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Abstract

Background. Glioblastoma (GBM), the most common malignant brain tumor, is associated with devastating out-
comes. IPAX-1 was a multicenter, open-label, single-arm phase | study to evaluate carrier-added 4-L-["3"lliodo-
phenylalanine (['*'1]IPA) plus external radiation therapy (XRT) in recurrent GBM.

Methods. A total of 10 adults with recurrent GBM who had received first-line debulking surgery plus radio-
chemotherapy, were randomized to a single-dose regimen (1f; '3'I-IPA 2 GBq before XRT); a fractionated parallel
dose regimen (3f-p; 3 "¥'I-IPA 670 MBq fractions, in parallel with second-line XRT), or a fractionated sequential dose
regimen (3f-s; 3 ¥1I-IPA 670 MBq fractions before and after XRT). Metabolic tumor responses were determined
using O-(2-["®F]fluoroethyl)-L-tyrosine positron emission tomography, while single-photon emission computed to-
mography was used to guide ["3'I]IPA tumor dosimetry.

Results. All dose regimens were well tolerated. Organ-absorbed radiation doses in red marrow (0.38 Gy) and
kidney (1.28 Gy) confirmed no radiation-based toxicity. Stable disease was observed in 4 of the 9 patients at 3
months post-treatment (3-month follow-up [FU], 1 patient did not reach protocol-mandated end of study), yielding a
response rate of 44.4%. At the 3-month FU, 6 patients demonstrated metabolic stable disease. Median progression-
free survival was 4.3 months (95% confidence interval [Cl]: 3.3-4.5), while median overall survival was 13 months
(95% ClI: 7.1-27).

Conclusions. Single or fractionated doses of ["3'I]IPA plus XRT were associated with acceptable tolerability and
specific tumor targeting in patients with recurrent GBM, warranting further investigation.

Key Points

The properties of ['3'I]IPA, radioactive effects, sustained tumor accumulation, and
intrinsic cytostatic and radiosensitizing effect, make it a candidate for the treatment of
gliomas.

Stable disease was achieved in 44% of patients at 3 months following ["*"I]IPA plus XRT
treatment.

["3M1]IPA plus XRT was well tolerated in patients with recurrent GBM.
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Importance of the Study

A significant unmet need exists for well-tolerated and
efficacious treatments for patients with glioblastoma.
The results from this phase | study demonstrated the
favorable safety and tolerability profile and prelimi-
nary efficacy of 4-.-["¥'lliodo-phenylalanine (['3'I]IPA)
in combination with second-line external radiation
therapy (XRT) in patients with recurrent glioblastoma.

Glioblastoma (GBM) is the most common form of ma-
lignant primary brain tumor and is associated with sub-
stantial morbidity and mortality."? Recent advances have
aided our understanding of the molecular pathogenesis
and biology of these tumors,® but this has not translated
into significantly improved outcomes.? According to the
Central Brain Tumor Registry of the United States, the
overall age-adjusted incidence of GBM in the United States
is 3.22/100 000 persons, which increases both with ad-
vanced age at diagnosis and male sex; while the 5-year rel-
ative overall survival (OS) rate was estimated to be as low
as 6.8%." First-line approaches to GBM therapy typically
include surgery, followed by radiotherapy with concomi-
tant temozolomide (TMZ) and TMZ maintenance therapy.®
However, standard-of-care treatments for recurrent GBM
are not well defined, and treatment is typically selected
based on prior therapy, age, Karnofsky Performance Score,
o(6)-methylguanine-DNA  methyl-transferase promoter
methylation status, and patterns of disease progression.®
Amino acid transporter proteins are prime targets for
imaging GBM, as they are relatively overexpressed in ma-
lignant brain tumors, including glioma cells, compared
to healthy brain tissue.* In particular, the large neutral
amino acid transporter 1 (LAT1) system is overexpressed
in glioma cells.® LAT1 transports phenylalanine,® and me-
diates 0-(2-['8F]-fluoroethyl)-L-tyrosine (['®F]FET) uptake
in gliomas, including GBM.”8 ["8F]FET positron emission
tomography (PET; ['®FIFET PET), allows for primary di-
agnosis, diagnosis of recurrence, determination of the
metabolic tumor volume, in vivo grading of glioma and
identification of subjects with overexpressed LAT1. LAT1
levels have also been suggested to be a prognostic marker
for shorter progression-free survival (PFS) in those with
gliomas.® 4-iodo-L-phenylalanine (IPA) is a derivative of the
naturally occurring essential amino acid L-phenylalanine.’
lodine-131 ['3"] in ['3"I]IPA is cytotoxic to the cells it pene-
trates, alongside other cells within a several millimeter ra-
dius due to its mode of beta decay, making it a suitable
therapeutic candidate for systemic, internal radiotherapy.™
The unique properties of ['3'1]IPA, combining preferen-
tial radioactive effects, sustained tumor accumulation,
and also an intrinsic cytostatic and radiosensitizing effect,
make it attractive as a candidate for glioma therapy.'? ['3'1]
IPA was shown to influence and improve survival out-
comes when combined with radiotherapy in vitro and in
vivo.'%'2 Furthermore, it was shown to possess the poten-
tial to histologically eradicate established experimental
GBM in vivo."? The first-in-human study with ["3'I]IPA
as a novel treatment modality (<6600 MBq) in 2 patients

Following treatment with ['3'I]IPA plus XRT, stable dis-
ease was observed in 44% (4/9) of patients at 3 months
post-treatment, and median progression-free survival
was 4.3 months, with no confirmed radiation toxicity.
These findings support further investigation into the use
of [3"]IPA plus XRT, including its potential as a first-line
treatment.

with recurrent, progressive glioma demonstrated both
favorable tolerability and whole-body dosimetry, with
measurable metabolic and morphological changes.’™
Administration of ["3'[]IPA (2000-7000 MBq) with sequen-
tial XRT therapy in 5 compassionate use patients with re-
current GBM was reported to be well tolerated.

Based on these results, ["'l]IPA has been granted des-
ignated orphan status for the treatment of gliomas by the
European Medicines Agency (designation no. EU/3/06/363)
and the United States Food and Drug Administration (des-
ignation no. 10-3287)."% IPAX-1 was undertaken to evaluate
the safety, tolerability, and preliminary efficacy of ['3'I]IPA
in combination with second-line external radiation therapy
(XRT) in patients with recurrent GBM (NCT number:
NCT03849105; EudraCT number: 2018-002262-39)."6:7

Materials and Methods
Study Design
IPAX-1 was an open-label, single-arm, randomized,

parallel-group, multicenter dose-finding study to evaluate
the safety, tolerability, and preliminary efficacy of intrave-
nous (IV) ["3"1]IPA using different dose schedules (fraction-
ations) in combination with second-line XRT in patients
with recurrent GBM (Figure 1). Screening and enrollment
were conducted at 4 European centers within 28 days prior
to the first treatment administration. Three dose regimen
groups were assigned (Figure 1): the single dose regimen
group (1f; full dose activity administered in a single frac-
tion of 2000 MBq, followed by second-line XRT); the frac-
tionated parallel dose regimen (3f-p; 3 670 MBq fractions
administered and given in parallel with second-line XRT);
and the fractionated sequential dose regimen (3f-s; 3 670
MBq fractions administered sequentially with second-line
XRT; the XRT regimen started after the first ['3'I]IPA dose
fraction was applied).

Patients were not required to prepare prior to adminis-
tration. To reduce non-target uptake of ['3'l] in the thyroid,
patients were administered prophylactic sodium perchlo-
rate or potassium iodide according to institutional stand-
ards, prior to each administration of ["3'I]IPA. ['3"I]IPA was
administered on day 0 via intravenous infusion, and XRT
was administered 1-3 days later. The number of fractions
administered in the 3f-p and 3f-s groups was subject to
the investigator’s discretion and depended on the day
of ["']IPA administration. The parallel doses of ['3'I]IPA
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Screening First dose FU 2-weekly | Month 12
Day -28 to -1 | Day 0* D14 | b2s | D35 L amonty | EOS ‘
1f: Single-dose regimen 1S1.1PA 1-3 days XRT 1 1 1
One fraction followed by XRT —) 18 x 2 Gy 1 I I
= 1.84-1.98 GBqg fractions
=4 I I I
3f-p: Fractionated XRT 1
parallel dose regimen wgpa | 1-3days 18 x 2 Gy fractions I
Three fractions given in 0.67 GBq | memmp |
arallel with XRT
P e 3) 59 XAT|] 11-1PA |5 gyslromaiinglf 1A |
fractionst [7/0.67 GBq*| wammp | fractions [7]0.67 GBq* |
3f-s: Fractionated 134 T
sequential dose regimen | .\ o\ -5 days XRT 1PA 7 days IPA
Three fractions given —) 18x2CY | mmmp + t
sequentially with XRT 0.67 GBq fractions 0.67 GBq 0.67 GBq

(n=3)

Figure 1.

Administration schedule. Abbreviations: ['*'1]IPA, 4-L-["*'l]iodo-phenylalanine; Bq, becquerel; D, day; EQS, end of study; FU, follow-up;

XRT, external radiation therapy. ‘Interval from the end of screening to day 0 might be <19 days owing to ['*'I]]IPA manufacturing lead times;
"Number of fractions subject to investigator's discretion and depending on the day of ['*'I]IPA administration; *The second and third fractions had
to be administered on the same day of the week, and some hours after administration of the respective XRT dose of that day.

administered in the 3f-p group were administered on the
same day of the week, some hours after administration of
the respective XRT dose of that day (Figure 1).

The mass dose for the therapeutic dose of IPA was 10
mg = 20% at varying radioactive concentrations. This is a
nominal difference throughout the spectrum of varying ra-
dioactive doses, as all doses delivered to the patient ex-
hibit low specific activity relative to the associated cold
mass content.

The calculated absorbed dose estimates of ['3'1]IPA
within the tumor, as well as for biodistribution, were veri-
fied using both serial planar biodistribution imaging at
approximately 0.5, 3, 24, and 96 hours post-injection of
['*"1]IPA. SPECT images were quantitatively reconstructed
(gSPECT), to yield absolute activity concentrations (Bg/
cm?3) for tumor and normal brain (rather than conventional
%ID/cm3), for all time points, to yield time activity curves
(TACs), where technically feasible. For the generation of
the ["3'1]IPATACs, volumes of interest (VOI) were generated
by manually delineating the apparent volume of patholog-
ically increased ['3'I]IPA uptake, compared to normal brain
tissue, in ["'I]IPA SPECT/CT images. In addition, alterna-
tive VOI were generated from the baseline ['8FIFET PET
using 40% SUVmax as cutoff for metabolic tumor volume
determination by a region-growing algorithm. PET-based
VOI were fused to the ['3'[]IPA SPECT, using the respective
co-acquired CT images of both modalities as anatomical
reference. Co-localization of pathologically enhanced ['3'l]
IPA uptake with ['"®F]FET PET/"C-MET PET and MRI le-
sions, respectively, were used to assess tumor targeting.
TAC values were analyzed using IDAC2.1 to yield Gy values
from ["3'1]IPA exposure.

['8FIFET PET scans were performed at baseline, on day
45 (+ 7), day 135 (+ 7), and at each 3-monthly follow-up visit
from month 6 until the end of the study. Acquisition and
image processing were performed according to standard
institutional procedures for ['8F]FET.

The study was conducted in accordance with the eth-
ical principles that have their origin in the Declaration

of Helsinki and the International Conference on
Harmonization guideline E6: Good clinical practice.
Informed consent was obtained from all individual partici-
pants included in the study.

Participants

Patients were >18 years of age with previously confirmed
histological diagnosis of GBM with current clinical or im-
aging evidence for first recurrence according to modi-
fied Response Assessment in Neuro-Oncology criteria
(RANO)."® Patients with recurrent GBM (World Health
Organization [WHO]°IV), diagnosed in accordance with
WHO classification, which required the intradialytic hypo-
tension status, were enrolled.

Other enrollment criteria included a history of GBM
standard therapy (debulking surgery, followed by radio-
chemotherapy [560-60 Gy in 2 Gy fractions], and TMZ); >6
months since the end of first-line XRT, contrast-enhancing
tumor gross tumor volume (GTV) <4.8cm diameter.
Re-irradiation was performed according to a fractionation
scheme of 36 Gy in 18 fractions of 2 Gy. For second-line
XRT, the GTV consisted of the contrast-enhancing regions
onT1 sequences of the magnetic resonance image, in addi-
tion to high-uptake areas on the FET PET scans.The clinical
target volume was derived from the GTV after the addition
of a 0.5 cm 3D margin around the GTV and expanded to a
planning target volume according to local treatment ma-
chine configuration.

Exclusion criteria included (but were not limited to) a pri-
mary XRT dose > 60 Gy, doses to organs at risk exceeded or
reached by prior radiation therapy'®; multifocal distant re-
currence (defined as tumor lesion outside the primary XRT
field, confirmed by amino acid-based PET imaging), and
prior treatment with brachytherapy and/or bevacizumab.
Patients who had taken any radiopharmaceutical (within
a period corresponding to 8 half-lives of the radionuclide
used for labeling the respective radiopharmaceutical) prior
to administration of ['3'I]IPA were ineligible for enrollment,
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as were those who received any other investigational med-
ical product (IMP) <90 days prior to ['3'I]IPA administration.
Other IMPs were prohibited from the screening visit to the
end of the 3-month (3-mo) follow-up (FU). During the study
period, another concomitant medication was permitted at
the discretion of the investigator. A full list of enroliment
criteria can be found in Supplementary Information.

Study Outcomes

The primary outcomes were to assess the safety and tol-
erability profile of IV ['3'I]IPA administered concomitantly
to second-line XRT in recurrent GBM. Safety investigations
assessed the frequency and severity of abnormal findings
(physical examination, vital signs, 12-lead electrocardio-
gram [ECG], clinical laboratory parameters, adverse events
[AEs], and concomitant medications). Tolerability was as-
sessed by Health-Related Quality of Life (HRQolL) total
scores on the European Organization For Research And
Treatment Of Cancer 30-item Quality of Life Questionnaire
(EORTC QLQ-C30) and the accompanying EORTC QLQ-
Brain Neoplasm (EORTC-BN20) module.?°

Secondary outcomes comprised the feasibility of frac-
tionated administration of ["'I]IPA; evaluation of the
radiation absorbed dose to the tumor from ["'I]IPA;
biodistribution and absorbed doses to whole body and or-
gans from ['3'[]IPA; preliminary antineoplastic effect of ['3'l]
IPA + second-line XRT combination therapy, and occur-
rence and frequency of pseudo-progression (PsPD) in re-
sponse to ["3"1]IPA + second-line XRT combination therapy.

Study Assessments

AEs, serious AEs (SAEs), and baseline events were graded
according to the National Cancer Institute Common
Terminology Criteria (NCI CTCAE) version 4.03.2" By defi-
nition, for this study, all AEs were regarded as treatment
emergent. AEs were further classified by preferred name
and system organ class according to the Medical Dictionary
for Regulatory Activities (version 25.0). Dose-limiting tox-
icity was defined as a grade 4 neurotoxicity or any other
grade 4 toxicity according to NCI CTCAE version 4.03.%
Concomitant medications were recorded continuously
from day 0 pre-dose until end of the study or treatment
discontinuation. Patients underwent brain single-photon
emission computed tomography (SPECT) for ["]IPA
tumor dosimetry (performed in all patients), and whole-
body planar imaging for assessing ['3'1]IPA biodistribution
and whole-body safety dosimetry. In addition, patients
were comparatively assessed for possible differences in
safety and/or efficacy among the different dosing regi-
mens. Patient-determined quality of life was evaluated
using the EORTC QLQ-C30 and the EORTC QLQ-BN20.2°
Data were pooled by dose regimen group and analyzed
according to the EORTC QLQ-C30 scoring manual, with
differences over time to detect a minimum important dif-
ference of 10 points.??

Structural imaging evaluations were conducted both
on-site and independently by central readers. The anal-
ysis was based on the current RANO criteria,'® considering

the clinical response and use of steroids. Metabolic tumor
responses with ['®F]FET PET imaging were calculated by
central readers from standardized uptake values to identify
early or late responders to treatment. Efficacy data were
collected using centralized independent evaluation, which
used day 45 as a reference baseline for morphological
readouts. OS was determined from day 0 (start of first ['3']
IPA infusion prior to second-line XRT) to the time of death.

Results

A total of 21 patients were screened, and 10 were en-
rolled in the study between March 2019 and January 2021.
The study was originally planned to include up to 44 pa-
tients, but recruitment was stopped after 10 patients were
treated due to the sponsor’s decision as sufficient safety
information was collected to progress further steps of
clinical development. All 10 evaluable patients were iden-
tified as Caucasian. The mean age was 55.6 years (range
40-70 years) and 70% were male. Baseline demographics
are shown in Table 1. In each of the 3f-p and 3f-s groups,
2 patients demonstrated a positive O6-methylguanine-
DNA methyl-transferase promoter methylation status. All
patients received 36 Gy total second-line XRT as 18 frac-
tions of 2 Gy each, in accordance with institutional stand-
ards. The total ['®"I]IPA injected activity dose was 1900 + 60
MBgq in the 1f group, 1990 + 220 MBq in the 3f-p group and
1610 £ 790 MBq in the 3f-s group (high standard deviation
[SD] was owing to 1 patient only receiving 1 of the 3 dose
fractions). All 10 patients were withdrawn prior to the study
end (12 months): 8 were withdrawn due to disease pro-
gression and 1 was withdrawn due to an AE (platelet count
decreased); and ultimately progressed within 12 months.
One patient died before the study ended from acute respi-
ratory failure caused by COVID-19. The median time from

Table 1. Patient Demographics and Baseline Characteristics
Fractionated Total
dose 3f- (N=10)
sequential

(N=3)

Fraction-
ated dose

3f-parallel
(N=3)

Age (years)

N 4 3 3 10
Median 49 65 59 55

Mean 515 577 59.0 55.6

SD 12.5 13.6 11.0 11.5
Minimum 40 42 48 40
Maximum 69 66 70 70
Gender

Female 1(25.0%) 1(33.3%) 1(33.3%) 3(30.0%)
Male 3(75.0%) 2(66.7%) 2(66.7%) 7(70.0%)
Race/Ethnicity

White, non- 4(100.0%) 3(100.0%) 3(100.0%) 10

Hispanic (100.0%)
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initial diagnosis through to the first day of study treatment
was 10 months (range: 8-42 months; SD: 10.87 months).
By the end of the study, 8 out of the 10 treated patients had
died.

Safety and Tolerability

Adverse events.—A total of 53 AEs were recorded
(Table 2), and 8 were SAEs (Supplementary Information).
The majority of treatment-emergent AEs (TEAEs; 87%)
were mild or moderate in nature. As per protocol, all 28
TEAEs were considered treatment-related, of which 5 were
observed in the 1f group, 20 in the 3f-p group, and 3 oc-
curred in the same patient in the 3f-s group. A total of 4
SAEs were reported in 3 patients as possibly related to
study treatment (2 events of brain edema, 1 event each
of intracranial pressure increased and platelet count de-
creased in the same patient). One SAE that was neither re-
lated to treatment nor related to the underlying disease led
to death in the 3f-p group (Supplementary Information).

The most common TEAEs were decreased lymphocyte
count, fatigue, headache, and hiccups (3 events each in 3
patients), followed by decreased platelet count, diarrhea,
brain edema, and insomnia (2 events each in 2 patients).
Both brain edema events were successfully treated with
anti-inflammatory steroid treatment (dexamethasone),
the standard of care, which is seen routinely when XRT is
used. Resolution of all events occurred within days.

There were no clinically relevant or systematic changes
in hematology, clinical chemistry, or coagulation during
the study. Urinalysis, as well as vital signs and ECG
parameters also remained unchanged and within normal
parameters.

Quality of life.—Mean HRQoL total scores decreased nu-
merically from baseline until Day 45 and then increased
again in total and in the 1f group, which was not observed
in the fractionated groups (Supplementary Information).

Preliminary Efficacy and Biodistribution

Radiological response.—Based on morphological im-
aging using RANO criteria, 4 of the 9 patients had stable
disease at 3-month FU, yielding a response rate of 44.4%.
No cases of PsPD or pseudo-response were observed in
any patients.

Efficacy and dosimetry.—Mean total body effective doses
were 150.67 + 59.01 uSv/MBq in the 1f group, 156.62 + 53.59
uSv/MBq in the 3f-p group, and 197.00 + 27.79 uSv/MBq in
the 3f-s group.

The organs with the highest mean absorbed total dose for
an assumed injected activity of 2.0 GBq were the kidneys
(1f: 1.23 £ 0.43 Gy; 3f-p: 1.04 £ 0.36 Gy; 3f-s: 1.28 + 0.26 Gy)
followed by the spleen (1f: 0.89 + 0.02 Gy; 3f-p: 0.74 £ 0.33
Gy; 3f-s: 1.24 £ 0.22 Gy) and then liver (1f: 0.47 + 0.01 Gy;
3f-p: 0.45 £ 0.07 Gy; 3f-s: 0.56 £ 0.07 Gy). The total organ
absorbed radiation dose for an assumed injected activity
of 2.0 GBq for the red marrow was 0.29 + 0.12 Gy for the 1f

group, 0.30 £ 0.11 Gy for the 3f-p group, and 0.38 = 0.06 Gy
for the 3f-s group.

["$"]IPA activity mainly accumulates in the blood, liver,
and spleen following excretion via the urinary system
(Supplementary Information). The total mean excretion
rate for ["®'I]IPA from the total body was 1.46 + 0.60%/
h-1 after one dose, 1.53 +0.72%/h~" after 2 doses, and
1.69 + 0.89%/h~" after 3 doses. The mean time-integrated
activity coefficients (“residence time”) were 51.87 + 21.17
MBqg*h/MBq for the 1f group, 54.62 + 19.46 MBqg*h/MBq for
the 3f-p group, and 68.70 + 10.06 MBqg*h/MBq for the 3f-s
group (Table 3).

Analysis used (time activity curve) input from all meas-
ured source organs and the remainder of the body. ['*"I]IPA
accumulated in the liver, kidney, spleen, urinary tract, and
red marrow, being a surrogate for blood.

Metabolic tumor response.—At the metabolic level, 6 of
the 9 patients (67.7%) had stable disease based on peak up-
take within the lesion, and 7 of the 9 had stable disease
based on the mean lesion uptake. The metabolic tumor re-
sponse was calculated based on the ratio of SUV__,  and
SUVpeak ratios of the tumor compared with SUV___in the
contralateral brain hemisphere. No responders were iden-
tified based on the tumor-to-brain ratio (TBR),,, using a
threshold of 20%. Only one patient (002-01) would have
been categorized as a responder from TBR__,, using a
threshold of 5% at 3-mo FU. Another patient in the 3f-p
cohort had a larger TBR_,, than other patients and was
found to have a second tumor other than glioblastoma
Supplementary Information).

[131I]IPA tumor dosimetry.—The mean normalized ab-
sorbed radiation dose delivered to the tumor was 0.70
mGy/MBq in the 1f dose regimen group, and the range of
the mean normalized absorbed radiation dose per dose
was 1.38-4.16 mGy/MBq in the 3f-p dose regimen group,
and 0.78-1.23 mGy/MBq in the 3f-s dose regimen group
(Supplementary Information). The total absorbed radiation
doses ranged between 0.75-1.68 Gy in the 1f dose regimen
group, 1.03-13.26 Gy in the 3f-p group, and 1.26-2.15 Gy
for the 3f-s dose regimen group.

Survival outcomes.—Median PFS was 4.3 months (95%
confidence interval [Cl]: 3.3-4.5 months), while median OS
was 13 months (95% Cl: 7.1-27 months).

Discussion

In the IPAX-1 study, patients with recurrent GBM
received["']IPA concomitantly to second-line XRT
(re-irradiation) to the tumor bed. ["¥'I]IPA accumulates
within the tumor, where it is retained exerting a low-dose
rate in situ radiation. Injections of single or fractionated
doses of [""I]IPA combined with second-line XRT were as-
sociated with acceptable safety and tolerability profile and
no relevant laboratory changes were observed.
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Table 2. Overview of Treatment-Emergent Adverse Events by Severity for all Patients (N = 10)

System organ class Moderate Severe

TEAE preferred term Events, n Events, Events, n

n
Blood and lymphatic system disorders 0 0 1(10) 1 0 0
Anemia 0 0 1(10) 1 0 0
Ear and labyrinth disorders 1(10) 1 0 0 0 0
Vertigo 1(10) 1 0 0 0 0
Gastrointestinal disorders 1(10) 1 1(10) 4 0 0
Diarrhea 1(10) 1 1(10) 1 0 0
Gastritis 0 0 1(10) 1 0 0
GERD 0 0 1(10) 1 0 0
Esophagitis 0 0 1(10) 1 0 0
General disorders and administration site conditions 1(10) 1 2 (20) 2 1(10) 1
Fatigue 1(10) 1 1(10) 1 1(10) 1
Pyrexia 0 0 1(10) 1 0 0
Immune system disorders 0 0 1(10) 1 0 0
Hypersensitivity 0 0 1(10) 1 0 0
Infections and infestations 0 0 3(30) 3 0 0
Infection 0 0 1(10) 1 0 0
Pneumocystis jirovecii infection 0 0 1(10) 1 0 0
UTI 0 0 1(10) 1 0 0
Investigations 2 (20) 4 3(30) 3 2 (20) 3
Amylase increased 1(10) 1 0 0 0 0
Blood glucose increased 1(10) 1 0 0 0 0
Lipase increased 1(10) 1 0 0 0 0
Lymphocyte count decreased 0 0 1(10) 1 2 (20) 2
Platelet count decreased 0 0 1(10) 1 1(10) 1
Weight decreased 1(10) 1 0 0 0 0
WBC count decreased 0 0 1(10) 1 0 0
Nervous system disorders 3(30) 8 1(10) 1 1(10) 1
Aphasia 1(10) 1 0 0 0 0
Brain edema 1(10) 1 1(10) 1 0 0
Cognitive disorder 1(10) 1 0 0 0 0
Dysarthria 1(10) 1 0 0 0 0
Headache 3(30) 3 0 0 0 0
Intracranial pressure increased 0 0 0 0 1(10) 1
Paresthesia 1(10) 1 0 0 0 0
Psychiatric disorders 1(10) 2 2 (20) 2 0 0
Agitation 1(10) 1 0 0 0 0
Insomnia 1(10) 1 1(10) 1 0 0
Sleep disorder 0 0 1(10) 1 0 0
Respiratory, thoracic, and mediastinal disorders 0 0 3(30) 4 1(10) 1
Acute respiratory failure 0 0 0 0 1(10) 1
Hiccups 0 0 3(30) 3 0 0
PE 0 0 1(10) 1 0 0
Skin and subcutaneous tissue disorders 1(10) 1 0 0 0
Erythema 1(10) 1 0 0 0
Vascular disorders 0 0 1(10) 1 1(10) 1
DVT 0 0 1(10) 1 0 0
Hypertension 0 0 0 0 1(10) 1

Abbreviations: DVT, deep vein thrombosis; GERD, gastro-esophageal reflux disease; PE, pulmonary embolism; UTI, urinary tract infection; TEAE,
treatment-emergent adverse event; WBC, white blood cell.



Pichler et al.: [IBU]IPA in combination with XRT for second-line GBM

Table 3. Residence Times (TIACs) for Different Dosing Regimens of the 2000 MBq Dose Regimen Group

1f: Single-dose regimen 3f-p: Fractionated parallel reg- 3f-s: Fractionated sequential dose
Mean + SD (MBg*h/MBq) imen Mean + SD (MBg*h/MBq) regimen Mean + SD (MBqg*h/MBq)
Heart contents 2.20 £ 1.29 1.63 +0.42 2.27 £0.53
Kidneys 1.84 + 0.64 1.51 £ 0.54 1.86 £ 0.40
Liver 3.03 +1.41 2.88+0.44 3.57 £0.49
Spleen 0.70 £ 0.06 0.57 +0.27 0.99+0.19
Total body 51.87 £ 21.17 54.62 + 19.46 68.70 + 10.06

Abbreviations: MBg, megabecquerel; SD, standard deviation; TIAC, time-

As expected from the underlying disease and previous
treatments in these severely ill patients, neurological and
hematological AEs were generally more frequent. Of 4 pos-
sibly treatment-related SAEs, there was 1 case of increased
intracranial pressure and 2 cases of symptomatic brain
edema, which are known events associated with radiation
therapy of central nervous system cancers and were suc-
cessfully treated with dexamethasone. Dexamethasone
was used prophylactically at one site for 4 other patients
in the study, who subsequently did not experience brain
edema. Considering these observations, prophylaxis could
be incorporated into this treatment regimen. Larger-scale
studies are needed to assess whether the possible ad-
vantages of prophylactic dexamethasone outweigh dis-
advantages such as side effects (including weight gain,
hyperglycemia, and myopathy)? and the theoretical risk of
decreased ["®'I]IPA uptake in the tumor due to normaliza-
tion of the blood-tumor-barrier.2* One possibly related SAE
of platelet count decrease returned to baseline levels after
several months and occurred in a patient with a prior his-
tory of decreased platelet count.

To evaluate the non-target uptake of ['*'I]IPA, safety do-
simetry evaluations were performed on all patients. While
dosimetry methods have traditionally been associated
with inaccuracies and poor predictive power, tumor and
whole-body dosimetry has been validated in assessing
the therapeutic value of ['¥']] meta-iodo-benzyl-guanidine
(mIBG) in neuroblastoma.? Standardized dosimetry meth-
odology used in this study enabled precise determination
of the radiation dose, allowing reliable toxicity estimation.

There were no unexpected findings regarding the impact
of ["3'1]IPA on organ systems. Radioactive probe uptake in
the lungs, heart, and thyroid were too low to acquire mean-
ingful data. Radiation exposure to the blood (red marrow),
kidney, bladder, spleen, and liver were well within toler-
able limits. The total organ absorbed radiation doses were
well below the dose-limiting toxicities for red marrow (2
Gy) and the kidney (23 Gy), which confirmed the lack of
toxicity seen in the clinical chemistry findings. The red
marrow and kidneys are known limiting factors in deter-
mining the maximum activity that can be administered.
Absorbed radiation doses delivered to the kidneys were in
the range of 5%, and for the red marrow at about 15% of
the dose-limiting toxicities. Thus, it can be concluded that
these organs are likely not at risk of damage following ['3l]
IPA treatment when used at the dose ranges in this study.
The activity administered, 2 GBq, is within the range of

integrated activity coefficient.

conventional radioiodine-based therapy for thyroid cancer
and below the lowest range used for neuroblastoma/phe-
ochromocytoma using radioiodine labeled mIBG?5?7; taken
together, dosimetry results suggest that an escalation of
["3"1]IPA activity doses beyond 2 GBq appears feasible, con-
firming earlier reports.'®4
The total radiation absorbed dose range of ["*'I]IPA to
the tumor was broad and the true preliminary efficacy im-
pact was not feasible to measure. Imaging assessments
would need to be performed on a larger population and
over an expanded duration to further clarify the radiation
absorbed, dose delivered, and the duration of retention of
["311]IPA within the tumor to permit treatment optimization.
Radiological and metabolic imaging was performed but in-
dicated no significant responses. The study population was
too small to draw conclusions; the treatment effect monitored
with PET is not standard and must be evaluated in further
studies especially when higher IPA doses are administered.
As described in the literature, LAT expression in gliomas dif-
fers.%2829 Future studies to characterize the relationship be-
tween LAT-1 expression, FET, and IPA uptake are warranted.
The median achieved PFS of 4.3 months in IPAX-1 is sim-
ilar to survival outcomes achieved previously, with reported
PFS of up to 5.0 months with second-line XRT administered
as a median dose of 35-36 Gy.%%3' Survival outcomes in
IPAX-1 are in line with second-line studies combining XRT
with bevacizumab, which have produced encouraging re-
sults, with median OS ranging from 9.7 to 38 months.32-36
There are several limitations associated with this Phase |
study. A meaningful comparison cannot be made between
different treatment arms due to limited patient numbers,
varying injection regimens, and the early withdrawal of 1 pa-
tient after only 1 of 3 injections. Following the complete re-
cruitment of the initial cohort, the Sponsor decided to close
the study based on initial safety results indicating that ['3'[]IPA
plus XRT was well tolerated. As XRT is an established first-
line therapy for GBM, the decision was made to close this
study to recruitment and commence a new study, with ['3'l]
IPA combined with XRT in a first-line setting (NCT05450744).
Given the aggressive nature of GBM and the limited lifespan
of this patient population, third-line palliative therapeutic ap-
proaches in the case of clinical and/or radiological progres-
sion in most cases involve bevacizumab, which may have
contributed to the survival outcomes observed. Furthermore,
it cannot be excluded that certain patients received alterna-
tive therapy in the context of pseudo-progression following
['3"]IPA and second-line XRT, as opposed to true progression.
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As the study was designed to investigate the safety of ['3'l]
IPA, the sample sizes of each dose regimen group are too
small to allow between-group statistical analysis, or to study
potential clinical or histomolecular determinants of treatment
effect, although we can conclude that ["3'[]IPA was well toler-
ated in this cohort.

Based on preclinical data, it is hypothesized that a combi-
nation of ["®'I]IPA with radiotherapy may produce an intrinsic
cytostatic and radiosensitizing effect by inducing double-
stranded DNA breaks in tumor cells.?” Previous evidence
suggests that radiotherapy administered prior to systemic
targeted radionuclide therapy can significantly increase the
uptake of a radiolabeled probe.%® Conversely, if systemic ra-
dionuclide therapy is administered prior to radiotherapy, the
tumoricidal effects of subsequent radiotherapy could be po-
tentiated through tumor cell sensitization.®® It is plausible that
[3"1]IPA may exert a multiple mode of action consisting of the
direct therapeutic effect of internalized and external radiation,
which is enhanced by a cytostatic and radiosensitizer effect of
IPA. Importantly, synergistic effects have also been observed
with [B¥]mIBG plus topotecan combination therapy in pe-
diatric metastatic neuroblastoma, with topotecan exerting a
radiosensitizing effect.* Mechanistically, IPA, as an analog
of physiological |-phenylalanine, may partially act as an an-
timetabolite, inhibiting DNA repair pathways between the
XRT fractions, thus preventing cellular repair in the window
between XRT fractions. Another advantage of this theranostic
approach is employing a combination of a  and y emitter
to monitor the uptake of the substance in the target lesion,
which can easily be demonstrated using SPECT imaging.

Areas for further exploration include investigating the
optimal dose of ["¥'I]IPA, the optimal sequence of internal
and external radiation, the best fractionation and the best
approach to re-irradiation, which all remain unknown.*'
Combination of radiation with targeted drugs or immuno-
therapy are also potential investigative options, along with
the use of different imaging markers such as radiomic fea-
tures.*? Despite routine application of higher second-line
XRT doses,?¢* a total radiation dose of 36 Gy was adminis-
tered in IPAX-1in 18 x 2 Gy fractions. It has been suggested
that shorter fractionation might assert more benefits in
terms of survival outcomes.*

The Phase | IPAX-1 study provides evidence supporting
the safety and tolerability profile of ['*'I]IPA plus XRT com-
bination treatment in recurrent GBM, with metabolic SD
observed in 6 patients. Further refinement of the activity
administration profile, and dose escalation may provide
further efficacy advantages, and additional clinical studies
are required to confirm these preliminary findings.

Supplementary material

Supplementary material is available online at Neuro-
Oncology Advances (https://academic.oup.com/noa).

Keywords

amino acid transport system | glioblastoma | radiotherapy |
radiopharmaceuticals | theranostics

Lay Summary

Glioblastoma is a type of brain cancer that is very difficult to
treat, especially when it comes back after initial treatments that
include surgery, radiation, and chemotherapy. In this study, the
authors aimed to see whether a new treatment that combines
a radioactive drug called [131I]IPA with radiation therapy could
help patients with recurring glioblastoma. To test this, they con-
ducted a small safety trial with 10 patients. The results showed
that the treatment did not cause serious side effects at any of
the doses they tested. Additionally, 4 patients did not see their
tumors grow for 3 months after treatment. On average, patients
lived for 13 months after receiving this tested treatment.
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