeted SMO in-
hibitors.** Indeed, whole-genome and transcriptome
sequencing, would have made it possible to add more
information and might have revealed other alterations
(rearrangements, copy number variations, loss of heter-
ozygosity, fusion transcripts, splicing variants, etc.) that
could have helped to better understand the lack of correla-
tion between NGS-based prediction and actual clinical re-
sponse. However, these technologies were not available at
the time of study conception.

Another hypothesis for the low response rate reported
here is a selection of patients that were potentially prima-
rily resistant to SMO antagonists. Similar to other reports,”
our NGS identified 50% (N = 12) patients with inactivating
PTCH1 mutations that should lead to vismodegib sensi-
tivity. One patient had both a PTCH1 inactivating and a yet
unreported p.Ab24P SMO variant. As this patient had not
received previous anti-SMO therapy, an acquired SMO-
activating resistance mutation is very unlikely. It suggests
that the SHH pathway activation in this patient was linked to
the PTCH1 inactivating mutation and not the SMO p.A524P
variant SMO. This variant probably represents a polymor-
phism. Another patient harbored 2 SMO mutations which
are both considered pathogenic with variant alleles frequen-
cies of 15% compared to the 80% tumor cell content. It is,

1957
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to our knowledge, the first biallelic activating SMO muta-
tion described, suggesting a clonal heterogeneity in this
medulloblastoma. Apart from initial resistance due to down-
stream mutations, secondary resistance may have appeared
in some of our patients.*® Hot spot mutations of SMO (such
as G497W and D473Y)* may appear during vismodegib
therapy leading to secondary resistance. Compounds that
associate vismodegib with histone deacetylase inhibitors are
active in vitro against this type of secondary resistant cells.*’
Alternative mechanisms of resistance include up-regulation
of AKT, PIP3, and IGF-1R pathways.*® Associating a PI3K in-
hibitor or dual PI3K-mTOR inhibitor with an anti-SMO de-
lays the apparition of resistance, though these drugs are not
active per se.*® Therefore, combined targeting of HH/PI3K-
mTOR pathways may be necessary. Furthermore, this asso-
ciation significantly enhances chemosensitivity to platinum
derivatives in vitro."® The association of an anti CXCR4 with
a SHH inhibitor may prevent resistance apparition through
trimethylation of H3 histone. This highlights the potential
role of epigenetic modifiers in preventing resistance to anti-
SMO. Anti-glioma-associated oncogene family zinc finger
(GLI) compounds are currently developed with the aim to
block both canonical and non-canonical pathways to inter-
fere with the downwards pathway.%°

Furthermore, we could not detect any SHH pathway alter-
ations, SUFU mutations, or GLI2 amplifications in 4 (P1.7;
P8.2; P1.4; P3.6) out of the 21 analyzed patients. Several
hypotheses could explain the absence of SHH pathway al-
teration. The tumor cell content of these samples may have
been too low, but in these 4 patients, a TERT promoter mu-
tation was found with a minimal allelic frequency of 29%.
About 12% of SHH-activated medulloblastoma remain
without an identified molecular alteration that can explain
their activation.” In our series, this proportion reaches 19%.
In our series as well as in the published cases, these molec-
ular analyses were performed mostly on samples obtained
during the initial surgery. Though SHH grouping never
changes between initial diagnosis and relapse, clonal ev-
olution and inter-metastatic molecular heterogeneity may
appear and explain unexpected resistance.*> Performing
RNA expression profiling or DNA sequencing on fresh
frozen samples is considered today as the most reliable
tool to classify and analyze medulloblastoma. However,
fresh-frozen material was only available for 3 samples, and
we were faced with the presence of paraffin-included ma-
terial only for 18 and a total absence of material for 3 pa-
tients. Some of the paraffin-included materials were more
than 6 years old and for many, information on the nature
of the solvents used for fixation was lacking. Despite these
suboptimal conditions, we were able to identify molecular
alterations of the SHH pathway in most patients. If higher
quality samples would have been available, whole-genome
and transcriptome sequencing could have been considered
to a better understanding of the lack of correlation of NGS-
based prediction and actual clinical response.

Conclusion

Our study demonstrates that the addition of TMZ to
vismodegib does not result in significant additional toxicity

but fails to extend the duration of responses of vismodegib
in SHH-activated relapsing/resistant medulloblastoma.
Prediction of potential resistance using NGS lacks sensi-
tivity. Further studies are thus required to explore the as-
sociation of anti-SMO with other compounds. The use of
anti-SMO earlier in the course of the disease also deserves
further studies.

Supplementary Material

Supplementary material is available at Neuro-Oncology
online.
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