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Abstract

Background. Gene-mediated cytotoxic immunotherapy (GMCI) is a tumor-specific immune stimulatory strategy
implemented through local delivery of aglatimagene besadenovec (AdV-tk) followed by anti-herpetic prodrug.
GMCI inducesT-cell dependent tumor immunity and synergizes with radiotherapy. Clinical trials in adult malignant
gliomas demonstrated safety and potential efficacy. This is the first trial of GMCI in pediatric brain tumors.
Methods. This phase | dose escalation study was conducted to evaluate GMCI in patients 3 years of age or older
with malignant glioma or recurrent ependymoma. AdV-tk at doses of 1 x 10" and 3 x 10" vector particles (vp) was
injected into the tumor bed at the time of surgery followed by 14 days of valacyclovir. Radiation started within
8 days of surgery, and if indicated, chemotherapy began after completion of valacyclovir.

Results. Eight patients (6 glioblastoma, 1 anaplastic astrocytoma, 1 recurrent ependymoma) were enrolled and completed
therapy: 3 on dose level 1 and 5 on dose level 2. Median age was 12.5 years (range 7-17) and Lansky/Karnofsky perfor-
mance scores were 60-100. Five patients had multifocal/extensive tumors that could not be resected completely and 3
had gross total resection.There were no dose-limiting toxicities. The most common possibly GMCl-related adverse events
included CommonTerminology Criteria for Adverse Events grade 1-2 fever, fatigue, and nausea/vomiting. Three patients,
in dose level 2, lived more than 24 months, with 2 alive without progression 37.3 and 47.7 months after AdV-tk injection.
Conclusions. GMCI can be safely combined with radiation therapy with or without temozolomide in pediatric
patients with brain tumors and the present results strongly support further investigation.

Clinical trial registry. ClinicalTrials.gov NCT00634231
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Importance of the Study

The prognosis for pediatric malignant gliomas and re-
current ependymoma is very poor. Development of
strategies that build on our most effective, albeit pal-
liative treatment regimens offers the possibility to im-
prove the outcome for these patients. Immunotherapy
is generating considerable interest as a method of
harnessing the patient’s immune system to identify and
attack the tumor. This is especially important in tumors
with invasive properties that limit the long-term efficacy

Malignant brain tumors are the most common malignancy
of childhood for which treatment is usually unsuccessful.
As in adults, the prognosis for high grade gliomas in chil-
dren is particularly dismal despite combination therapy
with surgery, radiation, and chemotherapy.?* Even tumors
which are amenable to “gross total resection” frequently
recur due to microscopic foci of tumor outside the main
mass. For this reason, radiation therapy is used even after
surgery in malignant gliomas, but efficacy is limited by the
low radiation sensitivity of these tumor cells and the need
to avoid the inclusion of normal brain tissue within the ra-
diation field. Overall, results with chemotherapy have been
disappointing. Temozolomide, an oral alkylating agent, was
approved for use with radiation in adult malignant gliomas
based on results of a randomized phase Il trial compar-
ing this regimen with radiation alone, which demonstrated
a significant improvement in median survival from 12 to
15 months but may only be effective in patients with methyl-
ated MGMT promoter.>6 Temozolomide has been shown to
be well tolerated in children in combination with radiation
for pediatric malignant gliomas but efficacy has not been
demonstrated.?

Ependymomas are glial tumors arising from ependymal
cells in the central nervous system. Primary therapy again
consists of maximal surgical resection followed by radia-
tion and, in some cases, chemotherapy.” Treatment of re-
lapse with repeat surgery and radiation has shown some
improvement in survival,® whereas chemotherapy was
not associated with improved survival despite objective
responses in 25% of patients.® Expression of immune-
related genes correlated with increased time to progres-
sion in relapsed ependymoma and with lack of recurrence
for newly diagnosed disease, suggesting that immune
surveillance may play a role in preventing or delaying
recurrence.’®

Immuno-oncology is revolutionizing treatment in many
tumor types.” An area of promise with encouraging clin-
ical results in immuno-oncology is that of viral-based ther-
apeutics designed to directly kill tumor cells locally and
stimulate a systemic tumor-specific immune response.'?'3
Gene-mediated cytotoxic immunotherapy (GMCI), which
uses aglatimagene besadenovec (AdV-tk), an adenoviral
vector expressing the herpes simplex virus (HSV) thymi-
dine kinase (tk) gene, followed by an anti-herpetic prodrug,
is one of these approaches (Fig. 1)." AdV-tk is injected
into the tumor site leading to local creation of nucleotide

of surgery and focal radiation therapy. Phase | studies
of GMCI in adult malignant gliomas established a safe
dose of AdV-tk for brain tumors, and a recent phase
Il demonstrated potential efficacy. Based on those
results, we performed the first study of GMCI in pedi-
atric patients with central nervous system tumors to
evaluate the tolerability of this approach and establish
a recommended AdV-tk dose for a planned upcoming
phase Il pediatric trial.

analogs that result in the death of dividing cancer cells
and the consequent release of tumor neoantigens. GMCI
stimulates an immune stimulatory milieu with STING
(stimulator of interferon genes) pathway activation, immu-
nostimulatory cytokine production, and super-antigen
mediated T-cell activation.’™"” Thus, GMCI converts so-
called cold tumor microenvironments into immune-active
or “hot” microenvironments.' This can be particularly
difficult, and important, in highly immune-suppressive
tumors such as malignant gliomas.™'® Combining immu-
notherapy with standard of care (SOC) therapies, such as
surgery, radiation, and chemotherapy, which can debulk
the tumor and thus physically decrease the magnitude of
immunosuppressive factors, may improve the potential
to stimulate an effector immune response.'®'920 Phase I/lI
clinical trials in multiple tumor types (brain, prostate, lung,
pancreatic, ovarian) have demonstrated a good safety pro-
file and encouraging efficacy results.?'-2°

In adults, a phase | study in multiply recurrent malig-
nant glioma demonstrated a safe dose range and encour-
aging results, with 3 of 13 patients surviving greater than
24 months.?® Based on animal studies showing synergy
of GMCI with radiation®® and the hypothesis that immu-
notherapy would work best earlier in the disease, a 48-pa-
tient phase Ib/ll trial was conducted in adults with newly
diagnosed malignant glioma.?"?2 AdV-tk was injected at the
time of surgery and radiation was started within approxi-
mately 7 days to maximize synergy with GMCI. Standard
temozolomide was started after completion of 14 days of
valacyclovir. The approach was well tolerated with encour-
aging efficacy results. Median overall survival improved
compared with an SOC control group (17.1 vs 13.5 mo,
P =0.0417) with most of the benefit seen in gross total re-
section patients (25 vs 16.9 mo, P = 0.0492). In the gross
total resection group, 1-, 2-, and 3-year survival with GMCI
was 90%, 53%, and 32% versus 64%, 28%, and 6% for
SOC alone.

Based on the safety profile and promising phase Il results
in adults, this first-in-pediatric CNS phase | clinical trial was
developed. We hypothesized that administration of AdV-tk
to the surgical bed of malignant brain tumors at the time
of surgery followed by 14 days of valacyclovir would be
safe and effectively delivered without disturbing standard
therapy and would have antitumor activity in pediatric
patients. The primary objective of this dose-escalation
study was to establish feasibility and the recommended
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dose for a phase Il study of AdV-tk for pediatric patients
with primary brain tumors. Secondary objectives included
a descriptive assessment of overall survival (OS) and pro-
gression-free survival (PFS) and assessment of immuno-
logic biomarkers in consenting patients.

Materials and Methods
Eligibility

The study was open for pediatric patients 3-18 years of
age with newly diagnosed malignant glioma or recurrent
ependymoma who were planning to have additional sur-
gery and radiation therapy. Tumor accessible for injection
and not located in the brainstem or deep midbrain was
required. Additional eligibility criteria included Karnofsky
score >60% if >10 years old or Lansky score >60% if
<10 years old; absolute neutrophil count >1000/uL; plate-
lets >100000/uL (transfusion independent); hemoglobin
>8.0 g/dL; serum creatinine <1.5 times the upper limit of
institutional normal for age and/or glomerular filtration
rate 270 mL/min/1.73 m?; bilirubin <1.5 times institutional
normal; and serum glutamic pyruvic transaminase (ala-
nine aminotransferase [ALT]) <3 times institutional normal.
Signed informed consent, and patient assent when appro-
priate, was required.

Exclusion criteria included patients on immunosuppres-
sive drugs (with the exception of corticosteroid), known
history of HIV, and underlying immunodeficiency or acute
infection (viral, bacterial, or fungal infections requiring
therapy). Patients could not have other serious comorbid
illnesses or compromised organ function and no other
investigational antitumor agents within 30 days of study
entry or during active participation in the study (defined as
from study entry until tumor progression).
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Ethics and Study Oversight

Institutional review board approval was obtained from all
participating institutions. Patient management and assess-
ments including adverse events (AEs) and progression
assessments were done by the investigators at the institu-
tions and reported to the sponsor, Advantagene. Reporting
to the FDA and other regulatory bodies was performed as
required. General oversight of the trial was by the principal
investigator at Dana-Farber Cancer Institute.

Study Design and Therapy Administration

Two dose levels of AdV-tk in a ready-to-use formulation
were evaluated: level 1 =1 x 10" vp per injection and level
2 =3 x 10" vp per injection in combination with standard
of care (Fig. 2). The AdV-tk vector was injected at the time of
surgery as previously described.?' Briefly, after resection,
the neurosurgeon performed freehand injections of AdV-tk
into 3-10 sites (median 5) of the infiltrating tumor bed using
a total volume of 1 mL divided over the number of sites
with the specific locations determined by the neurosur-
geon at the time of surgery. Injections were not performed
into adjacent motor or speech cortex to avoid the potential
for causing acute neurologic deterioration.To avoid vector
dispersing away from the tumor site, the cerebral ventricle
or sites where spillage could occur into the subarachnoid
space were also excluded. Valacyclovir prodrug dosing was
15 mg/kg (maximum 2 g) orally 3 times per day.?' A liquid
formulation was used when needed. Valacyclovir was
started 1-3 days after the AdV-tk injection and continued
for 14 days total. Patients unable to take the oral prodrug
for any reason could be prescribed intravenous acyclovir
at 10 mg/kg 3 times per day. Standard radiotherapy began
3-8 days after AdV-tk injection. Temozolomide could be ini-
tiated after completion of the prodrug.

Tumor debulked by surgery,
radiation and chemotherapy and
2 Immune system primed by GMCI

K

Immune response and surveillance
for aggressive ‘clean-up’ and
memory against tumor cells

T-cell stlmulatlon
and clonal proliferation

Schematic of GMCI mechanism of action. GMCI synergizes with surgery and radiation, generating activated T cells that kill tumor cells

left after tumor debulking by SOC. The GMCI mechanism includes 3 steps to induce an antitumor immune response: (1) AdV-tk (aglatimagene
besadenovec) in tumor cells converts valacyclovir prodrug into nucleotide analogs that kill tumor cells, releasing tumor associated antigens; (2)
the presence of the injected virions and the cell death through both necrosis and apoptosis generate “danger signals” which attract and stimulate
antigen presenting cells (APCs) such as dendritic cells; and (3) the vector-expressed TK protein functions as a super-antigen that leads to a hyper-
immunogenic microenvironment with STING pathway activation and production of proinflammatory cytokines, such as interleukin (IL)-2 and IL-12,

with conseauent antitumor T-cell stimulation and proliferation.
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Fig.2 Study design. AdV-tk was injected at the time of surgery into the surgical wall. Valacyclovir was administered for 14 days starting on days
1-3. Radiation was started 3-8 days after AdV-tk injection to overlap with AdV-tk activity and valacyclovir administration. If indicated, temozolomide

was administered after completing valacyclovir.

Monitoring

A history and physical exam were performed within
7 days of starting therapy, laboratory analyses included
complete blood count with differential, platelets, pro-
thrombin time, partial thromboplastin time, serum elec-
trolytes (sodium, potassium, magnesium, calcium),
creatinine, liver function tests (aspartate aminotransfer-
ase, ALT, and bilirubin), and optional blood draw for re-
search. MRIs of the brain were required within 21 days of
starting therapy, approximately 4 weeks after completion
of radiation and then every 3 months for the first year
and every 6-12 months after that. Clinical and laboratory
assessments (including optional research blood) were
performed at least once at the end of prodrug admin-
istration (wk 2-3) to assess for acute toxicity. After this,
assessments were as per SOC, including approximately
4 weeks after completion of radiation, every 3 months for
the first year, and then as per institutional standard prac-
tice for up to 5 years.

AEs were monitored and graded according to the
Common Terminology Criteria for Adverse Events
(CTCAE) v3.0. AEs not included in CTCAE v3.0 were re-
ported and graded under “other adverse event” within
the appropriate category. Dose-limiting toxicity (DLT)
was defined as any GMCl-related grade 4 hematologic
and non-hematologic toxicity or any treatment-related
grade 3 toxicity requiring interruption in radiation therapy
for more than 7 days. While grade 4 CNS hemorrhage
was considered a DLT, grade 3 asymptomatic CNS hem-
orrhage based on radiologic imaging (commonly seen
after surgery) was not. Accrual was staggered by 2 weeks
between the first and second patient in each dose level
and when advancing to the second dose level. The max-
imum tolerated dose or recommended phase Il dose was
defined as the maximal dose in which fewer than 2 of 6
patients had a DLT.

Statistical Considerations

Two dose levels were planned with a standard 3 + 3 de-
sign. Once 5 patients completed treatment at dose level
2 without DLT, the recommended phase Il dose had al-
ready been determined and the study was closed to fur-
ther enrollment. Progressive disease was defined as >25%

increase in the product of 2 diameters on MR imaging. PFS
was defined as the time from AdV-tk injection to disease
progression, death, or last follow-up. OS was defined as
the time from AdV-tk injection to death or last follow-up.
PFS and OS were estimated using the Kaplan-Meier
method. Participants without an event were censored at
last contact.

Genomic Analysis and Immune Biomarker
Studies

Tumor tissues from baseline resection were analyzed
for mutations by targeted next-generation sequencing
with the OncoPanel assay.32 Methylation of the cytosine-
phosphate-guanine island of the Of-methylguanine-
DNA methyltransferase (MGMT) gene was determined
on DNA isolated from tumor paraffin blocks which un-
derwent chemical (bisulfite) modification of unmeth-
ylated cytosines to uracil and subsequent PCR using
primers specific for either methylated or modified
unmethylated DNA.The PCR products were analyzed in
duplicate parallel runs by capillary gel electrophoresis
using standard methods. Peripheral blood samples
were collected from consenting patients at baseline
prior to AdV-tk injection and ~2 weeks later. The fre-
quency of myeloid derived suppressor cells (MDSCs),
defined as Lin”*°, human leukocyte antigen D related
negative (HLA DR-), CD33+ CD11b+, was determined
using flow cytometry on whole blood as previously
described.3® For NanoString analysis, peripheral blood
mononuclear cells (PBMCs) were isolated and cryopre-
served using standard methods. Total RNA was isolated
from PBMCs using standard TRIzol/chloroform purifica-
tion methods, and the quality and concentration were
assessed using a NanoDrop 2000 instrument (Thermo
Scientific). NanoString gene expression profiling and
analysis were conducted using approximately 200 ng
of RNA per sample run on the nCounter PanCancer
Immune Profiling Panel (NanoString Technologies) per
manufacturer’s instructions. Differential gene expres-
sion was analyzed using N-solver software provided
by NanoString. A normalization factor was calculated
based on the average of the geometric mean of all
of the housekeeping genes for each data point. The
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average of the geometric means across all data points
was used as a reference against which each lane was
normalized.

Results
Participants and Treatment

A total of 8 participants were enrolled and received
AdV-tk injection from November 2010 through
September 2015, with 3 patients on dose level 1 (1 x 10"
vp) and 5 patients on dose level 2 (3 x 10" vp) (Fig.
3). Accrual was slow, as only patients with biopsy-
proven malignant glioma that could benefit from reop-
eration prior to starting definitive treatment (radiation
therapy) were eligible. In April and August of 2012, ac-
crual was expanded to include Lurie Children’s Hospital
and patients with recurrent ependymoma undergo-
ing planned repeat surgical resection and re-radiation,
respectively.

Patient characteristics are shown in Table 1. Median
age was 12.5 years (range 7-17), 5 were female; 6 had
glioblastoma, 1 anaplastic astrocytoma, and 1 recurrent
ependymoma. Lansky/Karnofsky performance scores
were 60-100. All tumors were supratentorial. Malignant
glioma was recently diagnosed in patients, with the only
prior treatment being surgery (n = 5) or biopsy (n = 2).
The patient with ependymoma had been treated with
surgery for grade Il ependymoma 8 years prior to enroll-
ment and had first recurrence, treated with resection and
proton beam radiation, 2 years prior to enrollment. Tumor
genomic profiling revealed that none of the evaluated
patients had isocitrate dehydrogenase, H3, or BRAF muta-
tions (Table 1).

Gross total resection was possible in only 3 participants;
others had subtotal or no significant resection due to the
extent of tumor invasion. Radiation was started 3-8 days
after AdV-tk injection and consisted of 54-59.4 Gy over ~6
weeks, except for the patient with ependymoma, who re-
ceived hypofractionated stereotactic radiation to 28 Gy in
5 days. If indicated, patients received temozolomide during
radiation (Table 1) and then physician-choice SOC chemo-
therapy with or without bevacizumab.

Safety

GMCI was well tolerated in all 8 patients and there were no
DLTs. Related AEs of grade >1 were seen only at dose level
2 and were predominantly related to local immune stimula-
tion (Table 2). Toxicities within the first 21 days were CTCAE
v3.0 grades 1-3 and were similar to those identified in the
adult studies. The only possibly related grade 3 event and
the only possibly related serious AE was hospitalization for
headache on the second day of hypofractionated radiation
therapy in the patient with recurrent ependymoma. MRI re-
vealed some edema surrounding the resection cavity and
symptoms improved after treatment with dexamethasone.
Radiation was resumed and completed after a 3-day inter-
ruption. The most common related grade 1 AEs were gas-
trointestinal (nausea, vomiting, abdominal pain), which
may have been related to valacyclovir but did not require
discontinuation in any patient. Valacyclovir was well toler-
ated with only 3 patients missing 1-4 doses out of 42 due
to nausea or vomiting. Only 2 patients required intrave-
nous acyclovir instead of oral valacyclovir for 1-3 days
after surgery and in one case when hospitalized for hy-
drocephalus. The only grade >2 lab abnormalities were
transient lymphopenia, hyponatremia, and hypokalemia.
These abnormalities resolved without complication and

Phase |
8 patients enrolled

Dose Level 1 (n =3)
1 x 10" vector particles

Dose Level 2 (n = 5)
3 x 10" vector particles

1 AA patient 2 GBM patients

1 Recurrent
Ependymoma
patient

4 GBM patients

8 patients completed Phase |

Fia.3 CONSORT diaaram of natient enrollment. All 8 patients enrolled comoleted the studv.
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were considered possibly related to surgery, radiation, or

» 0 0w o~ O o = anticonvulsant medications. Radiation was started 3-8 days
S 1w ¥ ¢ = % o a 2 after surgery and AdV-tk injection without complication and
? chemotherapy was given as indicated without delay. No un-
= py g
= expected or late AEs related to GMCI were identified.
- ¥ O N O N ™M ™ @ P
a N o o K w3 =2
- N ¥ N ® =
A A =)
=) Survival
% . S
S = > & ) Three patients, 2 with glioblastoma and the patient with
s E - - N2 E recurrent ependymoma, were alive more than 24 months
o N N 5=z 2 pendy Co : .
= g o} S S E E S E =8 S after treatment, and 2 remain alive without progression
& at 37.3 and 47.7 months after AdV-tk injection (Table 1 and
2 i Fig. 4). All 3 of these patients were at dose level 2. Two
3 a patients with progression declared 8-9 months after
5 > .. . . oy
E = AdV-tk injection survived for an additional 14-16 months,
E < suggesting that the imaging changes may have been
S o < © N~ 1 ® N~ B pseudoprogression.
=}
©
- =
S g
Q £ < 5 Immunologic Correlates
= D D D> Z Z 2 D °
=
0 0 g The percentage of MDSCs defined as Lin”°, HLA DR-,
§ gz g < I S CD33+ CD11b+ from whole blood was determined in the 3
= & ai & na é patients at dose level 1 before and 1-2 weeks after AdV-tk
g % e 2 e E injection (Supplementary Figure 1). The level of circulating
3 iy = . = = MDSCs was 2.66% (range 1.74-3.31%) at baseline and did
& 5 = 5 2 =z not show consistent change after treatment (decreased in
) £ s £ = e 1, increased in the other 2 patients). The levels observed in
2 SIS S TR TS G T 7] S L . . .
S > 883381473 E] these pediatric malignant glioma patients are comparable
2 to the levels seen in adult cancer patients (mean 2.85%)
— [ . .
] N and higher than seen in normal adult controls (mean
e ©T L 3 © N
c = : o st o/) 33
o E © E = © = 1.26%).
= = = = - . .
® El = g =2 g NanoString PanCancer Immune Profiling was per-
S ﬁ = ﬁ S _HE = formed on PBMCs collected either before or 3 weeks after
— © @© @© @© ] = .. . . .
g = g = g g g 2 2 K AdV-tk injection from 2 patients at dose level 2 (patients
2 g K g SIS S = 4 and 5). In both patients, genes related to CD8 cytotoxic
= T-cell function had increased expression after compared
2 - .
S ] with before treatment (Supplementary Figure 2). CD11b
3 £ and CD33 were high in both patients at baseline and
5 _ = = = E after injection increased in patient 4 and decreased in pa-
— © .
B £ 2 o _ _ 9o _ = tient 5. Levels of programmed cell death 1, Forkhead box
> £ S8 8T T 35S -]
4 é S S5 8 8 35 2 2 protein 3, and interleukin 10 were low before and after
© - . -
= ‘M B c = treatment. T-cell immunoglobulin and mucin-domain
SRS
© Zhe containing 3 and lymphocyte-activation gene 3 were
% g S stable and increased, respectively, after injection in pa-
I S . . .
= tient 4 compared with baseline, whereas both went down
> =L !
° o ®© . .
c 2 e in patient 5.
c © @ © @ © © = o
o S £
: B 2882 28: g%
5 S & & o 5 o o = . .
G © S FSj O oy o ey O 5 S Discussion
& = K=l = B = = o 2
5 $5666&G6G6 =ho
= o
8 2 e Treatment outcomes for patients with malignant glio-
= @ o 9 9 © O o o © o i A X
S N © R O §Sp © Bl 2 = mas and recurrent ependymomas remain dismal despite
S I therapeutic advancements.2%67 While maximal surgical
= 2o p
E BN S 52 resection and focal radiation remain the backbone of treat-
% © > o © _
Bl ¥ © © © ~ o~ g @ 8 ment, these modalities on their own are insufficient to
f‘;; 2 § .g prevent tumor progression and death for most patients.
o T E :. Immunotherapy has become recognized as a potential
- O . -
% 8 - - - N & N N & g t= new weapon in the battle to control cancer by harnessing
= = the patient’s immune system to better recognize and de-
[ 3 - N ™ T 10 © N © o g

stroy tumor cells."" GMCI is an approach that creates an



Kieran et al. Phase I study of gene-mediated cytotoxic immunotherapy

Table2 Adverse events during the acute period (days 0-21) that were considered related to GMCI or any treatment emergent laboratory events.
Grading is based on the National Cancer Institute CTCAE version 3.0

Related Clinical Events # of Patients  Adverse Event Dose Level 1 (n=3) Dose Level 2 (n=5)
CTC1 CTC2 CTC3 CTC1 CTC2 CTC3
Cardiac 1 Sinus tachycardia 1
Gastrointestinal 3 Abdominal pain 1
Nausea 2
Vomiting 1 1
General disorders 3 Fatigue 1 1 1
Fever 2
Metabolism and nutrition 1 Anorexia 1
disorders
Nervous system disorders 1 Headache 1
Hypoglossal nerve disorder 1
Numbness, face, arm, legs 1
Respiratory disorders 1 Dyspnea 1
Laboratory events
Metabolic 6 Hypocalcemia 1
Hypokalemia 1
Hyponatremia 1 2 1
Hematologic 7 Anemia 1 1
Leukopenia 2
Lymphocytopenia 1 1
Thrombocytopenia 1
A Overall Survival B Progression-Free Survival
100 100 =
: =4= Dose Level 1 =3- Dose Level 1
80 - == Dose Level 2 80 = == Dose Level 2
g % E .
% 60 S 60-
§ 40- : ; § ad . ,
E b E d‘? L .:
20 - : 20 4 :
O L] : L] L L L] ) ] O Ll . L} L} L) L} Ll L} L}
0 6 12 18 24 30 36 42 48 0 6 12 18 24 30 36 42 48
Time (months) Time (months)
Months 0 6 12 |1 18 | 24 [ 30 | 36 | 42 | 48 Months 0 6 12 [ 18 [ 24 | 30 | 36 | 42 | 48
# at risk Level 1 3 3 1 0 0 0 0 0 0 # at risk Level 1 3 1 0 0 0 0 0 0 0
#atriskLevel2 [ 5 5 4 4 3 2 2 1 1 #atriskLevel2 [ 5 4 2 2 2 2 2 1 1

Fig.4. Kaplan-Meier analysis of overall survival and progression-free survival. (A) Median 0S was 8.9 months for dose level 1 and 25.3 months for
dose level 2. (B) Median PFS was 5.8 months for dose level 1 and 8.9 months for dose level 2.
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immune-stimulatory microenvironment in the tumor to ac-
tivate tumor-specific cytotoxicT cells and has been shown
to synergize with SOC debulking therapies such as surgery,
radiation, and chemotherapy. The combination with SOC
may be particularly important for malignant gliomas due
to their highly aggressive and immune suppressive na-
ture.This was seen in the adult glioma phase Il study?? and
may be also reflected here, where 2 patients are still alive,
at greater than 3 years out, both of whom had gross total
resections.

In this first-in-pediatric brain tumor study of GMCI, the
AdV-tk vector was injected into the tumor resection bed fol-
lowed by oral administration of the anti-herpetic prodrug
valacyclovir. Because this was the first clinical delivery of
AdV-tk into the potentially smaller pediatric cranium and
the potential differences in immune response, the study
started with evaluation of a dose half-log lower than the
current adult dose level, with the plan to escalate to the
same dose used in the adult phase Il study.??2 Both dose
levels were well tolerated without DLT. The feasibility and
safety of starting radiation within 1 week of surgery and
AdV-tk injection were also a question for this population,
as it is typically started 3-4 weeks postsurgery. However,
since there are preclinical data demonstrating synergy
when GMCI overlaps with radiation and 1 week was the
schedule in the adult phase Il study, this was evaluated
here. The feasibility for this schedule was demonstrated.
Thus, this study successfully established safety of GMCI in
this study design for pediatric brain tumors.

The neoadjuvant approach had unique challenges in the
pediatric population. In the adult study, a diagnosis of ma-
lignant glioma could be made by frozen section, allowing
AdV-tk injection during the initial surgery. By contrast, in
pediatrics, this was not possible due to the multitude of
potential diagnoses not distinguishable on frozen section.
Thus, the trial was limited to patients with a known histo-
logic diagnosis for which reoperation prior to starting ra-
diation was indicated. This limited accrual and may have
selected for patients with more extensive tumors.

Nevertheless, median OS was 8.9 months for dose level
1 and 25.3 months for dose level 2, with 3 of these patients
surviving more than 2 years. Median PFS was 5.8 months
for dose level 1 and 8.9 months for dose level 2, with 2
patients still progression free at 37.3 and 47.7 months. For
the 4 glioblastoma patients in dose level 2, the median OS
was 24 months with one still alive at 37.3 months. Although
the numbers are too small to support any conclusions and
the populations may not be equivalent, the outcomes com-
pare favorably to expected outcomes with radiation and
temozolomide with or without lomustine, where median
OS was ~18-20 months.?® Most pediatric studies focus
on PFS or event-free survival. However, due to pseudo-
progression seen with immunotherapy, PFS endpoints
can be difficult to assess. In fact, 2 of the glioblastoma
patients at dose level 2 who had progression declared
at 7.9 or 8.9 months, survived for 14.1 and 16.4 months
after progression, respectively; given the unusually long
postprogression survival interval, these may have been
pseudoprogressions.

The study population was too small to evaluate prog-
nostic factors that may impact efficacy. In the adult ma-
lignant glioma study, an important factor was extent of

resection, with no difference seen in median survival be-
tween GMCI + SOC and SOC alone in the subtotal resec-
tion group, although there was indication of a potential
tail effect, with sporadic long-term survivors in the sub-
total resection group.?? Efficacy in adult malignant glioma
did not seem to be influenced by MGMT methylation. In
this pediatric study, the longer-term survivors included
total and subtotal resection patients; the longest surviving
glioblastoma patient had total resection and was MGMT
unmethylated. None of the glioblastoma patients had IDH
mutation or targetable mutations. A potential advantage
of GMCI and polyclonal immunotherapy approaches is
that they are mutation agnostic and have a low risk for
resistance. This is particularly important for pediatric on-
cology, where each tumor type is rare and sequential
therapies that are toxic and life-prolonging, but non-cura-
tive, can be particularly devastating for a growing child.
For immune-stimulatory approaches like GMCI, immune
regulatory mechanisms can be a limiting factor. In this trial,
immune studies on peripheral blood were piloted in an ef-
fort to evaluate potential biomarkers for future studies.
However, interpretation of the results were limited by the
inherent variability and small numbers of samples. MDSCs
are immune-suppressive myeloid cells that are prominent
in some tumors with high tumor burden and may explain
part of the immune benefit of tumor debulking.'®3 MDSC
levels were evaluated on whole unprocessed blood to pre-
serve the phenotype, although this posed logistical chal-
lenges. Nevertheless, the levels of MDSCs in the 3 patients
evaluated were found to be in the range of what is seen in
adult cancer patients, which is higher than expected in adult
normal volunteers, highlighting the immunosuppressive
nature of pediatric gliomas. Evaluation of immune gene ex-
pression in peripheral blood using the NanoString immune
panel provided the opportunity to look at many genes in a
small sample size. This analysis provided evidence for im-
mune stimulation and potential upregulation of some im-
mune checkpoints, as previously observed in preclinical
studies and clinical studies in other human tumor types.""?’
In pancreatic cancer, where AdV-tk could be injected prior to
surgery and then the resected tumor evaluated for immune
changes, the tumors had a greater than 20-fold average
increase of CD8+ T-cell infiltrate; however, there was also
upregulation of programmed cell death ligand 1.2 A similar
study is ongoing in lung cancer, where peripheral blood and
tumor are being evaluated before and after GMCI, and sim-
ilar activation is being observed (personal communication).
Hopefully these studies will identify blood-based biomark-
ers that may be used in a future pediatric brain study where
it is not feasible to obtain tissue before and after GMCI.
Other immunotherapies that are being evaluated for
adult and pediatric brain tumors include immune check-
point inhibitors (ICIs) and chimeric antigen receptor (CAR)
T-cell therapy. For CARs, the need for a tumor-specific ho-
mogeneously expressed target antigen and the immune-
suppressive tumor microenvironment are some of the
challenges for use in solid tumors.3*3 Clinical trials are on-
going for ICls in adult gliomas and pediatric solid tumors,
but to date the results have been disappointing in these
less immunogenic tumors, where an immune-stimulatory
priming may be required to jump-start the immune re-
sponse.3 Based on preclinical data showing a dramatic



Kieran et al. Phase I study of gene-mediated cytotoxic immunotherapy

benefit for GMCI combined with anti-programmed death
1 antibody therapy compared with either therapy alone,"”
a combination trial in newly diagnosed adult malignant
glioma was recently launched. This may provide another
potential weapon for future pediatric brain tumor studies.

Based on the safety and potentially favorable survival
outcomes observed in this study, a phase Il study with
dose level 2 is being planned.
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The prognosis for children with high-grade gliomas remains
dismal, despite aggressive multimodal therapies, including
surgery, chemotherapy, and radiation therapy. While recurrent
genomic alterations have been identified in pediatric high-grade
gliomas, no effective molecular targeted therapies exist for the
vast majority of patients.” In this context, increasing efforts are
focusing on immunotherapeutic strategies to improve the out-
come for children with high-grade gliomas.

Suicide gene therapy is the introduction of viral or bacterial
genes into tumor cells, which in turn convert a nontoxic pro-
drug to a toxic one.?2 Gene-mediated cytotoxic immunotherapy
(GMCI) is one such approach wherein an adenoviral vector
containing the herpes virus thymidine-kinase gene (AdV-tk) is
injected locally into the infiltrating tumor site leading to local
expression of herpes simplex virus (HSV-tk). This is followed
by oral administration of valacyclovir, which serves as a sub-
strate for HSV-tk and undergoes phosphorylation to generate a
nucleotide analog which is toxic to dividing or DNA-repairing
cells.> DNA damaging agents, such as radiation and some che-
motherapies, increase DNA repair activity and consequently
increase susceptibility to AdV-tk/prodrug activity. Necrosis and
apoptosis of tumor cells including neighboring cells occur via
spread of activated prodrug through gap junctions and apop-
totic vesicles (bystander effect).® Release of “danger signals”
leads to an influx of antigen presenting cells such as dendritic
cells. Furthermore, vector expressed thymidine-kinase protein
functions as a super-antigen creating a hyper-immunogenic
microenvironment, production of proinflammatory cytokines
(interleukin [IL]-2 and IL-12) with consequent antitumor T-cell
stimulation and proliferation. GMCI induces polyvalent immu-
nity to autologous tumor antigens, akin to a personalized
vaccine approach, and minimizes the probability of immune
evasion. The replication-deficient adenoviral vectors trigger a
strong humoral and cellular immune response that limits its
effectiveness to a period of 2-3 weeks.?

In this issue, Kieran et al describe the results of a first-in-
child trial of GMCI.5 The study follows an adult phase l/ll trial,

which suggested an improvement in median overall survival
compared with historical controls, particularly in patients
who had a gross total resection.® The pediatric phase | study
enrolled patients 3-18 years of age with newly diagnosed
malignant glioma or recurrent ependymoma who were eligible
to undergo additional surgery and radiation therapy. Patients
with surgically inaccessible tumors located in the brainstem
or deep midbrain were ineligible. The study used a rolling 3+3
design to test 2 dose levels. AdV-tk was administered locally
during surgery, followed by oral valacyclovir for 14 days.
Standard radiation therapy started 3-8 days post surgery to
maximize the potential synergistic effects of the combination
treatment. Patients received temozolomide during radiation
therapy, followed by adjuvant chemotherapy with or without
bevacizumab according to physician choice. Both dose levels
were well tolerated without dose limiting toxicity or treat-
ment delays, demonstrating the feasibility and safety of this
approach for pediatric brain tumor patients. Median overall
survival was 8.9 months for dose level 1, and 25.3 months for
dose level 2. Three patients treated at dose level 2 (two with
glioblastoma, one with ependymoma) were alive greater than
2 years post diagnosis.

Among the 4 glioblastoma patients treated at dose level
2, the median overall survival was 24 months. Two of these
patients had unexpectedly long survival following disease
progression after treatment, suggesting pseudo-progression.
Many of the patients also received chemotherapy post injec-
tion of AdV-tk, raising the possibility of synergistic effects.
However, this adds to the difficulty in interpreting study out-
comes. While the authors acknowledge the small cohort of
highly selected patients as a study limitation, the survival out-
come data nevertheless appear favorable compared with his-
torical controls of pediatric high-grade glioma patients, where
median overall survival is ~18-20 months. Any therapy that
suggests a possibility of a sustained response in these rapidly
fatal brain tumors should be considered of interest for further
investigation.
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The study also provides data on immune correlates,
including baseline and posttreatment circulating myeloid-
derived suppressor cells (defined as Lin-/Lo, HLA DR-, CD33+
CD11b+) from whole blood, highlighting the immunosup-
pressive milieu in pediatric high-grade glioma patients. The
authors also noted increased expression in genes related to
CD8 cytotoxicT-cell function. These blood-based biomarkers
provide points of reference to guide future immunotherapy
trials.

How do these data relate to other emerging immuno-
therapies for brain tumors, including immune checkpoint
inhibitors (ICls) and adoptive cellular therapy, such as chi-
meric antigen receptor (CAR) T-cell therapy? Multipronged
approaches involving tumor antigen priming and overcom-
ing extrinsic and tumor-intrinsic immunoresistance mecha-
nisms could help optimize CD8T cell-mediated antitumor
immunity.” Therefore, the combination of CARs/GMCI and
ICI represents an attractive option, and such a trial was
recently launched for newly diagnosed adult patients with
malignant glioma (ClinicalTrials.gov NCT03576612). Based
on the encouraging safety and preliminary efficacy data
observed in the present study by Kieran et al, a phase Il
pediatric trial is being planned, and we suggest that con-
sideration be given to assessing the combination of GMCI
with ICI.

In conclusion, Kieran et al are to be commended for pur-
suing a novel immunotherapeutic approach in children
with high-risk brain tumors, and demonstrating both safety
and feasibility in this vulnerable population. Further careful
clinical investigation of GMCI, including as part of combi-
nation therapy, appears warranted and holds promise for

improving the outcome of these young patients currently
facing a dismal prognosis.
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