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Abstract

Background Despite improvements in surgical as well as adjuvant therapies over the last decades, the prognosis for
patients with glioblastoma remains poor. Five-Aminolevulinic acid (5-ALA) induced porphyrins are already used for
fluorescence-guided resection and as photosensitizer for photodynamic therapy. New findings reveal their potential
use as sensitizing agents in combination with ionizing radiation.

Methods We initiated a phase I/ll dose escalation study, treating patients with recurrence of glioblastoma with oral
5-ALA concurrent to radiotherapy (RT). This prospective single-center study based in the University Hospital Mlnster
aims to recruit 30 patients over 18 years of age with histologically verified recurrence of supratentorial glioblastoma in
good performance status (KPS > 60). Following a 3+ 3 dose-escalation design, patients having undergone re-resection
will receive a 36 Gy RT including radiodynamic therapy fractions (RDT). RDT constitutes of oral administration of 5-ALA
before the irradiation session. Two cohorts will additionally receive two fractions of neoadjuvant treatment three and
two days before surgery. To determine the maximum tolerated dose of repeated 5-ALA-administration, the number of
RDT-fractions will increase, starting with one to a maximum of eight fractions, while closely monitoring for safety and
toxicity. Follow-up will be performed at two and five months after treatment. Primary endpoint will be the maximum
tolerated dose (MTD) of repeated ALA-administration, secondary endpoints are event-free-, progression-free-, and
overall-survival. Additionally, 5-ALA metabolites and radiobiological markers will be analysed throughout the course
of therapy and tissue effects after neoadjuvant treatment will be determined in resected tissue. This protocol is in
accordance with the SPIRIT guidelines for clinical trial protocols.

Discussion This is the protocol of the ALA-RDT in GBM-study, the first-in-man evaluation of repeated administration
of 5-ALA as a radiosensitizer for treatment of recurrent glioblastoma.

Trial registration This study was approved by the local ethics committee of the Medical Association of Westphalia-
Lippe and the University of Minster on 12.10.2022, the German federal institute for Drugs and medical devices
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on 13.10.2022 and the federal office for radiation protection on 29.08.2022. This trial was registered on the public
European EudraCT database (EudraCT-No.: 2021-004631-92) and is registered under www.cliniclatrials.gov (Identifier:

NCT05590689).
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Background

Glioblastoma multiforme is the most common malignant
brain tumor in adults. Infamous for its poor prognosis,
treatment of this highly lethal, primary brain malignancy
traditionally includes resective surgery (if possible) and
postoperative chemoradiation. Based on the findings of
Stupp et al., the current standard of adjuvant therapy is
60 Gy of fractioned radiation treatment (RT) to a locally
extended tumor site with concurrent and adjuvant appli-
cation of oral temozolomide [1]. Modern radiotherapy
benefits from technical and conceptual innovations like
image-guided and intensity modulated treatment.

Nevertheless, recurrence seems to be inevitable for
patients with glioblastoma, mainly located in or adjacent
to the initial tumor site. As of today, clear treatment stan-
dards are still missing in cases of relapse or progression
[2]. Re-resection and re-irradiation are treatment options
in this situation [3-7], oftentimes combined with con-
current or sequential second line chemotherapy, target
therapy or monoclonal antibodies, but treatment use is
oftentimes limited due to prior therapy.

Multiple study approaches have aimed to increase the
effectiveness of local re-treatment and re-irradiation for
recurrent glioblastoma patients, attempting to achieve
a more potent, more precise, and overall more effec-
tive adjuvant treatment [8—17]. In this regard, the use of
radiosensitizers as a means of improving local therapy
outcome by increasing effectiveness of adjuvant RT has
been explored in several forms but results mostly did not
match expectations and failed to improve survival when
compared to standard treatment [18]. Nevertheless, new
treatment agents and regimen are evaluated constantly,
based on the increasing understanding of the complex
characteristics and behavior of this tumor entity [11,
19-21].

Five-Aminolevulinic acid (5-ALA), a ketone carbon
amino acid, has already proven to be of significant value
in the treatment of glioblastoma: increasing tumor vis-
ibility under fluorescent light, based on selective uptake
and production of fluorescent and photoactive porphy-
rins in glioma cells, surgical resection can be improved,
leading to a significant increase in survival [22]. Further-
more, its application as a photoactive substance shows
potential in the context of photodynamic therapy (PDT)
when exposed to light of a certain wavelength (23, 24).
Unfortunately, this procedure is complex, and its scope
may be limited due to the restricted light penetration of
brain tissue. Recent in-vitro-studies have revealed the

cytotoxic effect (similar to PDT) to also be inducible by
exposure of cells containing the metabolite Protoporphy-
rin IX (PPIX) to ionizing radiation, resulting in increased
cell damage, based on a delayed mitochondrial produc-
tion of reactive oxygen-species (ROS) (25, 26). While
this has been evaluated in several preclinical settings for
different tumor entities [27-30], no studies involving
humans have evaluated the concept of repeated applica-
tion of 5-ALA during the course of fractioned RT yet.
When compared to other radiosensitizing agents, 5-ALA
seems to have an advantage due to its tumor-selective
behavior deriving from its active uptake into glioma cells
via specific transporters [31-33] after extravasation and
distribution along the infiltration zone by local edema
[34]. Combined with the overall low toxicity (known
from its well implemented use in resective surgery) and
easy handling via oral application, 5-ALA appears to
be a strong contender to improve therapy effectiveness
without immoderate risk of increasing side effects. In
this article, a description of our protocol for the recently
initiated “ALA-RDT in GBM” 3+3 dose escalation trial
is given, aiming to further explore the potential of this
promising combination.

Methods

Trial design, setting and recruitment

This is a prospective, single-armed, single center phase I/
II dose escalation-study, based in the University Hospital
of Miinster, Germany. The aim of the study is to deter-
mine the maximum tolerated dose (MTD) and safety of
repeated application of oral 5-ALA as a radiosensitizer
during (neo)adjuvant radiotherapy for the treatment of
glioblastoma recurrence. All patients will receive 36 Gy
adjuvant RT in 20 fractions. An increasing number of
RT-fractions will be conducted as radiodynamic therapy
(RDT), which will consist of 1.8 Gy-irradiation 7-9 h
after oral application of 20 mg/kg bodyweight 5-ALA in
a tap-water-solution.

Recruitment will start in cohort 0 with one RDT-
fraction and patients will be allocated consecutively to
this and the following cohorts, which will be numbered
sequentially from O to 8. Each cohort encompasses three
initial patients being expanded by additional three par-
ticipants in case of a dose limiting toxicity (DLT), follow-
ing a 3+43-design. With increasing cohort number, the
quantity of RDT-fractions will be increased by one with
a maximum of eight adjuvant applications in cohort 8.
Additionally, in cohorts 0 and 1, patients will receive two
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neoadjuvant RT-fractions (in case of cohort 1, the first
fraction will be conducted as RDT). In these cohorts, a
decisive histopathological analysis of the resected tis-
sue will account for changes induced by neoadjuvant
therapy. MDT is considered to be reached in case of DLT
in two or more patients on the same dose level. A study
continuation with the next dose-level will be evaluated
and approved by the data safety and monitoring board
(DSMB) after a six-week follow-up of the last RT-frac-
tion of the last patient within a cohort. The study started
recruitment with the first patient in Q1 2023 with an esti-
mated study duration of 30 months.

Study population

26 patients will be recruited with additional 15-20%
drop-outs, cumulating in approximately 30 patients.
End of study is defined as the last patient’s last visit (six-
month follow-up). For each drop-out, a new patient will
be entered into the study at the same dose level.

Inclusion criteria
1: Written patient
information.

2: Age>18 years.

3: Recurrence of supratentorial glioblastoma after ini-
tial resection and adjuvant therapy.

(e.g. radio-chemotherapy, targeted therapies, antian-
giogenic therapies as determined.

by the tumor board) (with planned second resection
cohort 0 and 1), second or third.

recurrences permitted.

4: Clinically indicated further radiotherapy as per deci-
sion of the tumor board as part of.

therapy for recurrence.

5: Histological verification of recurrent glioblastoma
independent of methylated MGMT.

promotor status when alkylating chemotherapy failed
at this time.

6: Karnofsky Performance Score > 60.

7: For all patients of reproductive potential: Willingness
to apply highly.

effective contraception (Pearl index<1) during the
entire study (and for at least 6.

months after the last application of 5-ALA)

8: Pre-menopausal female patients with childbear-
ing potential: a negative serum pregnancy test must be
obtained max. 72 h prior to treatment start.

9: Adequate liver function: bilirubin<1.5 times above
upper limit of normal range (ULN), alanine transami-
nase (ALT/SGPT) and aspartate transaminase (AST/
SGOT)< 3 times ULN. In the case of documented or sus-
pected Gilbert’s disease bilirubin <3 times ULN.

10: Adequate renal function: creatinine <3 times above
ULN; eGFR >/= 60 ml/min, Blood clotting: INR/Quick/

consent after comprehensive
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PT and PTT within acceptable limits according to the
investigator.

Exclusion criteria

1: Patient unable to undergo imaging by MRI, PET
or contrast-enhanced CT for whatever reason (e.g.
pacemaker).

2: Pregnant or breastfeeding women.

3: Past medical history of diseases with poor prognosis,
e.g., severe coronary heart disease, heart failure (NYHA
III/IV), severe and poorly controlled diabetes, immune
deficiency, residual deficits after stroke, severe mental
retardation or other serious concomitant systemic disor-
ders incompatible with the study (at the discretion of the
investigator).

4: Any active infection (at the discretion of the
investigator).

5: Hypersensitivity against porphyrins.

6: Known diagnosis of porphyria.

7: Current participation in another clinical trial with
therapeutic intervention or use of any other therapeu-
tic interventional agent other than the standard therapy
since diagnosis of glioblastoma.

8: Known intolerance to study medication.

9: Pre-treatment with other potentially phototoxic or
photosensitizing substances (e.g. tetracyclines, sulfon-
amides, fluoroquinolones, hypericin extracts, products
containing St. John’s wort) during the two weeks preced-
ing RDT.

Treatment procedures

Radiation treatment

The indication for second irradiation will be discussed
and decided in the multidisciplinary tumor board before
the screening process. Adjuvant radiotherapy will con-
sist of fractioned photon irradiation, delivering a total
dose of 36 Gy in 20 fractions, with five fractions applied
per week (Monday through Friday). In cohorts 0 and 1,
patients will receive two additional fractions of 1.8 Gy as
neoadjuvant treatment, resulting in a cumulative dose of
39.6 Gy. Target definition and dose prescription will be
according to ICRU 83 (for intensity-modulated radio-
therapy) and planned with dedicated computed tomog-
raphy (CT), pre- and postoperative contrast-enhanced
MRI and three-dimensional planning systems. Gross
tumor volume (GTV) will be defined in the pre- and
postoperative MRI as the extend of the contrast-enhanc-
ing T1-hyperintense tumor site, the clinical target vol-
ume (CTV) will consist of a 1 cm margin around the
GTYV, also considering additional imaging (if available),
respecting anatomical borders, and considering pre-
treatment dose distributions. The planning target volume
(PTV) will be defined as a 0.3-0.5 cm margin around
the CTV. Dose constraints will be considered according
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to QUANTEC-recommendations. Intensity-modulated
radiotherapy will be delivered with linear accelera-
tors with a beam energy of 6 MV or 6 MV FFE, quality
assurance will be performed by means of individual case
reviews and image-guidance via frequent cone beam CT.

Preoperative irradiation will be performed in two frac-
tions; one fraction daily, three and two days before the
scheduled operative resection. Postoperative irradiation
will begin after clinical recovery two to six weeks (as clin-
ically indicated) after surgery.

Drug administration

Oral 5-Aminolevulinic acid will be applied on RDT-
treatment days as a solution in tap water with a dose of
20 mg/kg bodyweight between seven and nine hours
prior to 1.8 Gy-irradiation. Additionally, patients will
receive 5-ALA four hours prior to induction of anesthe-
sia for surgery. Use of additional concomitant chemo- or
immunotherapy is prohibited during trial participation.

Blood and tissue samples
Tissue sampling and evaluation of morphological
changes in brain tissue will be performed on cohorts 0
and 1 after neoadjuvant treatment. These analyses will
therefore include tissue changes after sole RT (cohort 0)
as well as RDT (cohort 1), based on parameters like Cas-
pase-3, IBA1, H&E, EvG, P53, Ki67 and gammaH2AX.
Blood samples will be drawn for safety clearance as part
of toxicity assessment and to monitor changes of ALA-
metabolites in serum (PPIX) before every application of
5-ALA. Additional blood samples for analysis of con-
centration changes in radiobiological markers (includ-
ing markers like IL-6, IL-8, TNF-Alpha and VEGF) will
be drawn during neoadjuvant treatment (day —3 and day
—2) and at the beginning (day 1 and day 2) and end (day
20) of adjuvant treatment.

Concentration changes of 5-ALA-metabolites in urine
samples will be evaluated during neoadjuvant treatment
(day —3) and surgery (day 0) for cohorts 0 and 1 and at
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the beginning (day 1) and first follow-up for all study
participants.

Treatment days

Tables 1 and 2 illustrate the treatment schedule and
sequence of enrollment, follow-up and interventions,
based on the SPIRIT-guidelines for publication of trial
protocols.

Toxicity assessment

All patients will be hospitalized for the course of treat-
ment procedure and receive daily AE/SAE-monitoring.
Physical and neurological examinations will be per-
formed routinely on a weekly basis and laboratory pan-
els for toxicological safety will be drawn before every
RDT-fraction, but also at least weekly. Toxicity will be
monitored daily and classified according to CTCAE
Vers. 5.0. All serious adverse events will be immedi-
ately reported to the Data Safety Monitoring Board.

Follow-Up

All patients will receive a six-week follow-up after the
end of radiotherapy to evaluate sequential side effects
of repeated administration of 5-ALA. Additional
follow-ups, including MRI-scans, will be performed
twelve weeks and six months after the beginning of
adjuvant treatment.

End-points

Primary: To determine the maximum tolerated dose
and safety of (neo)adjuvant RDT. MTD is defined as
maximum dose level before two or more patients suf-
fer from DLT.

Secondary: To evaluate six-months overall survival
rate (OSR), six-months progression-free survival rate
(PFSR) and six-months event-free survival rate (EFSR),
as well as histological tissue changes after neoadjuvant
treatment. OSR, PFSR and EFSR will be determined

Table 1 Schedule for Screening and follow-up of the ALA-RDT in GBM study

Screening Screening Follow-Up 1 Follow-Up 2
for cohorts 0 and 1 for cohorts 2to 8 (all patients) (all patients)
Day -7 to -4 before surgery -14 to -2 before first RDT 12 weeks after 6 months
firstadjuvant RT after firstad-
juvant RT
Informed consent: X X
In- / Exclusion criteria: X X
MRI: MRI outside screening pe- MRl up to 72 h after surgery, performed outside X X
riod used for diagnosis and  study protocol
as baseline value Screening period used for diagnosis and baseline
Medical and neurological X X X X
examination
Laboratory panel X X X X

Medical / surgical history X X
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from study inclusion to the second follow-up, six
months after the beginning of adjuvant treatment.

Exploratory: To explore concentration changes of
5-ALA metabolites in urine samples and changes of
radiobiological marker concentration in blood serum
samples.

Statistical analysis
Statistical analyses will include “intention-to-treat”-
evaluation for all cohorts’ primary and secondary end-
points and “per-protocol”’-evaluation for explorative
endpoints. “Per protocol” is defined as administra-
tion of RT- and 5-ALA-applications according to pre-
scribed dose. Descriptive measures for all variables will
be given. Rates of adverse events will include all events
qualifying for CTCAE grade 3 or greater and the final
DLT-rate will be estimated by use of the Bayesian
Time-to-Event Continual Reassessment Method (Tite-
CRM). Survival parameters will be analyzed using the
Kaplan-Meier method and two-sided log-rank tests for
comparative analyses between defined subgroups. Cox
regression testing will estimate impact of risk factors
(e.g. age, KPS, gender) on these parameters.

All data will be compared to historical data using the
Mann-Whitney U test, Fisher’s exact test, or Chi® test.

Discussion

The treatment of recurrent glioblastoma lacks clear
standards with re-resection, re-irradiation and sys-
temtic agents being the pillars of therapy. A recent
phase II trial (RTOG1205, [35]) has demonstrated a
PES-benefit when combining salvage therapy (in the
form of bevacicumab) with re-RT. Nevertheless, sec-
ond treatment of all modalities oftentimes suffers from
limitations and improvements of therapy effective-
ness are needed. Based on the well-established use of
5-ALA for surgery of glioblastoma [22, 36-38] and
promising preclinical data [27-30], this study aims to
answer the question if the addition of repeated appli-
cations of oral 5-ALA during re-irradiation is safe and
may be beneficial towards survival parameters. While
several other agents did not result in improvement of
outcome [18], the use of 5-ALA as a radiosensitizer is
especially promising because of the selective uptake
in glioma tumor cells, sparing normal brain tissue [34,
39]. Moreover, 5-ALA is easy to apply and generally
tolerated well, for example in the context of surgery
and PDT. We chose to design this trial in the setting
of recurrent glioblastoma, based on the high need
for effective salvage treatment options in this patient
cohort and the lack of a clear treatment standard. In
case of positive results, further evaluation as an addi-
tion to standard first line treatment may be attempted.
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However, no data is available regarding consecutive
applications of the drug yet. In the context of brain
tumor surgery single doses of up to 60 mg/kg have
previously been reported to be well tolerated [40], so
that a dose escalation trial using 20 mg/kg increments
appears to be justified.

Despite that fact, cumulative effects resulting in hep-
atotoxicity or increased photosensitivity from repeti-
tive applications cannot be ruled out. The blood and
urine samples collected during the study aim to under-
stand instances of drug- or metabolite-accumulation
and to prevent them in the future.

Another limitation might arise from uncertain-
ties regarding tissue reactions to the novel concept
of ALA-RDT: increased occurrence of radiation side
effects like brain tissue necrosis or local brain edema,
due to additive interactions, might limit patients’ qual-
ity of life and even prognosis. Therefore, close moni-
toring of the patients’ clinical status and signs for
neurological side effects are vital, as well as a careful
approach regarding daily fraction-dose (1.8 Gy). We
expect any undue tissue reactions such as edema to
be self-limiting and that corticosteroids will help in
ameliorating symptoms. Nevertheless, the inclusion of
neoadjuvant treatment (and RDT) in the first cohorts
also serves as an additional fail-save to detect excessive
reactions in surrounding brain tissue early on.

Additionally, while the concept of radiosensitiza-
tion has been established for different wavelengths
in laboratory setups (25-26, 41), the interaction with
6MV-photons, commonly used in cerebral irradiation,
remains uncertain.

In conclusion, we consider that the results of this
single-center, first-in-human dose-escalation study
could provide a valuable tool in the therapy of patients
with glioblastoma and lead to a new era of increased
effectiveness of radiotherapy in this highly aggressive
tumor entity.

Abbreviations

5-ALA 5-aminolevulinic acid

DSMB Data safety and monitoring board

EFSR Event-free survival rate

EvG Elastica-van-Gieson stain

H&E Hematoxylin and eosin stain

IL-6/IL-8 Interleukin 6/8KPS:Karnofsky Performance Status
MGMT 0-6-methylguanine-DNA methyltransferase

OSR Overall-survival-rate

PFSR Progression-free survival rate

PDT Photodynamic therapyRDT:Radiodynamic therapy
ROS Reactive Oxygen Species

RT Radiotherapy

TNF-Alpha  Tumor necrosis factor alpha

VEGF Vascular endothelial growth factor
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