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Abstract

Photodynamic therapy (PDT) is a two-step treatment involving the local administration of a
photosensitive agent followed by its activation at a specific light wavelength. PDT has been
approved by the United States Food and Drug Administration (FDA) for the treatment of
premalignant and malignant diseases, such as actinic keratoses, Barrett’s esophagus, esophageal
cancers, and endobronchial non-small cell lung cancers, as well as for the treatment of choroidal
neovascularization. In oncology, clinical trials are currently underway to demonstrate PDT
efficacy against a number of malignancies that include glioblastoma (GBM) and other brain
tumors. Both photosensitizers and photosensitizing precursors have been used for PDT. Photofrin
and Visudyne are photosensitizers with FDA approval for PDT of high-grade dysplasia in Barrett’s
esophagus and subfoveal choroidal neovascularization, respectively. S-aminolevulinic acid (5-
ALA), an intermediate in the heme synthesis pathway, is a photosensitizing precursor with FDA
approval for PDT of actinic keratosis and fluorescence-guided visualization of malignant tissue
during glioma surgery. In this review, the history and current use of 5-ALA PDT for the treatment
of high-grade gliomas (HGGs) will be discussed.
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Introduction

According to the Central Brain Tumor Registry of the United States (CBTRUS), the
incidence of brain tumors, both malignant and non-malignant, in adolescent and young adult
patients (15 — 39 years old) is 10.71 per 100,000 and in those over 40 years of age is 40.10
per 100,000 [1, 2]. High-grade gliomas (HGGs) are defined by the World Health
Organization (WHO) as grade 3 (anaplastic tumors) and grade 4 (mainly glioblastoma
(GBM)) brain tumors [3]. The incidence of HGGs is approximately 5 per 100,000, with a
peak incidence in patients between 50 and 69 years of age [4]. The standard of care for
HGGs includes surgical resection, when possible, followed by chemotherapy, and radiation
therapy (RT) [5]. The median 2- and 5-year survival for patients with anaplastic astrocytoma
(AA) is approximately 50% and 24%, respectively, and for patients with GBM is
approximately 27% and 10%, respectively [6-8].

The poor outcomes of patients with HGGs have driven the exploration of novel adjuvant
therapies. These therapies, such as immunotherapy, alternating electric tumor treating fields,
laser-induced interstitial thermotherapy (LITT), magnetic hyperthermia therapy (MHT),
focused ultrasound, radiofrequency microwaves, and photodynamic therapy (PDT) have
demonstrated variable levels of success [9-13].

Photodynamic Therapy

PDT was first described by the inhabitants of ancient Greek, Egyptian, and Indian
civilizations [14]. These civilizations believed light alone was sufficient for the treatment of
certain diseases, including vitiligo, rickets, psoriasis, and skin cancer. However, it was not
until the twentieth century that a photosensitizing agent was incorporated with the use of
light for therapeutic purposes. PDT involves intravenous (IV), intraperitoneal (IP), topical,
or oral delivery of a photosensitive agent that generates cytotoxic reactive oxygen species
(ROS) during its activation at a specific light wavelength. Fluorescence of the
photosensitizer can be observed after direct exposure of the compound to the appropriate
activating wavelength [15]. Most commonly used photosensitizers are dependent on tissue
concentrations of molecular oxygen, due to the role of singlet oxygen and other ROS in the
tissue damage inflicted by PDT. This damage can manifest in necrosis and apoptosis of
tumor cells, as well as in the destruction of tumor vasculature [12, 16]. The short distance of
migration for singlet oxygen (i.e. ~0.02 — 1 pm) and its short lifespan (i.e. ~0.04 — 4 ps)
allows PDT to primarily damage tumor cells while sparing adjacent normal tissues [12, 15,
16]. Notably, this effect depends on the observed differences in selectivity and uptake of the
photosensitizer in tumor versus healthy cells. The United States Food and Drug
Administration (FDA) has approved PDT for applications in oncology and other diseases
(e.g., as an adjuvant treatment modality for esophageal and non-small cell lung cancers, for
treatment of premalignant conditions such as Barrett’s esophagus and actinic keratoses, and
for treatment of subfoveal choroidal neovascularization due to age-related macular
degeneration, pathologic myopia, or presumed ocular histoplasmosis) [17, 18].
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PDT Mechanisms of Cell Death

Many mechanisms of cytotoxicity have been described with PDT, including the activation of
cell death and survival pathways as constituted by necrosis, apoptosis, autophagy,
necroptosis, and paraptosis [19]. Cell necrosis is generally associated with damage
introduced at higher PDT doses, while apoptosis may be associated with cytochrome c
release, Bcl-2 photodamage, and NFxB suppression [20, 21]. For example, in a study of
HGGs, PDT induced a pro-apoptotic response as characterized by an increase in the
Bax:Bcl-2 ratio and downregulation of NFxB in U§7MG GBM cells [22]. A different group
has reported induction of RIP3-dependent necrosis in LN18 GBM cells following PDT [23].
Moreover, this same group has also described NFxB inhibition leading to necrosis of LN18
and U87MG HGG cells after PDT [24]. In addition to its direct cytotoxic effects, PDT can
destroy tumor microvasculature with the potential to starve remaining tumor cells of
essential oxygen and nutrients [25]. Moreover, PDT can lead to immunogenic cell death
with the potential to stimulate immune activation and surveillance, contributing to long term
tumor control [26-28].

Immunomodulatory Effects of PDT

PDT has a significant effect on the immune system, largely due to its capacity to increase the
host immune response against cancer [29-31]. PDT-induced cell damage releases a mixture
of tumor antigens and other signals which activate both the innate and adaptive immune
systems [29]. In vitro, Etminan et al. found that 5-ALA PDT of GBM spheroids recruits and
activates dendritic cells, which importantly speaks to an immunomodulatory role for 5-ALA
PDT in the stimulation of antigen presenting cells [32]. In vivo, PDT generated regional and
systemic anti-tumor immunity in mice with G422 HGGs; these rodents demonstrated
increased infiltration of immune cells and cytokine release following PDT compared to
controls [33]. Further evidence of PDT-mediated immune effects in the treatment of HGGs
is found in the work of Li et al., albeit with a hematoporphyrin derivative as the
photosensitizer. They showed that PDT of murine G422 GBM cells led to tumor infiltration
by immune cells that is accompanied by release of cytokines IFNy and TNFa; splenocyte
transfer from immunocompetent PDT-treated glioma-bearing mice could suppress glioma
growth in recipient immunosuppressed animals thereby indicating that PDT led to the
generation of systemic anti-tumor immunity [33].

Light Wavelength and Penetration Depth

In general, the range of wavelengths used for PDT has been ~400 — 900 nm, with the
preferred therapeutic window (600 — 800 nm) based on the goals of minimizing light
absorption by tissue chromophores (water, hemoglobin, melanin, etc.) and achieving a
sufficiently energetic excited state photosensitizer that will produce singlet oxygen upon
interaction with molecular oxygen [34]. Over the commonly used wavelength range of 630 —
690 nm, reported values for light penetration in various types of tissue fall mainly between 1
— 5 mm, with slightly greater penetration at higher wavelengths [35, 36]. Thus, the majority
of light energy is lost within the first 5 mm, with minimal amounts reaching 1 cm in depth
[37].
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Penetration depth is defined as the distance into tissue at which the intensity of applied light
is reduced to approximately 37%. It is dependent on factors such as reflection, scattering,
and absorption of light in tissue [37]. Notably, however, the effective depth of PDT damage
is greater than light penetration depth and can extend to distances of 1 cm or greater [37].
Consequently, PDT is most promising for eradication of superficial tumors, including early
stage or premalignant disease, and residual tumor cells left behind after surgical resection
that are often responsible for recurrence [38, 39]. Moreover, in certain scenarios, light
delivery into deeper tissues or larger tumors can be achieved via interstitial PDT
incorporating intratumoral placement of fiber optic light delivery devices [38, 40, 41].

PDT Light Delivery and Fluorescence Imaging

Intraoperative devices have been developed specifically for PDT of GBM. Light can be
delivered to the tumor bulk through the interstitial placement of fibers or to the resection
cavity after surgery. For the post-surgical approach, a device with an inflatable balloon filled
with diffusing liquid coupled to a trocar with an optical fiber guide has been developed [42].
The device is guided inside the resection cavity, filled with fluid until the balloon wall
reaches the boundaries of the cavity, and illuminated. The safety of this device is currently
being evaluated in the Intraoperative Photodynamic Therapy of GBM (INDYGO) clinical
trial [43]. Light delivery protocols for PDT of GBM (as for other diseases), include the use
of low fluence rate or fractionated illumination as means to preserve molecular oxygen for
the photochemical reaction [44]. Moreover, in a metronomic approach, preclinical studies
have evaluated low doses of both photosensitizer and light over periods of prolonged
exposure as a means to provide for a more selective response [45]. With deep or otherwise
inoperable tumors, cylindrical diffuser fibers can be inserted into the tumor to deliver the
light. This approach requires careful planning for safe placement of the light fibers and
reliable irradiation of the entire tumor [46-48].

Photosensitizing agents have also been employed independent of PDT to assist in the
delineation of tumor margins for maximal tumor resection during fluorescence-guided
surgery (FGS) [49]. FGS permits direct visualization of tumor tissue for real-time
intraoperative surgical guidance independent of brain shift [50]. Various agents tested for
FGS have included 5-ALA, fluorescein, indocyanine green, and endogenous fluorophores
[51]. 5-ALA for FGS (Gleolan©) has recently been approved by the FDA for intraoperative
visualization of malignant tissue [52]. Other conventional imaging methodologies, including
computed tomography (CT), magnetic resonance imaging (MRI), positron emission
tomography (PET), and ultrasound, provide valuable information intraoperatively. However,
these imaging modalities exhibit a variety of limitations, including poor tissue contrast and
spatial resolution, cost, length of time added to surgery, and safety concerns [53].

Photosensitizers

The ideal photosensitizer for application in brain tumors must be systemically non-toxic,
accumulate in high concentrations in the tumor tissue, and be activated at wavelengths of
light sufficient for deep brain tissue penetration, while nontoxic to the surrounding brain

[37]. A number of different photosensitizers or photosensitizing precursors, including
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hematoporphyrin derivative (HpD), porfimer sodium (Photofrin), temoporfin, verteporfin,
and 5-ALA have been used clinically to treat different brain tumors, including HGGs [44].

There are currently three generations of photosensitizers, with HpD and Photofrin the first to
be utilized for PDT [54]. Photofrin was first approved by the FDA as a PDT agent in 1995 as
a palliative therapy for obstruction relief in patients with esophageal cancer [55]. Second
generation photosensitizing agents include a broad spectrum of drugs with a better defined
chemical composition than first generation sensitizers. These include porphyrins, chlorins,
pheophorbides, bacteriopheophorbides, metalloporphyrins, purpurins, and phthalocyanines
[56, 57]. Also classified as a second-generation photosensitizer, 5-ALA or its ester
derivatives are used as prodrugs because they act as photosensitizer precursors that are
metabolized to the endogenous photosensitizer protoporphyrin IX (PpIX). Boronated
porphyrins (BOPP) are another second-generation photosensitizer of particular mention for
brain applications. BOPP, combined with PDT and boron neutron capture therapy, has the
potential to provide for multi-modality treatment of brain malignancy that is sensitized by
the administration of a single drug [58]. As a PDT photosensitizer, BOPP is reported to
require less light energy than HpD to mediate tumor cell death [59]. It belongs to a
subcategory of second-generation photosensitizers that localize primarily within the tumor
cell mitochondria [60].

Third generation photosensitizers demonstrate enhanced tumor targeting capabilities
compared to older generations as they are designed to bind with high specificity to tumor
cells [61]. This generation can be separated into three broad categories: PDT
nanotechnology, gene engineering-mediated PDT, and carrier-bound PDT [54, 62]. Third
generation photosensitizers that have been studied for PDT of brain tumors include
photosensitizer-carrying nanoparticles conjugated to molecules that facilitate tumor
targeting. For example, the F3 peptide has been used to target tumor cells and angiogenic
vasculature, while a peptide motif that targets neuropilin-1, a receptor for vascular
endothelial growth factor, has been used to direct PDT against neo-angiogenic blood vessels
[63-65]. An epidermal growth factor peptide has also been exploited in PDT of rodent brain
tumors for the delivery of photosensitizer absorbed on the surface of gold nanoparticles [66].
In another approach, Rajora et al. have used apolipoprotein E3 (apoE3) nanoparticles to
facilitate photosensitizer delivery and binding to GBM cells [67]. Functionality is provided
by the role for apoE3 as a chaperone of cholesterol transit in the brain, as well as its binding
to the low density lipoprotein receptors that are overexpressed on GBM cells in response to
their increased need for cholesterol. Lastly, several groups have recently explored the use of
upconverting nanoparticles for PDT of brain tumors [68, 69]. The underlying premise of this
approach is to utilize deeper-penetrating near infrared light to stimulate the release of visible
illumination by the upconverting particle, for example, those created by lanthanide doping.
Particles are designed to produce the visible illumination at photosensitizer-exciting
wavelengths, thus providing the opportunity for more deeply penetrating PDT.

5-Aminolevulinic Acid

5-ALA is a natural intermediate metabolite produced in the hemoglobin metabolic pathway
with no inherent fluorescence [53]. After oral administration, 5-ALA can accumulate in
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malignant brain tumors and surrounding infiltrating cancer cells outside of the tumor bulk in
a process that is facilitated by the increased permeability of tumor-associated vasculature
(Figure 1A) [70-72]. Within mitochondria, 5-ALA is converted to PpIX (Figure 1B), which
is then acted on by the enzyme ferrochelatase to form heme. Decreased ferrochelatase
expression in malignant tissue may contribute to the accumulation of PpIX within gliomas
and other neoplastic cells and lead to its preferential localization in tumor (Figure 1B) [73].
Differential expression of the enzyme porphobilinogen deaminase (PBGD) between tumor
and normal cells may also contribute to selectivity in PpIX production through its role in
catalyzing PpIX biosynthesis [74]. Once formed, PpIX re-emits red fluorescence at a peak
wavelength of 635 nm after excitation with light near the Soret band peak (around 410 nm)
(Figure 1C), [70, 75]. Additionally, PpIX has 4 absorbance bands between 480 and 650 nm
(Q bands) [75]. The fluorescent and photosensitizing properties of 5-ALA/PpIX have been
used for treatment of HGGs by both FGS (with blue light activation) and PDT (with red
light activation owing to better tissue penetration) [46, 70, 71]. Figure 1E illustrates the
absorption spectrum of PpIX.

As topically applied agents, 5-ALA and its methyl ester (methyl-ALA) are FDA approved
for PDT of actinic keratosis. 5-ALA can also be administered orally in humans and has been
studied in this formulation for PDT of numerous malignancies [76, 77]. It is the only known
oral agent available for FGS of HGGs that can accumulate within malignant brain tumors
[70]. The red PpIX fluorescence allows for more accurate delineation and differentiation of
tumor from normal tissue [53, 70] using surgical microscopes equipped with fluorescence
filters [78]. 5-ALA has been approved for FGS of HGGs in the European Union after a
landmark randomized, controlled study revealed greater tumor resection and progression-
free survival (PFS) with 5-ALA FGS in comparison to conventional microsurgery [49, 79].
5-ALA was also recently approved by the FDA as the first-ever fluorescing agent for
enhanced visualization of malignant tissue during surgical resection of suspected HGGs[52].
5-ALA-associated tissue fluorescence during FGS has been demonstrated with
unprecedentedly high sensitivity, specificity, and positive predictive values for identifying
malignant brain tumor tissue [70].

5-ALA PDT

Numerous studies have been performed 7n vitro and in vivo that highlight the efficacy of 5-
ALA PDT for the treatment of HGGs. Different light and drug exposures have been tested,
and the selectivity of PDT for tumor cells versus normal tissue/cells or edematous tissue has
been evaluated. In some cases, PDT is performed repetitively, while in others, low fluence
rate, fractionated light delivery or combinations of prolonged exposure to photosensitizer
and light (metronomic) have been investigated. Studies in animals have tested techniques for
light delivery to HGGs, such as illumination of the surgically exposed tumor, as well as
interstitial placement of light fibers [42]. Collectively, this body of preclinical work has
facilitated the safe translation of 5-ALA PDT into clinical trials.
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In Vitro Studies

5-ALA PDT has been explored as a treatment modality for HGGs for the past two decades.
The accumulation of PpIX in C6 glioma cells and brain tumors of rats after administration of
5-ALA was noted in 1998 [80]. Some of the earliest in vitro studies of 5-ALA PDT of brain
tumor cells were published in 1999 [81]. In this study, U-105MG GBM and CH-157MN
meningioma cells were incubated with 5-ALA for 24 h, followed by exposure to broadband
illumination at 12.4 mW/cm?, 11 J/cm?. A MTT assay was used to quantify cell viability at
24-48 h after 5-ALA PDT administration. Increased cytotoxicity of PDT to GBM cells was
observed and attributed to preferential accumulation of PpIX within GBM cells compared to
meningioma cells.

5-ALA PDT has also been effective in an ACBT human HGG spheroid model [82]. In this
study, human HGG spheroids were incubated with 5-ALA for 4 h prior to administration of
light at a fluence of either 25 or 50 J/cm2. Low fluence rates to the same total fluence
(requiring longer duration of treatment) resulted in more cell death within the spheroid,
which may be a function of the ability for low fluence rates to better conserve oxygen during
PDT and maintain the ongoing production of ROS by the photochemical process [83].
Additionally, the effects of multiple PDT sessions were reported, with one experimental
group receiving two treatment sessions of 12 J/cm? followed by a single session of 25 J/cm?
over two weeks and the other two groups receiving a single PDT session of either 12 or 25
J/cm? [82]. The spheroids treated with multiple PDT sessions had significantly reduced
growth potential compared to spheroids treated with a single PDT session. These data serve
to highlight the value of continued work on extended periods of light delivery for PDT of
brain malignancy.

The in vitro cytotoxicity of 5-ALA PDT has also been compared to that of ALA derivatives,
including methyl-ALA (m-ALA), hexyl-ALA (h-ALA), and benzyl-ALA (b-ALA) [84].
Human HGG spheroids were incubated in varying concentrations (0.025 — 5.0 mM) of 5-
ALA and ALA derivatives for 4 h. 5-ALA and m-ALA (0.05 mM) were similarly cytotoxic
after 635 nm illumination (25 J/cm2, 25 mW/cm?). However, greater cytotoxicity was
achieved with h-ALA and b-ALA under the same conditions. Further comparison of 5-ALA
and h-ALA found that PDT with h-ALA achieved a cytotoxic response equivalent to 5-
ALA-induced PDT at concentrations 10 — 20 times lower than 5-ALA.

Animal Studies

Studies in animals have evaluated the safety and efficacy of PDT delivery to both normal
and malignant brain tissue. Olzowy et al. reported the anti-tumor effect of 5-ALA PDT using
an experimental orthotopic rat glioma model [85]. Susceptibility to PDT was compared
among three groups: healthy rats, rats with perifocal brain edema, and rats with C6 HGG
tumors. Healthy rats received 5-ALA (100 mg/kg) IV followed 6 h later by PDT of the
exposed dura and underlying brain at a dose of 200 J/cm? (100 mW/cm?2, 635nm). Rats of
the edematous brain tissue group received 5-ALA (100 mg/kg) IV followed 3 h later by cold
injury to the brain cortex to cause edema. After an additional 3 h, PDT was performed at 200
J/em?. In the experimental C6 HGG tumor group, rats received 5-ALA (100 mg/kg) IV
followed by PDT after either 3 or 6 h. This study importantly reported no damage in normal
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brain tissue after PDT, mild damage in brain tissue with perifocal edema, and significant
tumor damage in the C6 glioma group. Phototoxic damage was observed histologically as
either coagulative or hemorrhagic necrosis, sometimes with perilesional pallor. However, in
some cases, phototoxic damage was not homogeneously observed throughout the tumors,
and residual nests of viable tumor cells were contained within apparently damaged tumor
tissue.

Hirschberg et al. reported HGG spheroid cell growth to be more greatly inhibited by
repetitive 5S-ALA PDT sessions over long intervals (weekly for up to 3 weeks) than by a
single-treatment regimen [86]. To test these findings in vivo, BT4C HGG tumors were
orthotopically implanted in BD-IX rats. Three days after tumor cell implantation, 5-ALA
(125 or 250 mg/kg) was administered IP 4 to 5 h prior to PDT. PDT was performed
interstitially through the burr hole at the same depth used for tumor cell implantation. Light
at 632 nm from a 400 pm flat cut fiber (4.5 — 54 J) was delivered for 10 — 30 min at optical
output powers of 7.5 — 30 mW. The rats treated with multiple (i.e. 2 or 3) weekly PDT
sessions had a significantly prolonged median survival compared to those treated with a
single PDT session.

Most recently, Tetard et al. published efficacy data using a preclinical 5-ALA PDT rat model
[87]. Human U87MG GBM cells were orthotopically implanted into athymic fox1 rnu/rnu
male rats. Fourteen days post-tumor cell implantation, 5-ALA (100 mg/kg) was
administered IP, followed 5 h later by PDT. Light (635 nm) from a diode laser was delivered
through a 350 um flat cut quartz fiber that was intracranially implanted into the tumor under
MRI guidance. Overall, 26 J of energy was delivered either in one dose or fractionated (5 J
followed by 21 J after a 120 sec break) at a power of either 4.8 mW or 30 mW. The animals
treated with interstitial 5-ALA PDT at 30 mW demonstrated signs of elevated intracranial
pressure (ICP), which was fatal in approximately 60% of the animals. No fatal or severe
adverse effects were observed in the 4.8 mW group. Significant tumor necrosis was induced
in both the low and high fluence rate groups, and the results suggested that fractionated PDT
was more effective than a single PDT session, though the per-group sample sizes were quite
small.

5-ALA Interaction with Other Compounds/Drugs

Some compounds have been identified to increase or decrease the bioavailability of PpIX in
brain tumors and therefore possess the potential to respectively improve or impede treatment
response to 5-ALA PDT. Phenytoin, a first-generation antiepileptic drug given to brain
tumor patients, was found to result in a 55% decrease in PpIX synthesis after administration
of 5-ALA in two in vitrohuman U373 MG and U87 MG HGG models [88]. Given this
decrease, the authors went on to test the efficacy of 5-ALA PDT to the phenytoin-exposed
cells, but the drug was not found to impede the PDT response. The same methods were then
used by these authors to investigate any inhibitory effects of levetiracetam, a second-
generation antiepileptic drug, but no significant effects on PpIX bioavailability or PDT
efficacy were found. Another group reported decreases in PpIX production, albeit increases
in PpIX retention, in US7TMG cells exposed to dexamethasone and 5-ALA [89], while others
showed dexamethasone to decrease blood brain barrier (BBB) permeability in an in vitro rat
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glioma model [90]. In the latter study, C6, 9L, and T98G HGG cells were incubated with
dexamethasone (0.1 uM) for 72 h prior to measuring permeability. Permeability was
quantified using the transendothelial flux of radiolabeled sucrose across the in vitro
endothelial cell monolayer. This group did not perform 5-ALA PDT, but further experiments
are warranted to determine if decreased dexamethasone-associated BBB permeability may
have an inhibitory effect on 5-ALA PDT. These results suggest that steroid dosages may
require careful consideration in patients with HGGs undergoing 5-ALA PDT. A lower
steroid dose may be needed to effectively balance the beneficial effect of steroids with the
treatment efficacy of 5-ALA PDT.

Iron chelation, vitamin D (calcitriol) supplementation, and ABCG?2 inhibition represent
several approaches to enhance PpIX accumulation in brain malignancies. In one study,
glioma stem cells (GSCs) were incubated with 5-ALA in the presence or absence of
deferoxamine, an iron chelator [91]. Deferoxamine was able to increase the low levels of
PpIX that were characteristic of GSCs. In a similar study, the efficacy of 5-ALA PDT in
combination with administration of the iron chelator 1,2-diethyl-3-hydroxypyridin-4-one
hydrochloride (CP94), was investigated. As expected, CP94 enhanced PpIX levels and PDT
cytotoxicity in human glioma cells [92]. In another approach, calcitriol was used to
selectively increase PpIX accumulation in glioma cells compared to astrocytes [93]. The
mechanism for this increase was attributed to the effects of calcitriol on an enzyme in the
heme biosynthesis pathway [93]. Finally, the targeting of ATP-binding cassette transporter
ABCG?2, a well-studied protein that acts to efflux drugs from cells, could also have a role in
improving PpIX accumulation and correspondingly PDT efficacy against HGGs [94].

PDT in Combination with Adjuvant Therapies

5-ALA PDT in combination with other therapies has been explored by many groups.
Hirschberg et al. reported enhanced tumor cell death following 5-ALA PDT in combination
with adjuvant hyperthermia (HT) [21]. In this in vitro study, two different HGG spheroid cell
lines (human ACBT GBM and rat BT4C HGG cell lines) were incubated in 100 or 500 ug of
5-ALA for approximately 4 h prior to light delivery at 635 nm (fluences of 12 or 25 J/cm?).
HT experiments were performed at temperatures ranging from 37 to 49°C for at least 40
min. The cells in the combination therapy group underwent PDT concurrently with HT
within an incubator. Afterwards, individual spheroids were placed in wells and monitored
for growth. As individual therapies, hyperthermia at temperatures up to 46°C produced little
effect on cell survival, and similarly, PDT alone (37°C) was also minimally effective. In
contrast, the combination therapy had a significantly greater inhibitory effect on cell survival
that increased as a function of both higher temperature (below 49°C) and greater light
fluence. In another approach, hypothermia has also been combined with 5-ALA PDT in a rat
RG2 glioma model as a means to increase PpIX accumulation in tumor while protecting
normal brain tissue [95]. Four hours prior to PDT delivery, 5-ALA was delivered by IP
injection. PDT was performed for 1333 sec (24 J, 635 nm light) via an isotropic emitter that
was inserted 1 mm below the dura. Mild hypothermia was performed for approximately 3
hours at 32 — 34°C. Hypothermia increased PpIX fluorescence in tumors by five-fold, spared
normal brain tissue, and increased median post-PDT survival time to 14 days compared to 9
days for normothermia PDT.
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5-ALA PDT has also been shown to increase the permeability of the BBB to high molecular
weight substances such as dextran and Evans Blue dye [96]. In this study, healthy mice
underwent a single session of PDT 30 min after IV administration of 5-ALA (20 mg/kg).
Fluence rates of 40 — 100 mW/cm? were administered to achieve light doses of 10 — 40
J/em? (250 — 400 sec). Spectrofluorometric assay of Evans Blue dye extravasation, confocal
microscopy of dextran extravasation, and histological analysis of the BBB permeability to
solutes were performed to assess alteration in BBB permeability. In conjunction with a 5-
ALA dose of 20 mg/kg, a light dose of 15 J/cm? was optimal for BBB opening to high
weight molecular substances; however, higher 5-ALA doses were associated with damage to
the BBB and brain tissue. These findings suggest the possibility for 5-ALA PDT-induced
enhancement of chemotherapy delivery to HGGs, particularly to residual tumor cells.

5-ALA PDT in Clinical Trials

Early phase clinical trials have been conducted using PDT with photosensitizers other than
5-ALA in patients with GBM [37, 97-100]. However, only a few large Phase III studies have
been reported [37, 101]. One group combined FGS and post-operative PDT in a Phase 111
trial [101]. In this clinical study, Photofrin and 5-ALA PDT (630 nm) was performed with
an implanted catheter in patients with primary GBM on the day of FGS once the patient
recovered from surgery. Photofrin PDT was then performed at 24-hour intervals for a total of
5 PDT sessions. Patients in the control group underwent conventional surgical resection. The
treatment and control groups each received fractionated RT after surgery, as part of the
standard of care. Delayed mean tumor progression (8.6 vs. 4.8 months) and increased mean
survival (52.8 vs. 24.6 weeks) was observed in GBM patients treated with FGS followed by
PDT compared to patients who did not receive PDT after conventional surgery. Another
group planned a Phase III trial in patients with newly diagnosed or recurrent supratentorial
malignant gliomas using Photofrin as a photosensitizer [37]. Intraoperative PDT of the
residual tumor bed with low to moderate light doses was performed immediately after
surgical resection using an intracavitary balloon. This study was not completed as the
authors reported failure to meet the enrollment goals [37].

A limited number of clinical trials using 5-ALA PDT as a treatment modality have been
conducted in patients with HGGs (detailed in Table 1). In a Phase I pilot study, 10 patients
with non-operable recurrent malignant gliomas underwent interstitial 5-ALA PDT [46]. In
this study, 3-dimensional treatment planning software was used to calculate the treatment
volume and position of fiber-based cylindrical light diffusers. One hour prior to surgery, 5-
ALA (20 mg/kg) was dissolved in 100 mL of water and administered orally to each patient.
Up to 6 cylindrical light diffusers (20 or 30 mm) were then placed intraoperatively to
provide for illumination of the entire tumor volume. Light was delivered at a power of 200
mW/cm per diffuser length for a total illumination time of 1 hour (720 J/cm) to tumors
between 2.1 and 10.2 cm? in volume. The mean applied light fluence was 7,212 J, with a
mean total volume fluence of 1,405 J/cm3. No adverse effects of 5-ALA PDT were observed
in this study, with asymptomatic perilesional edema resolving over 3 months after PDT. The
authors reported a 1-year survival of 60% and a median survival of 15 months versus an
expected survival of 6 — 8 months for recurrent malignant gliomas.
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More recently, Johansson et al. completed a pilot study for safety and feasibility of
interstitial 5-ALA PDT in 5 patients with nonresectable GBM tumors [76]. Prior to 635 nm
laser irradiation, tumor biopsies were collected for PpIX quantification and correlated with
intra-operative fluorescence measurements. The authors found that the patients with high
PpIX levels and complete photobleaching after PDT had favorable long-term outcomes.
These authors have presented an update to this research comparing standard adjuvant
treatment and interstitial 5-ALA PDT in 15 patients with small and unresectable GBM
tumors to a group of patients with complete resection and standard adjuvant treatment [102].
The PDT group had significantly longer progression free survival and 3-year survival
compared to the surgical resection group.

In an ongoing Phase I pilot study in France, 10 patients with GBM amenable to complete
surgical removal will receive 5-ALA FGS and intraoperative PDT in combination with
current standard of care [4] postoperatively [43, 103]. 5-ALA will be administered to
patients 4 h prior to surgical resection of the tumor. After intraoperative MRI to assess the
extent of surgical resection, PDT will be delivered as 5 fractions of 5 J/cm? separated by 2
min breaks in between fractions. Endpoints include toxicity assessment and analyses of
survival and quality of life; immunological responses and biomarkers will be assessed [103,
104].

Altogether, the reports published by the above groups demonstrate the safety and potential
efficacy of 5-ALA PDT as a treatment modality in patients with HGGs. However, the
majority of clinical trials using PDT in the treatment of HGGs are uncontrolled phase I and
II studies using a small number of patients which makes it difficult to generalize any survival
or tumor progression benefits to the overall population of patients diagnosed with HGGs.
Furthermore, the heterogeneity of these clinical studies in terms of design and execution
methods, adjuvant therapies used, tumor subtypes, and diagnosis (primary vs recurrent
tumors) complicate the assessment of PDT efficacy. Moreover, different approaches of PDT
clinical use in terms of dose of photosensitizer and light, methods of light application, and
use of techniques in addition to PDT, such as FGS, make it difficult to understand PDT
state-of-the-art and predict the future direction of PDT in the treatment of HGGs. Finally,
PDT efficacy in HGG therapy has to be compared with the current standard-of-care. For
PDT to be a mainstream approach for the treatment of patients with HGGs, an additional
patient benefit has to be demonstrated when used in combination with the standard of care.
The role of PDT in the treatment of HGGs will be more clearly determined when PDT
reaches the point of large, multi-center, randomized controlled Phase III trials.

5-ALA PDT Limitations and Advantages

Compared to Photofrin PDT of HGGs, 5-ALA has fewer side effects [46]. Photofrin has
been reported to increase the risk of neurological injury and permanent deficits at a total
applied light dose above 4,000 J using diffusion tip fibers [105]. It has also been associated
with normal brain tissue damage due to vascular localization of the compound [86]. PDT
with 5-ALA, delivered with cylindrical light diffusers and fluences in the range of 4,320 to
11,520 J, can be safely applied in patients [46, 105]. 5-ALA is not cytotoxic when applied
systemically and does not appear to significantly redistribute by peritumoral edema bulk
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flow [46]. 5-ALA has been associated with minor adverse reactions, including mild
elevation of liver enzymes, brief skin photosensitivity, nausea, vomiting, and hypotension
[85, 106, 107]. Reports of elevated creatinine levels after 5S-ALA administration are likely
due to interference of 5-ALA with the Jaffe method of screening; non-Jaffe enzymatic
methods of assessing serum creatinine did not identify similar increases [108]. In a study in
which 42 patients were given oral 5-ALA (30 mg/kg or 60 mg/kg) prior to abdominal
surgery, 15% and 5% of the patients experienced nausea and vomiting, respectively, with
increased incidence of both side effects at the higher 5-ALA concentrations [109]. However,
no phototoxicity, objective neurologic dysfunction, visual symptoms, hypertension,
tachycardia, pain, or hematological abnormality was observed after 5-ALA administration,
even at 60 mg/kg. In one case report, 5-ALA was reported to be the potential cause of
intraoperative lactic acidosis, in which the patient showed no adverse effects after 24 h
[106].

Notwithstanding precautions to be taken in the use of 5-ALA, a major advantage of this
photosensitizing agent is its suitability for both FGS and PDT. Recent FDA approval of 5-
ALA for FGS has expedited the use of 5-ALA in neurosurgery, thus the feasibility to
perform PDT with the same dose of administered drug is not to be underestimated. The
multiple mechanisms of action by PDT — direct cytotoxicity to tumor cells, damage of tumor
vasculature, and/or stimulation of anti-tumor immunity — are complementary and thus,
through their collective effects, can best provide for tumor clearance and control. With
regard to these mechanisms, immune effects are expected to be particularly important in the
clearance of brain-infiltrating tumor cells, which often accumulate less photosensitizer and
may sit at the margins of light penetration [79]. Of further importance in 5-ALA PDT of
HGGs, higher light doses may be used to increase the depth of PDT damage. Light dose can
be escalated due to the limited accumulation of PpIX in normal brain tissue, coupled with its
rapid destruction (photobleaching) upon illumination. This leads to the beneficial situation in
which normal brain tissue is protected from the detrimental effects of high light dose that
can serve to increase the extent and depth of PDT damage to malignant brain tissue [78].

The aforementioned advantages of 5-ALA as a photosensitizer indicate this compound may
demonstrate enhanced therapeutic efficacy when used for PDT in clinical trials for patients
with HGGs.

Future Directions

Despite limited data with the use of 5-ALA PDT for HGG therapy, the existing results have
been promising. Approval of 5-ALA by the FDA as an intraoperative optical imaging agent
for FGS permits future use of 5-ALA alone as an intraoperative surgical aid and 5-ALA
PDT as either an intraoperative or postoperative treatment modality. However, a better
understanding of the mechanism of action, efficacy, and adverse effects of 5-ALA PDT
specific to treatment of HGG is needed. Additionally, the survival benefit of this treatment
modality in combination with the current standard of care must be determined by conducting
large randomized multicentered Phase III studies in the future. The ideal cancer therapy not
only destroys the primary tumor but also stimulates the immune system to recognize and
destroy any remaining tumor cells. Therefore, a greater understanding of PDT’s
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immunomodulatory effects, particularly for HGGs, is necessary [30, 31]. Collectively, this
knowledge may inform the future use of 5-ALA PDT in combination with other adjuvant
therapies as part of the treatment regimen for patients with HGGs.

Conclusion

5-ALA PDT utilizes the photosensitizing porphyrin precursor 5-ALA to generate ROS that
are cytotoxic to brain tumor cells. As has been learned from 5-ALA FGS studies, 5-ALA is
highly specific for HGGs, which reduces the likelihood of damage to the surrounding brain
with PDT. Compared to other photosensitizing agents, 5-ALA has not been shown to cause
severe side effects. 5-ALA PDT has been reported as an immunopotentiator in pre-clinical
models, yet this effect remains to be demonstrated in Phase III randomized control trials in
patients with HGGs. Newer-generation photosensitizers may eventually replace 5-ALA and
further improve PDT efficacy.

Acknowledgements

Authors TMB and GMC acknowledge NIH/NCI grants PO1-CA087971 and RO1-CA85831 for support during the
preparation of this manuscript.

References

1. Ostrom QT, Gittleman H, Xu J, Kromer C, Wolinsky Y, Kruchko C, Barnholtz-Sloan JS (2016)
CBTRUS Statistical Report: Primary Brain and Other Central Nervous System Tumors Diagnosed
in the United States in 2009—-2013. Neuro-Oncology 18: v1-v75 doi:10.1093/neuonc/now207
[PubMed: 28475809]

2. Ostrom QT, Gittleman H, Liao P, Vecchione-Koval T, Wolinsky Y, Kruchko C, Barnholtz-Sloan JS
(2017) CBTRUS Statistical Report: Primary brain and other central nervous system tumors
diagnosed in the United States in 2010-2014. Neuro-Oncology 19: v1-v88 doi:10.1093/neuonc/
nox158 [PubMed: 29117289]

3. Louis DN, Perry A, Reifenberger G, von Deimling A, Figarella-Branger D, Cavenee WK, Ohgaki H,
Wiestler OD, Kleihues P, Ellison DW (2016) The 2016 World Health Organization Classification of
Tumors of the Central Nervous System: a summary. Acta neuropathologica 131: 803—-820 doi:
10.1007/s00401-016-1545-1 [PubMed: 27157931]

4. Stupp R, Hegi ME, Mason WP, van den Bent MJ, Taphoorn MJB, Janzer RC, Ludwin SK, Allgeier
A, Fisher B, Belanger K, Hau P, Brandes AA, Gijtenbeek J, Marosi C, Vecht CJ, Mokhtari K,
Wesseling P, Villa S, Eisenhauer E, Gorlia T, Weller M, Lacombe D, Cairncross JG, Mirimanoff R-
O (2009) Effects of radiotherapy with concomitant and adjuvant temozolomide versus radiotherapy
alone on survival in glioblastoma in a randomised phase III study: 5-year analysis of the EORTC-
NCIC trial. The Lancet Oncology 10: 459-466 doi:10.1016/S1470-2045(09)70025-7 [PubMed:
19269895]

5. Stupp R, Mason WP, van den Bent MJ, Weller M, Fisher B, Taphoorn MJB, Belanger K, Brandes
AA, Marosi C, Bogdahn U, Curschmann J, Janzer RC, Ludwin SK, Gorlia T, Allgeier A, Lacombe
D, Cairncross JG, Eisenhauer E, Mirimanoff RO (2005) Radiotherapy plus Concomitant and
Adjuvant Temozolomide for Glioblastoma. New England Journal of Medicine 352: 987-996 doi:
10.1056/NEJM0a043330 [PubMed: 15758009]

6. Dong X, Noorbakhsh A, Hirshman BR, Zhou T, Tang JA, Chang DC, Carter BS, Chen CC (2016)
Survival trends of grade I, II, and III astrocytoma patients and associated clinical practice patterns
between 1999 and 2010: A SEER-based analysis. Neuro-Oncology Practice 3: 29-38 doi:
10.1093/nop/npv016

7. Smoll NR, Hamilton B (2014) Incidence and relative survival of anaplastic astrocytomas. Neuro-
Oncology 16: 1400-1407 doi:10.1093/neuonc/nou053 [PubMed: 24723565]

J Neurooncol. Author manuscript; available in PMC 2020 February O1.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnue Joyiny

Mahmoudi et al.

Page 14

8. (2018) Glioblastoma (GBM). https://www.abta.org/tumor_types/glioblastoma-gbm/.
9. Lee Titsworth W, Murad GJ, Hoh BL, Rahman M (2014) Fighting fire with fire: the revival of
thermotherapy for gliomas. Anticancer research 34: 565-574 [PubMed: 24510985]
10. Sun J, Guo M, Pang H, Qi J, Zhang J, Ge Y (2013) Treatment of malignant glioma using
hyperthermia. Neural Regeneration Research 8: 2775-2782 doi:10.3969/j.issn.
1673-5374.2013.29.009 [PubMed: 25206588]

11. Reznik E, Smith AW, Taube S, Mann J, Yondorf MZ, Parashar B, Wernicke AG (2018) Radiation
and Immunotherapy in High-grade Gliomas: Where Do We Stand? American Journal of Clinical
Oncology 41: 197-212 doi:10.1097/coc.0000000000000406 [PubMed: 28906259]

12. Akimoto J (2016) Photodynamic Therapy for Malignant Brain Tumors. Neurologia medico-
chirurgica 56: 151-157 doi:10.2176/nmc.ra.2015-0296 [PubMed: 26888042]

13. Stepp H, Stummer W (2018) 5-ALA in the management of malignant glioma. Lasers in Surgery
and Medicine 50: 399-419 doi:doi:10.1002/1sm.22933 [PubMed: 29737540]

14.DM D, HJ S (1991) A HISTORY OF PHOTODYNAMIC THERAPY. Australian and New Zealand
Journal of Surgery 61: 340-348 doi:doi:10.1111/§.1445-2197.1991.tb00230.x [PubMed: 2025186]

15. Castano AP, Demidova TN, Hamblin MR (2004) Mechanisms in photodynamic therapy: part one-
photosensitizers, photochemistry and cellular localization. Photodiagnosis and photodynamic
therapy 1: 279-293 doi:10.1016/S1572-1000(05)00007-4 [PubMed: 25048432]

16. Castano AP, Demidova TN, Hamblin MR (2005) Mechanisms in photodynamic therapy: part two
—cellular signaling, cell metabolism and modes of cell death. Photodiagnosis and photodynamic
therapy 2: 1-23 doi:10.1016/S1572-1000(05)00030-X [PubMed: 25048553]

17. Kawase Y, Iseki H (2013) Parameter-finding studies of photodynamic therapy for approval in Japan
and the USA. Photodiagnosis Photodyn Ther 10: 434—445 doi:10.1016/j.pdpdt.2013.03.001
[PubMed: 24284097]

18. (2015) Photodynamic Therapy. https://www.cancer.org/treatment/treatments-and-side-effects/
treatment-types/photodynamic-therapy.html.

19. Kessel D (2018) Apoptosis, Paraptosis and Autophagy: Death and Survival Pathways Associated
with Photodynamic Therapy. Photochem Photobiol doi:10.1111/php.12952

20. Mroz P, Yaroslavsky A, Kharkwal GB, Hamblin MR (2011) Cell death pathways in photodynamic
therapy of cancer. Cancers (Basel) 3: 2516-2539 doi:10.3390/cancers3022516 [PubMed:
23914299]

21. Hirschberg H, Sun C-H, Tromberg BJ, Yeh AT, Madsen SJ (2004) Enhanced cytotoxic effects of 5-
aminolevulinic acid-mediated photodynamic therapy by concurrent hyperthermia in glioma
spheroids. Journal of Neuro-Oncology 70: 289-299 doi:10.1007/s11060-004-9161-7 [PubMed:
15662970]

22. Karmakar S, Banik NL, Patel SJ, Ray SK (2007) 5-Aminolevulinic acid-based photodynamic
therapy suppressed survival factors and activated proteases for apoptosis in human glioblastoma
US87MG cells. Neuroscience letters 415: 242-247 doi:10.1016/j.neulet.2007.01.071 [PubMed:
17335970]

23. Coupienne I, Fettweis G, Rubio N, Agostinis P, Piette J (2011) 5-ALA-PDT induces RIP3-
dependent necrosis in glioblastoma. Photochemical & photobiological sciences : Official journal
of the European Photochemistry Association and the European Society for Photobiology 10:
1868-1878 doi:10.1039/c1pp05213f

24. Coupienne I, Bontems S, Dewaele M, Rubio N, Habraken Y, Fulda S, Agostinis P, Piette J (2011)
NF-kappaB inhibition improves the sensitivity of human glioblastoma cells to 5-aminolevulinic
acid-based photodynamic therapy. Biochemical Pharmacology 81: 606—-616 doi:10.1016/j.bcp.
2010.12.015 [PubMed: 21182827]

25. Cengel KA, Simone CB, Busch TM Vascular Effects of Photodynamic Therapy for Tumors
Handbook of Photodynamic Therapy. pp 335-364

26. Castano AP, Mroz P, Hamblin MR (2006) Photodynamic therapy and anti-tumour immunity. Nat
Rev Cancer 6: 535-545 doi:10.1038/nrc1894 [PubMed: 16794636]

27. Garg AD, Nowis D, Golab J, Agostinis P (2010) Photodynamic therapy: illuminating the road from
cell death towards anti-tumour immunity. Apoptosis 15: 1050-1071 doi:10.1007/
$10495-010-0479-7 [PubMed: 20221698]

J Neurooncol. Author manuscript; available in PMC 2020 February O1.


https://www.abta.org/tumor_types/glioblastoma-gbm/
https://www.cancer.org/treatment/treatments-and-side-effects/treatment-types/photodynamic-therapy.html
https://www.cancer.org/treatment/treatments-and-side-effects/treatment-types/photodynamic-therapy.html

1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuen Joyiny

Mahmoudi et al.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Page 15

Yi W, Xu HT, Tian DF, Wu LQ, Zhang SQ, Wang L, Ji BW, Zhu XN, Okechi H, Liu G, Chen QX
(2015) Photodynamic therapy mediated by S-aminolevulinic acid suppresses gliomas growth by
decreasing the microvessels. Journal of Huazhong University of Science and Technology Medical
sciences = Hua zhong ke ji da xue xue bao Yi xue Ying De wen ban = Huazhong keji daxue
xuebao Yixue Yingdewen ban 35: 259-264 doi:10.1007/s11596-015-1421-6

Castano AP, Mroz P, Hamblin MR (2006) Photodynamic therapy and anti-tumour immunity.
Nature Reviews Cancer 6: 535 doi:10.1038/nrc1894 [PubMed: 16794636]

Anzengruber F, Avci P, de Freitas LF, Hamblin MR (2015) T-cell mediated anti-tumor immunity
after photodynamic therapy: why does it not always work and how can we improve it?
Photochemical & photobiological sciences : Official journal of the European Photochemistry
Association and the European Society for Photobiology 14: 1492-1509 doi:10.1039/c4pp00455h
Hirschberg H, Berg K, Peng Q (2018) Photodynamic therapy mediated immune therapy of brain
tumors. Neuroimmunology and neuroinflammation 5: 27 doi:10.20517/2347-8659.2018.31
[PubMed: 30221185]

Etminan N, Peters C, Lakbir D, Bunemann E, Borger V, Sabel MC, Hanggi D, Steiger HJ,
Stummer W, Sorg RV (2011) Heat-shock protein 70-dependent dendritic cell activation by 5-
aminolevulinic acid-mediated photodynamic treatment of human glioblastoma spheroids in vitro.
Br J Cancer 105: 961-969 doi:10.1038/bjc.2011.327 [PubMed: 21863026]

Li F, Cheng Y, Lu J, Hu R, Wan Q, Feng H (2011) Photodynamic therapy boosts anti-glioma
immunity in mice: a dependence on the activities of T cells and complement C3. Journal of
cellular biochemistry 112: 3035-3043 doi:10.1002/jcb.23228 [PubMed: 21678475]

Plaetzer K, Krammer B, Berlanda J, Berr F, Kiesslich T (2009) Photophysics and photochemistry
of photodynamic therapy: fundamental aspects. Lasers Med Sci 24: 259-268 doi:10.1007/
$10103-008-0539-1 [PubMed: 18247081]

Stables GI, Ash DV (1995) Photodynamic therapy. Cancer Treat Rev 21: 311-323 [PubMed:
7585658]

Wang HW, Zhu TC, Putt ME, Solonenko M, Metz J, Dimofte A, Miles J, Fraker DL, Glatstein E,
Hahn SM, Yodh AG (2005) Broadband reflectance measurements of light penetration, blood
oxygenation, hemoglobin concentration, and drug concentration in human intraperitoneal tissues
before and after photodynamic therapy. J Biomed Opt 10: 14004 doi:10.1117/1.1854679 [PubMed:
15847585]

Quirk BJ, Brandal G, Donlon S, Vera JC, Mang TS, Foy AB, Lew SM, Girotti AW, Jogal S,
LaViolette PS, Connelly JM, Whelan HT (2015) Photodynamic therapy (PDT) for malignant brain
tumors — Where do we stand? Photodiagnosis and photodynamic therapy 12: 530-544 doi:
10.1016/j.pdpdt.2015.04.009 [PubMed: 25960361]

Mallidi S, Anbil S, Bulin AL, Obaid G, Ichikawa M, Hasan T (2016) Beyond the Barriers of Light
Penetration: Strategies, Perspectives and Possibilities for Photodynamic Therapy. Theranostics 6:
2458-2487 doi:10.7150/thno.16183 [PubMed: 27877247]

Quon H, Grossman CE, Finlay JC, Zhu TC, Clemmens CS, Malloy KM, Busch TM (2011)
Photodynamic therapy in the management of pre-malignant head and neck mucosal dysplasia and
microinvasive carcinoma. Photodiagnosis Photodyn Ther 8: 75-85 doi:10.1016/j.pdpdt.
2011.01.001 [PubMed: 21497298]

Leroy HA, Vermandel M, Vignion-Dewalle AS, Leroux B, Maurage CA, Duhamel A, Mordon S,
Reyns N (2017) Interstitial photodynamic therapy and glioblastoma: Light fractionation in a
preclinical model. Lasers Surg Med 49: 506-515 doi:10.1002/1sm.22620 [PubMed: 28012197]
Hirschberg H, Spetalen S, Carper S, Hole P, Tillung T, Madsen S (2006) Minimally invasive
photodynamic therapy (PDT) for ablation of experimental rat glioma. Minim Invasive Neurosurg
49: 135-142 doi:10.1055/s-2006-932216 [PubMed: 16921452]

Dupont C, Mordon S, Deleporte P, Reyns N, Vermandel M (2017) A novel device for
intraoperative photodynamic therapy dedicated to glioblastoma treatment. Future oncology
(London, England) 13: 2441-2454 doi:10.2217/fon-2017-0261

Reyns N (2017) INtraoperative photoDYnamic Therapy of GliOblastoma (INDYGO). https://
clinicaltrials.gov/ct2/show/record/NCT03048240?view=record.

J Neurooncol. Author manuscript; available in PMC 2020 February O1.


https://clinicaltrials.gov/ct2/show/record/NCT03048240?view=record
https://clinicaltrials.gov/ct2/show/record/NCT03048240?view=record

1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuen Joyiny

Mahmoudi et al.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Page 16

Bechet D, Mordon SR, Guillemin F, Barberi-Heyob MA (2014) Photodynamic therapy of
malignant brain tumours: a complementary approach to conventional therapies. Cancer Treat Rev
40: 229-241 doi:10.1016/j.ctrv.2012.07.004 [PubMed: 22858248]

Davies N, Wilson BC (2007) Interstitial in vivo ALA-PpIX mediated metronomic photodynamic
therapy (mPDT) using the CNS-1 astrocytoma with bioluminescence monitoring. Photodiagnosis
Photodyn Ther 4: 202-212 doi:10.1016/j.pdpdt.2007.06.002 [PubMed: 25047439]

Beck TJ, Kreth FW, Beyer W, Mehrkens JH, Obermeier A, Stepp H, Stummer W, Baumgartner R
(2007) Interstitial photodynamic therapy of nonresectable malignant glioma recurrences using 5-
aminolevulinic acid induced protoporphyrin IX. Lasers Surg Med 39: 386-393 doi:10.1002/lsm.
20507 [PubMed: 17565715]

Yassine A-A, Kingsford W, Xu Y, Cassidy J, Lilge L, Betz V (2018) Automatic interstitial
photodynamic therapy planning via convex optimization. Biomedical optics express 9: 898-920
doi:10.1364/BOE.9.000898 [PubMed: 29552420]

Shafirstein G, Bellnier D, Oakley E, Hamilton S, Potasek M, Beeson K, Parilov E (2017)
Interstitial Photodynamic Therapy-A Focused Review. Cancers (Basel) 9 doi:10.3390/
cancers9020012

Stummer W, Pichlmeier U, Meinel T, Wiestler OD, Zanella F, Reulen H-J (2006) Fluorescence-
guided surgery with 5-aminolevulinic acid for resection of malignant glioma: a randomised
controlled multicentre phase III trial. The Lancet Oncology 7: 392-401 doi:10.1016/
S$1470-2045(06)70665-9 [PubMed: 16648043]

Lee I, Kalkanis S, Hadjipanayis CG (2016) Stereotactic Laser Interstitial Thermal Therapy for
Recurrent High-Grade Gliomas. Neurosurgery 79 Suppl 1: S24—s34 doi:10.1227/neu.
0000000000001443 [PubMed: 27861323]

Senders JT, Muskens IS, Schnoor R, Karhade AV, Cote DJ, Smith TR, Broekman ML (2017)
Agents for fluorescence-guided glioma surgery: a systematic review of preclinical and clinical
results. Acta Neurochir (Wien) 159: 151-167 doi:10.1007/s00701-016-3028-5 [PubMed:
27878374]

Lakomkin N, Hadjipanayis CG (2018) Fluorescence-guided surgery for high-grade gliomas.
Journal of surgical oncology 118: 356-361 doi:doi:10.1002/js0.25154 [PubMed: 30125355]
HeJ, Yang L, Yi W, Fan W, Wen Y, Miao X, Xiong L (2017) Combination of Fluorescence-Guided
Surgery With Photodynamic Therapy for the Treatment of Cancer. Molecular Imaging 16:
1536012117722911 doi:10.1177/1536012117722911

Kou J, Dou D, Yang L (2017) Porphyrin photosensitizers in photodynamic therapy and its
applications. Oncotarget 8: 81591-81603 doi:10.18632/oncotarget.20189 [PubMed: 29113417]

Bellnier DA, Greco WR, Loewen GM, Nava H, Oseroff AR, Dougherty TJ (2006) Clinical
pharmacokinetics of the PDT photosensitizers porfimer sodium (Photofrin), 2-[1-
hexyloxyethyl]-2-devinyl pyropheophorbide-a (Photochlor) and 5-ALA-induced protoporphyrin
IX. Lasers Surg Med 38: 439—444 doi:10.1002/1sm.20340 [PubMed: 16634075]

Ormond AB, Freeman HS (2013) Dye Sensitizers for Photodynamic Therapy. Materials (Basel) 6:
817-840 doi:10.3390/ma6030817 [PubMed: 28809342]

Zhang J, Jiang C, Figueiro Longo JP, Azevedo RB, Zhang H, Muehlmann LA (2018) An updated
overview on the development of new photosensitizers for anticancer photodynamic therapy. Acta
pharmaceutica Sinica B 8: 137-146 doi:10.1016/j.apsb.2017.09.003 [PubMed: 29719775]
Hiramatsu R, Kawabata S, Miyatake S, Kuroiwa T, Easson MW, Vicente MG (2011) Application
of a novel boronated porphyrin (H(2)OCP) as a dual sensitizer for both PDT and BNCT. Lasers
Surg Med 43: 52-58 doi:10.1002/1sm.21026 [PubMed: 21254143]

Hill JS, Kahl SB, Stylli SS, Nakamura Y, Koo MS, Kaye AH (1995) Selective tumor kill of
cerebral glioma by photodynamic therapy using a boronated porphyrin photosensitizer.
Proceedings of the National Academy of Sciences of the United States of America 92: 12126—
12130 [PubMed: 8618857]

Hill JS, Kahl SB, Kaye AH, Stylli SS, Koo MS, Gonzales MF, Vardaxis NJ, Johnson CI (1992)
Selective tumor uptake of a boronated porphyrin in an animal model of cerebral glioma.
Proceedings of the National Academy of Sciences of the United States of America 89: 1785-1789
[PubMed: 1542672]

J Neurooncol. Author manuscript; available in PMC 2020 February O1.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuen Joyiny

Mahmoudi et al.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

Page 17

Josefsen LB, Boyle RW (2008) Photodynamic therapy: novel third-generation photosensitizers one
step closer? British Journal of Pharmacology 154: 1-3 doi:10.1038/bjp.2008.98 [PubMed:
18362894]

Zhang J, Jiang C, Figueiré Longo JP, Azevedo RB, Zhang H, Muehlmann LA (2018) An updated
overview on the development of new photosensitizers for anticancer photodynamic therapy. Acta
Pharmaceutica Sinica B 8: 137-146 doi:10.1016/j.apsb.2017.09.003 [PubMed: 29719775]

Bechet D, Auger F, Couleaud P, Marty E, Ravasi L, Durieux N, Bonnet C, Plenat F, Frochot C,
Mordon S, Tillement O, Vanderesse R, Lux F, Perriat P, Guillemin F, Barberi-Heyob M (2015)
Multifunctional ultrasmall nanoplatforms for vascular-targeted interstitial photodynamic therapy of
brain tumors guided by real-time MRI. Nanomedicine : nanotechnology, biology, and medicine 11:
657-670 doi:10.1016/j.nano.2014.12.007

Thomas E, Colombeau L, Gries M, Peterlini T, Mathieu C, Thomas N, Boura C, Frochot C,
Vanderesse R, Lux F, Barberi-Heyob M, Tillement O (2017) Ultrasmall AGulX theranostic
nanoparticles for vascular-targeted interstitial photodynamic therapy of glioblastoma. International
journal of nanomedicine 12: 7075-7088 doi:10.2147/ijn.s141559 [PubMed: 29026302]

Reddy GR, Bhojani MS, McConville P, Moody J, Moffat BA, Hall DE, Kim G, Koo YE,
Woolliscroft MJ, Sugai JV, Johnson TD, Philbert MA, Kopelman R, Rehemtulla A, Ross BD
(2006) Vascular targeted nanoparticles for imaging and treatment of brain tumors. Clinical cancer
research : an official journal of the American Association for Cancer Research 12: 6677-6686 doi:
10.1158/1078-0432.Ccr-06-0946 [PubMed: 17121886]

Meyers JD, Cheng Y, Broome AM, Agnes RS, Schluchter MD, Margevicius S, Wang X, Kenney
ME, Burda C, Basilion JP (2015) Peptide-Targeted Gold Nanoparticles for Photodynamic Therapy
of Brain Cancer. Particle & particle systems characterization : measurement and description of
particle properties and behavior in powders and other disperse systems 32: 448-457 doi:10.1002/
ppsc.201400119

Rajora MA, Ding L, Valic M, Jiang W, Overchuk M, Chen J, Zheng G (2017) Tailored theranostic
apolipoprotein E3 porphyrin-lipid nanoparticles target glioblastoma fElectronic supplementary
information (ESI) available. See DOI: 10.1039/c7sc00732a Click here for additional data file.
Chemical Science 8: 5371-5384 doi:10.1039/c7sc00732a [PubMed: 28970916]

Tang XL, Wu J, Lin BL, Cui S, Liu HM, Yu RT, Shen XD, Wang TW, Xia W (2018) Near-infrared
light-activated red-emitting upconverting nanoplatform for T1-weighted magnetic resonance
imaging and photodynamic therapy. Acta biomaterialia 74: 360-373 doi:10.1016/j.actbio.
2018.05.017 [PubMed: 29763715]

Tsai YC, Vijayaraghavan P, Chiang WH, Chen HH, Liu TI, Shen MY, Omoto A, Kamimura M,
Soga K, Chiu HC (2018) Targeted Delivery of Functionalized Upconversion Nanoparticles for
Externally Triggered Photothermal/Photodynamic Therapies of Brain Glioblastoma. Theranostics
8: 1435-1448 doi:10.7150/thno.22482 [PubMed: 29507632]

Hadjipanayis CG, Widhalm G, Stummer W (2015) What is the Surgical Benefit of Utilizing 5-
ALA for Fluorescence-Guided Surgery of Malignant Gliomas? Neurosurgery 77: 663—-673 doi:
10.1227/NEU.0000000000000929 [PubMed: 26308630]

Valdes PA, Bekelis K, Harris BT, Wilson BC, Leblond F, Kim A, Simmons NE, Erkmen K,
Paulsen KD, Roberts DW (2014) 5-Aminolevulinic Acid-Induced Protoporphyrin IX Fluorescence
in Meningioma: Qualitative and Quantitative Measurements In Vivo. Neurosurgery 10: 74-83 doi:
10.1227/NEU.0000000000000117 [PubMed: 23887194]

Stummer W, Reulen HJ, Novotny A, Stepp H, Tonn JC (2003) Fluorescence-guided resections of
malignant gliomas--an overview. Acta neurochirurgica Supplement 88: 9—12 [PubMed: 14531555]
Teng L, Nakada M, Zhao SG, Endo Y, Furuyama N, Nambu E, Pyko IV, Hayashi Y, Hamada JI
(2011) Silencing of ferrochelatase enhances 5-aminolevulinic acid-based fluorescence and
photodynamic therapy efficacy. Br J Cancer 104: 798-807 doi:10.1038/bjc.2011.12 [PubMed:
21304523]

Yang X, Li W, Palasuberniam P, Myers KA, Wang C, Chen B (2015) Effects of Silencing Heme
Biosynthesis Enzymes on 5-Aminolevulinic Acid-mediated Protoporphyrin IX Fluorescence and
Photodynamic Therapy. Photochem Photobiol 91: 923-930 doi:10.1111/php.12454 [PubMed:
25809721]

J Neurooncol. Author manuscript; available in PMC 2020 February O1.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuen Joyiny

Mahmoudi et al.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

Page 18

Kaneko S, Kaneko S (2016) Fluorescence-Guided Resection of Malignant Glioma with 5-ALA.
International Journal of Biomedical Imaging 2016: 11 doi:10.1155/2016/6135293

Johansson A, Faber F, Kniebuhler G, Stepp H, Sroka R, Egensperger R, Beyer W, Kreth FW
(2013) Protoporphyrin IX fluorescence and photobleaching during interstitial photodynamic
therapy of malignant gliomas for early treatment prognosis. Lasers Surg Med 45: 225-234 doi:
10.1002/1sm.22126 [PubMed: 23533060]

Ahn PH, Finlay JC, Gallagher-Colombo SM, Quon H, O’Malley BW Jr., Weinstein GS, Chalian A,
Malloy K, Sollecito T, Greenberg M, Simone CB 2nd, McNulty S, Lin A, Zhu TC, Livolsi V,
Feldman M, Mick R, Cengel KA, Busch TM (2018) Lesion oxygenation associates with clinical
outcomes in premalignant and early stage head and neck tumors treated on a phase 1 trial of
photodynamic therapy. Photodiagnosis Photodyn Ther 21: 28-35 doi:10.1016/j.pdpdt.2017.10.015
[PubMed: 29113960]

Stepp H, Stummer W (2018) 5-ALA in the management of malignant glioma. Lasers Surg Med 50:
399-419 doi:10.1002/1sm.22933 [PubMed: 29737540]

Tetard M-C, Vermandel M, Mordon S, Lejeune J-P, Reyns N (2014) Experimental use of
photodynamic therapy in high grade gliomas: A review focused on 5-aminolevulinic acid.
Photodiagnosis and photodynamic therapy 11: 319-330 doi:10.1016/j.pdpdt.2014.04.004
[PubMed: 24905843]

Stummer W, Stocker S, Novotny A, Heimann A, Sauer O, Kempski O, Plesnila N, Wietzorrek J,
Reulen HJ (1998) In vitro and in vivo porphyrin accumulation by C6 glioma cells after exposure to
5-aminolevulinic acid. Journal of photochemistry and photobiology B, Biology 45: 160-169

Tsai JC, Hsiao YY, Teng LJ, Chen CT, Kao MC (1999) Comparative study on the ALA
photodynamic effects of human glioma and meningioma cells. Lasers Surg Med 24: 296-305
[PubMed: 10327048]

Madsen Steen J, Sun C-H, Tromberg Bruce J, Hirschberg H (2001) Development of a novel
indwelling balloon applicator for optimizing light delivery in photodynamic therapy. Lasers in
Surgery and Medicine 29: 406412 doi:10.1002/1sm.10005 [PubMed: 11891728]

Busch TM, Xing X, Yu G, Yodh A, Wileyto EP, Wang HW, Durduran T, Zhu TC, Wang KK (2009)
Fluence rate-dependent intratumor heterogeneity in physiologic and cytotoxic responses to
Photofrin photodynamic therapy. Photochemical & photobiological sciences : Official journal of
the European Photochemistry Association and the European Society for Photobiology 8: 1683—
1693 doi:10.1039/b9pp00004f

Hirschberg H, Sun C-H, Tromberg BJ, Madsen SJ (2002) ALA- and ALA-ester-mediated
Photodynamic Therapy of Human Glioma Spheroids. Journal of Neuro-Oncology 57: 1-7 doi:
10.1023/A:1015784926550 [PubMed: 12125962]

Olzowy B, Hundt CS, Stocker S, Bise K, Reulen HJ, Stummer W (2002) Photoirradiation therapy
of experimental malignant glioma with 5-aminolevulinic acid. Journal of Neurosurgery 97: 970—
976 doi:10.3171/jns.2002.97.4.0970 [PubMed: 12405389]

Hirschberg H, Sorensen DR, Angell-Petersen E, Peng Q, Tromberg B, Sun CH, Spetalen S,
Madsen S (2006) Repetitive photodynamic therapy of malignant brain tumors. Journal of
environmental pathology, toxicology and oncology : official organ of the International Society for
Environmental Toxicology and Cancer 25: 261-279

Tetard M-C, Vermandel M, Leroy H-A, Leroux B, Maurage C-A, Lejeune J-P, Mordon S, Reyns N
(2016) Interstitial 5-ALA photodynamic therapy and glioblastoma: Preclinical model development
and preliminary results. Photodiagnosis and Photodynamic Therapy 13: 218-224 doi:10.1016/
J-pdpdt.2015.07.169 [PubMed: 26213327]

Hefti M, Albert I, Luginbuehl V (2012) Phenytoin reduces 5-aminolevulinic acid-induced
protoporphyrin IX accumulation in malignant glioma cells. Journal of Neuro-Oncology 108: 443—
450 doi:10.1007/s11060-012-0857-9 [PubMed: 22528787]

Lawrence JE, Steele CJ, Rovin RA, Belton RJ, Winn RJ (2016) Dexamethasone alone and in
combination with desipramine, phenytoin, valproic acid or levetiracetam interferes with 5-ALA-
mediated PpIX production and cellular retention in glioblastoma cells. Journal of Neuro-Oncology
127: 15-21 doi:10.1007/s11060-015-2012-x [PubMed: 26643803]

J Neurooncol. Author manuscript; available in PMC 2020 February O1.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuen Joyiny

Mahmoudi et al.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100

101.

102.

103.

104.

105.

Page 19

Grabb PA, Gilbert MR (1995) Neoplastic and pharmacological influence on the permeability of an
in vitro blood-brain barrier. Journal of Neurosurgery 82: 1053-1058 doi:10.3171/jns.
1995.82.6.1053 [PubMed: 7760177]

Wang W, Tabu K, Hagiya Y, Sugiyama Y, Kokubu Y, Murota Y, Ogura S-i, Taga T (2017)
Enhancement of 5-aminolevulinic acid-based fluorescence detection of side population-defined
glioma stem cells by iron chelation. Scientific Reports 7: 42070 doi:10.1038/srep42070 https://
www.nature.com/articles/srep42070#supplementary-information [PubMed: 28169355]

Blake E, Curnow A (2010) The hydroxypyridinone iron chelator CP94 can enhance PpIX-induced
PDT of cultured human glioma cells. Photochemistry and photobiology 86: 1154—1160 doi:
10.1111/5.1751-1097.2010.00770.x [PubMed: 20573043]

Chen X, Wang C, Teng L, Liu Y, Chen X, Yang G, Wang L, Liu H, Liu Z, Zhang D, Zhang Y,
Guan H, Li X, Fu C, Zhao B, Yin F, Zhao S (2014) Calcitriol enhances 5-aminolevulinic acid-
induced fluorescence and the effect of photodynamic therapy in human glioma. Acta oncologica
(Stockholm, Sweden) 53: 405—413 doi:10.3109/0284186x.2013.819993

Ishikawa T, Kajimoto Y, Inoue Y, Ikegami Y, Kuroiwa T (2015) Critical role of ABCG2 in ALA-
photodynamic diagnosis and therapy of human brain tumor. Adv Cancer Res 125: 197-216 doi:
10.1016/bs.acr.2014.11.008 [PubMed: 25640271]

Fisher CJ, Niu C, Foltz W, Chen Y, Sidorova-Darmos E, Eubanks JH, Lilge L (2017) ALA-PpIX
mediated photodynamic therapy of malignant gliomas augmented by hypothermia. PloS one 12:
e0181654 doi:10.1371/journal.pone.0181654 [PubMed: 28759636]

Semyachkina-Glushkovskaya O, Kurths J, Borisova E, Sokolovski S, Mantareva V, Angelov I,
Shirokov A, Navolokin N, Shushunova N, Khorovodov A, Ulanova M, Sagatova M, Agranivich I,
Sindeeva O, Gekalyuk A, Bodrova A, Rafailov E (2017) Photodynamic opening of blood-brain
barrier. Biomedical Optics Express 8: 5040-5048 doi:10.1364/BOE.8.005040 [PubMed:
29188101]

Kostron H, Fritsch E, Grunert V (1988) Photodynamic therapy of malignant brain tumours: a phase
I/I1 trial. British journal of neurosurgery 2: 241-248 [PubMed: 2855780]

Rosenthal MA, Kavar B, Hill JS, Morgan DJ, Nation RL, Stylli SS, Basser RL, Uren S, Geldard H,
Green MD, Kahl SB, Kaye AH (2001) Phase I and Pharmacokinetic Study of Photodynamic
Therapy for High-Grade Gliomas Using a Novel Boronated Porphyrin. Journal of Clinical
Oncology 19: 519-524 doi:10.1200/jc0.2001.19.2.519 [PubMed: 11208846]

Schmidt MH, Meyer GA, Reichert KW, Cheng J, Krouwer HG, Ozker K, Whelan HT (2004)
Evaluation of photodynamic therapy near functional brain tissue in patients with recurrent brain
tumors. J Neurooncol 67: 201-207 [PubMed: 15072468]

. Lyons M, Phang I, Eljamel S (2012) The effects of PDT in primary malignant brain tumours
could be improved by intraoperative radiotherapy. Photodiagnosis and photodynamic therapy 9:
40-45 doi:10.1016/j.pdpdt.2011.12.001 [PubMed: 22369727]

Eljamel MS, Goodman C, Moseley H (2008) ALA and Photofrin fluorescence-guided resection
and repetitive PDT in glioblastoma multiforme: a single centre Phase III randomised controlled
trial. Lasers in medical science 23: 361-367 doi:10.1007/s10103-007-0494-2 [PubMed:
17926079]

Schwartz C, Rithm A, Tonn J-C, Kreth S, Kreth F-W (2015) SURG-25INTERSTITIAL
PHOTODYNAMIC THERAPY OF DE-NOVO GLIOBLASTOMA MULTIFORME WHO IV.
Neuro-Oncology 17: v219-v220 doi:10.1093/neuonc/nov235.25

Dupont C, Vermandel M, Leroy HA, Quidet M, Lecomte F, Delhem N, Mordon S, Reyns N
(2018) INtraoperative photoDYnamic Therapy for GliOblastomas: Study Protocol for a Phase I
Clinical Trial. Neurosurgery doi:10.1093/neuros/nyy324

Vermandel M, Dupont C, Quidet M, Lecomte F, Lerhun E, Mordon S, Betrouni N, Reyns N
(2017) Set-up of the first pilot study on intraopertive 5-ALA PDT: INDYGO trial. Photodiagnosis
and Photodynamic Therapy 17: A21 doi:10.1016/j.pdpdt.2017.01.048

Krishnamurthy S, Powers SK, Witmer P, Brown T (2000) Optimal light dose for interstitial
photodynamic therapy in treatment for malignant brain tumors. Lasers Surg Med 27: 224-234
[PubMed: 11013384]

J Neurooncol. Author manuscript; available in PMC 2020 February O1.


https://www.nature.com/articles/srep42070#supplementary-information
https://www.nature.com/articles/srep42070#supplementary-information

1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnue Joyiny

Mahmoudi et al.

106.

107.

108.

109.

Page 20

Anderson I, Naylor T, McKinlay J, Sivakumar G (2015) Intra-operative acidosis during 5-
aminolevulinic acid assisted glioma resection. BMJ Case Reports 2015: bcr2014207904 doi:
10.1136/bcr-2014-207904

Chung IW, Eljamel S (2013) Risk factors for developing oral 5-aminolevulinic acid-induced side
effects in patients undergoing fluorescence guided resection. Photodiagnosis Photodyn Ther 10:
362-367 doi:10.1016/j.pdpdt.2013.03.007 [PubMed: 24284086]

Quon H, Grossman CE, King RL, Putt M, Donaldson K, Kricka L, Finlay J, Zhu T, Dimofte A,
Malloy K, Cengel KA, Busch TM (2010) Interference with the Jaffe method for creatinine
following 5-aminolevulinic acid administration. Photodiagnosis Photodyn Ther 7: 268-274 doi:
10.1016/j.pdpdt.2010.07.008 [PubMed: 21112550]

Webber J, Kessel D, Fromm D (1997) Side effects and photosensitization of human tissues after
aminolevulinic acid. The Journal of surgical research 68: 31-37 doi:10.1006/jsre.1997.5004
[PubMed: 9126192]

J Neurooncol. Author manuscript; available in PMC 2020 February O1.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnue Joyiny

Mahmoudi et al.

Page 21

™

. _ damaged infiltrating GBM call

[
e 424 an 625 {713

6 26 &7
Warvnlangth (me)

Figure 1.
(A) 5-ALA is administered orally three hours prior to PDT. (B) 5-ALA is converted to PpIX

intratumorally. (C) The PDT laser is positioned appropriately during surgery. (D) Upon
exposure to an activating wavelength of light, PpIX converts oxygen into singlet oxygen
species (~microseconds), resulting in tumor bulk death (~days). Infiltrating tumor cells that
uptake 5-ALA, but are not within the region of the laser’s effect, may still be damaged after
5-ALA PDT. (E) Absorption spectrum of PpIX, demonstrating its multiple absorption peaks
over the range of wavelengths that make up visible light. PpIX (0.06 mg/mL) was dissolved
in 50% Solvable/50% deionized water. Absorbance was measured on a spectrophotometer.
The red arrow identifies the peak at ~635nm that is used for excitation of PpIX in
applications of 5-ALA PDT.
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