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Abstract:

Photodynamic therapy (PDT) consists of a laser light exposure of tumour cells photosensitized by
general or local administration of a pharmacological agent. Nowadays, PDT is a clinically established
modality for treatment of many cancers consisting.

5-aminolevulinic acid (ALA) induced Protoporphyrin IX (PpIX) has proven its rational in
fluoro-guided resection of malignant gliomas due to a selective tumour uptake and minimal skin
sensitization. Moreover, the relatively specific accumulation of photosensitizing PPIX within the
tumour cells has gained interest in the PDT of malignant gliomas. Several experimental and clinical
studies have then established ALA-PDT as a valuable adjuvant therapy in the management of
malignant gliomas. However, the procedure still requires optimizations in the fields of tissue
oxygenation status, photosensitizer concentration or scheme of laser light illumination. In this
extensive review, we focused on the methods and results of ALA-PDT for treating malignant gliomas
in experimental conditions. The biological mechanisms, the effects on tumour and normal brain
tissue, and finally the critical issues to optimize the efficacy of ALA-PDT were discussed.



1. Introduction:

Glioblastoma (GBM) is the most common and deadliest malignant brain tumour. The current
standard of treatment for GBM involves maximal surgical resection followed by radiation therapy
(RT) and concomitant chemotherapy with oral cytotoxic chemotherapy, temozolamide (TMZ),
followed by maintenance administration of TMZ. The median survival for primary GBM with this
combined treatment is 15 months (versus 12 months with RT only) and the 2-year survival rate
increases to 26% compared to 10% in RT arm[1, 2]. The three main causes of the poor prognosis
associated with GBM are: (1) the tumour cells extensively infiltrate the surrounding brain tissue,
limiting the efficacy of surgical resection; (2) the blood-brain barrier (BBB) prevents the optimal
delivery of chemotherapy agents; (3) GBM is refractory to most cancer cytotoxic agents or rapidly
develops resistance.

In the event of recurrences, associated with a poorer prognosis, other treatments added to an
optional new surgery may be proposed. They include carmustine implants, TMZ rechallenges, or
others chemotherapy such as bevacizumab [3-5]. Novel strategies, such as fluorescence-guided
resection (FGR) [6], immunotherapy [7], gene therapy [8], anti-angiogeneic agents or targeting of
growth-promoting pathways [9], provide additional avenues to increase survival benefits.

During the last decade, photodynamic therapy (PDT) has emerged as a promising treatment
strategy in the management of various cancers in urology, gynecology or dermatology[10-13]. PDT
relies on the selective accumulation of photosensitizers (PS) in tumour to generate the destruction of
the cells. [llumination of the tumour with an excitation light tuned to the absorption band of the PS
leads to the tumour destruction while sparing normal tissues. Thus the efficacy of PDT depends on
numerous parameters, including tissue oxygenation status, photosensitizer concentration, and light
regimen.

The mechanisms of PDT-mediated tumour destruction involve a direct cellular toxic effect,
vascular damages and an immune reaction, which might be important for long-term tumour control
[14, 15]. In light of our work on developing interstitial PDT in a U87 glioma rodent model, we present
an extensive review of the experimental use of PDT in high grade gliomas, with a specific focus on the
use of 5-aminolevulinic acid induced Protoporphyrin IX, as well as a detailed study of the
illumination and oxygenation conditions.

2. PDT ofgliomas
a. The choice of photosensitizer

Ideal PS should absorb light in the red or far-red wavelengths, for increased tissue penetration, and
should have the ability to cross the BBB. In addition, an ideal PS candidate would offer high tumour
tissue selectivity, reduced skin and systemic toxicity through a rapid elimination of the PS by the
patient [14, 16]. Many compounds have already been investigated for PDT of gliomas.

Hematoporphyrin derivative (HpD; Photofrin®) was the first PS to be studied reported in detail [16,
17]. Despite its interesting characteristics, poor tumour selectivity and long-lasting skin
photosensitivity constituted several drawbacks that led to the development of new PS [18, 19].
Compounds such as m-THPC (m-tetrahydroxuphenyl chlorin, Foscan®), 5-ALA (5-aminolevulinic
acid), BOPP (boronated porphyrin) and talaporfin sodium have been mainly used in clinical trials for



gliomas (Table 1)[6, 20-26]. Their activation peaks are respectively at 652, 635 and 630 nm. Others
PS have been assessed in experimental studies, including hypericin, SIM01 and Pc4 [27, 28].

5-ALA is a second-generation PS that is already authorized in European Union for fluorescence-
guided resection[20, 29]. It is a precursor that is converted into the potent photosensitizer,
protoporphyrin IX (PplX), as a part of the endogenous heme pathway. Under physiological
conditions, the next stage in the cycle is the insertion of iron to convert PpIX into heme, which
controls endogenous production of 5-ALA via a feedback inhibition [30]. Several mechanisms,
including low expression of ferrochelatase in malignant tumours are correlated with higher
concentration of PpIX in the tumour tissue than in the healthy brain [31-34]. Thus, an exogenous
administration of 5-ALA would circumvent the feedback inhibition leading to an intracellular
accumulation of PpIX [31]. In experimental studies, the average ratio of tumour-to-normal tissue
PpIX concentration, estimated from the PpIX fluorescence, varied from 6:1 to 10:1. Angell-Peterson et
al. reported a higher ratio of 200:1 in BD-IX rats bearing BT4C tumours after 5-ALA intraperitoneal
injection [35-39].

Histological examination of human brain tissue samples acquired during ALA-FGR of high-grade
gliomas exhibited a good correlation between the increased fluorescence and the cell density[40].
Moreover, the PplX had a superior localization in high-grade glioma than in low-grade glioma or
normal brain. These results indicated that the PpIX fluorescence was a sensitive tool for the
detection of malignant gliomas [40, 41]. The sensitivity of 5-ALA fluorescence for high-grade gliomas
ranged from 57 to 85%, correlated with the proportion of GBM [6, 42, 43]. False positive tissues
were rare and associated with important inflammatory infiltration [41].

Another benefit of using 5-ALA for PDT is that PpIX was rapidly eliminated from the body, limiting
the risk of skin photosensitization to 48 hours [44]. Elimination of the PS, monitored through
photobleaching, was total: at the end of illumination, the PpIX was photodegraded to below 95% of
its initial level [45]. In contrast, others clinically used PS, mainly Phototofrin® or Foscan®, have left
the patient at risk of toxic reactions following sunlight exposure for several weeks. Moreover,
adverse effects considered to be drug-related to 5-ALA, were rarely reported: they included transient
abnormal liver functions, nausea, and anecdotally generalized oedema requiring monitoring in an
intensive care unit [6, 44-47]. In summary, due to its high tumour selectivity, short half-life and low-
level side effects, 5-ALA presented many of the characteristics we have identified for an ideal PS and
should be intensively explored in the context of brain PDT for high-grade gliomas.

b. Experimental models used in PDT of gliomas

To date the experimental studies of PDT of glioblastoma have mainly been carried out in vitro on cell
cultures or on multicell tumour spheroids. Spheroids were relevant in vitro models of glioma due to
their three-dimensional spatial variations in oxygenation, nutritional, metabolic and proliferation
status [37, 48-51]. They were able to mimic many characteristics of solid tumours and the observed
trends could be reproduced in animal models. Moreover, glioma cells may be used in vivo after their
stereotactic graft into animals brain.

The histological features of some experimental animal models of glioma, including syngeneic and
xenogeneic models, were analyzed (Table 2) [52-54]. U87and U251 human GBM cells and GL26,
CNS1, C6 murine cells were the most commonly reported. U87 human tumours exhibited profuse
angiogenesis and a panel of marker proteins [55], allowing therapeutic test approaches that target
neovascularization and immune reaction. Thus, xenotransplantation of U87 cells into rat brain



provided a simple and well-defined rat model of fast-growing glioma for experimental studies of
human malignant brain tumours.

Due to the lack of glial tumour for rabbits, VX2 carcinoma was chosen for its characteristics relevant
to human GBM [56, 57]. Dogs bearing spontaneous GBM, such as Boston terriers and Boxers, could
be an attractive large animal model but the possibility of recruiting GBM bearing dogs remains
challenging [52].

In summary, the experimental models most commonly used in PDT of gliomas are: C6/CNS1/BT4C
murine xenografts, human cells U87/U251/ACBT xenografts, 9L gliosarcoma and VX2 rabbit
tumours.

3. Review of experimental results
a. Photochemistry:

Once a PS is illuminated with an exciting light source tuned at the absorption wavelength of interest,
the ground state of the PS is excited to a singlet state of higher energy. Most PS has these two modes
of relaxation: 1) emission of a fluorescent photon and 2) formation of a photochemically active
molecule [14, 16].

On the first hand, the PS returns to its ground state by emitting a fluorescent photon. On the other
hand, the relaxation mode from excited to ground state consists of an intermediate system with a
sequence of photochemical responses, known as type I or type Il reactions. These reactions generate
highly reactive oxygen species from the PS, particularly a singlet oxygen (102), which in turn leads to
cell death. The reactive molecules released in the cells cause mitochondrial and nuclear DNA
damages. The analysis with chromatography or spectrophotometer of porphyrin after 5-ALA
administration showed a high majority of PpIX [38, 58]. The study of PpIX kinetic was facilitated by
the use of its fluorescence properties.

b. 5-ALA pharmacokinetics and biodistribution:

Vanderveen et al. showed a correlation between the fluorescence intensity of PpIX and the dose of
administered 5-ALA [59]: the fluorescence kinetics after oral ALA administration was similar to that
after intravenous administration, although a higher dose was necessary to achieve the same tissue
concentration of PpIX [60]. The concentration in brain tumour was higher than in normal tissue, and
adequate for an efficient PDT [40, 61].

The time course distribution of fluorescence intensity in the rat brain tumour and vasogenic oedema
was investigated and showed a peak in intensity between 3 to 6 hours after systemic 5-ALA
administration. In the same manner, the optimal timing of fluorescence imaging of 5-ALA-PDT of
brain tumours was determined to be within the period of 3-6 h, for best efficacy and selectivity [39,
61, 62]. Beyond the period of 6 h, maximum fluorescence was detected at the area of the oedema
surrounding the tumour. The metabolism of 5-ALA to porphyrins in normal brain tissue was
negligible but notable fluorescence could be detected within white-matter tracks. The factors
involved in the distribution of PS in the oedema may be the transport of porphyrins made in the
tumour by bulk flow [18, 38, 39, 61, 62] and the high sensitivity of porphyrins to the connective
tissue components [63, 64]. But the risk of diffusion of PpIX would be limited to 1.5 mm around
tumour in the brain. Such a diffusion length is acceptable in clinical therapy since this area
corresponds to an infiltrating tissue [39, 61].



c. ALA distribution in the tumour:

The evolution of fluorescence after 5-ALA administration indicated that the production of PpIX could
be heterogeneous in the tumour [38, 39, 65]. Images of PpIX fluorescence in spheroids displayed a
heterogeneous distribution, with higher intensity in outer rim, according to their three-dimensional
variations [48]. In other studies, the fluorescence was often found to be homogeneous in tumour
bearing rats. However, a number of studies reported different patterns [38, 39, 65]. An increased
production of PplX was visible in the tumour margins in the 9L tumours whereas the fluorescence
was confined to the bulk tumour tissue in C6 and U251 tumours. The presence of PpIX in the tumour
margin could be linked to the extensive perivascular infiltration, which characteristics the 9L
tumours [38]. The fluorescence in C6 central region was often patchy with non-fluorescent areas
due to necrosis. Note that in case of fluoro-guided surgery, this observation may be of minor
relevance because necrosis can easily be distinguished [39]. However interstitial PDT in these
conditions could lead to an incomplete destruction of the tumour with early recurrences.
Systematically administered 5-ALA did not accumulate in sufficient quantities in infiltrating cells of a
normal brain that is protected by an intact BBB [66]. These isolated cells posed a greater concern as
they account for tumour recurrence [5]. Nonetheless, PDT could induce a significant immune
reaction and be associated with a new therapy, which might Kkill isolated tumour cells that initially
survived to PDT [45, 67-70].

d. Effectsof PDT
i. Effects of PDT on Glioma:

Selective damages of experimental gliomas as a result of ALA-PDT have been reported [61].
Photodynamic damages were observed at the site of the tumour, which was previously determined
on MR imaging, without significant lesion in the normal brain [61]. Thus, ALA-PDT was found to
reduce the tumour residual volume after surgery, delay the recurrence and increase survival of
tumour bearing rabbits [71]. However no direct effect of PDT could be found in tumour cells
infiltrating normal brain with an intact BBB [66]. Moreover in some cases, residual foci of tumour
cells were contained within the apparently damaged tumour tissue, which supported the results of
the studies of the PplIX fluorescence distribution [37, 38, 61, 72].

The three main mechanisms of PDT-mediated tumour destruction included 1) direct cellular toxic
effect, 2) vascular damage and 3) immune reaction.

The direct PDT effects seemed to depend on illumination regimen: acute ALA-PDT preferentially may
induce necrosis whereas extended PDT may enhance induction of apoptosis [36, 57, 73, 74]. The
cytotoxic damages instigated the inflammatory and immune responses participating in the tissue
destructive action. Thus they induced the development of an adaptive immune response associated
with efficient recognition of tumour antigens. Some studies had also shown the existence of immune
memory cells corresponding to long lasting systemic immunity [75, 76].

Vascular effects varied with different PS. For instance, HpD mediated PDT caused vessels
constriction and thrombus formation by platelets activation and release of thromboxane [77]. These
effects included components related to damage of the vascular endothelium. In contrast, ALA-PDT
may lead to vessel constriction by a decrease of nitric oxygen concentration without endothelial



lesion [78]. Microvascular collapse could lead to persistent post-PDT hypoxia and could contribute to
long-term tumour control [79].

Moreover, photo-oxidative lesions generated by PDT resulted in a rapid cell death that alerts host’s
immune system [15, 70]. Hence, tumour PDT induced a strong host response mediated by innate
immune system and characterized by inflammatory and acute phase responses that led to the
development of adaptive immune response recognizing the treated tumour as its target [70].

Finally, ALA-PDT could affect the invasiveness of GBM. In vitro, this mechanism seemed to be
independent of direct phototoxicity because the viability of cells remained high. The changes
induced in cytoskeleton and in the expression of molecules involved in matrix invasion might cause
suppression of migratory and invasive capacities of tumour cells in spheroids [49, 80]. These
mechanisms may be affected by fluence rate for a given total light dose. These appeared to be a long
lasting effect but their fundamental mechanisms were not well understood [49, 80].

ii. Effects of ALA-PDT on normal brain:

In the experimental conditions considered, no significant damage to normal brain was induced in
response to 200 J/cm?, the highest dose of ALA-PDT used in clinical settings [61]. The same results
were demonstrated in a model of vasogenic oedema with the same PS. In contrast, Photofrin®
mediated PDT in the same model potentially caused extensive damages in the normal brain with
neurological deficits [23]. With higher power, some histological changes such as hemorrhages,
intravascular thrombosis, and death of neurons appeared in normal brain [36, 61, 81].

Finally, the risk of light induced thermal effects was investigated. This thermal effect seemed to
potentiate the efficacy of PDT [82, 83]. Several studies noted that temperatures above 44 °C were not
tolerated by the brain [84]. However maximal temperature elevation of 42-43 °C could be reached in
rats model, without any damage observed [21, 85].

iii. ALA-PDT induce oedema:

5-ALA-PDT generated cerebral oedema, which could be of two types. In tumour and brain around
tumour, it seemed to be cytotoxic oedema with poor response to steroids. Vasogenic oedema might
progress in ipsilateral normal brain after illumination [86, 87]. The use of steroids resulted in a
dramatic decrease in this oedema. Consequently, PDT should be restricted to small tumours or after
surgical cytoreduction. In case of no-surgical tumour with significant mass effect, PDT may lead to
decompensation of an increased intracranial pressure [86-88].

e. Illlumination schemes:

Several illumination designs had been investigated to improve the efficacy of PDT. Indeed, high
fluence rates, such as 26 ] of radiant energy at 30mW, in rat models, resulted in rapid depletion of
tumour oxygen, reduced the primary cytotoxic process of PDT and affected tumour control [89, 90].
Potential solutions to this problem included the use of other light delivery schemes, such as low
fluence rate PDT (for example 26 ] at 4.8mW in rat models), metronomic PDT [57], repetitive PDT or
fractioned PDT.

In vitro, low fluence rate (FR) protocols could induce an increased tumour growth inhibition (from
20% with high FR to 90%)[50]. Low-FR ALA-PDT, preserving the oxygen level, may improve the



survival and the volume of necrosis volume of tumour-bearing animals [37]. Moreover, this regimen
resulted in the generation of inflammatory and apoptotic response in tumour bearing animals[37,
91].

The combined delivery of both PS and light at low FR during an extended period, also referred to as
metronomic PDT (mPDT), was also reported [92]. The aim was to increase selective apoptosis to kill
tumour cells. This required prolonged illumination with implantation of an optic fiber for several
days. The light was applied continuously either with an ultra low FR or in repetitive illuminations. In
the case of ALA-PDT, additional administrations of PS were required because of the photobleaching
mechanism and rapid elimination of the PS by the patient. Only a limited number of studies were
available, but the first experiments in tumour-bearing rabbits appeared promising and technically
feasible [56,57,93].

Repetitive ALA-PDT separated by several weeks also proved its efficacy in spheroids and rat
models[94, 95]. The in vitro response to repetitive treatment at relatively long intervals (weeks) was
better than either daily fractioned PDT or single-treatment regimens [95, 96]. Thus a single PDT
treatment may not be sufficient to prevent recurrence, because of the short doubling time of
malignant gliomas. However a repetitive illumination required to leave a fiber-based device during
several weeks, or to insert a new tip at each illumination. In contrast, light fractionation with a
short-term interval could be easily achieved and produced beneficial results. In animal models of
breast and ovarian cancer, the schemes with one or more interruptions of few seconds or minutes
were promising [50, 59, 97, 98]. They may reverse vasoconstriction induced by PDT and allow
reoxygenation during the dark period, leading to more reactive oxygen species formation. Fractioned
illumination seemed to be more effective than continuous light to increase necrosis, but the results
remained controversial [99-103]: in the normal rat colon, the area of PDT necrosis could be
increased by a factor of three with a fractioned illumination [99], but some studies using Photofrin®
or m-THPC showed no benefit in gliomas [102, 104]. Therefore further investigations about 5-ALA-
PDT will be required in GBM models, since this effect seemed to be dependent on the PS used [59, 99,
105].

f. Experimental data on oxygen

Oxygenation status seemed to be the main factor limiting PDT efficacy related to the formation of
reactive oxygen species [106]. Malignant gliomas are indeed notable for areas of necrosis and
hypoxia, due to a highly abnormal vasculature [107]. In addition, vasoconstriction induced by PDT
treatment increased local hypoxia, which interfered with the effects of PDT. In vitro, the oxygenation
status of spheroids strongly determined the efficacy of PDT [51]. In some studies, animals were
subjected to hyperbaric oxygen during Photofrin®-PDT for breast tumour. Hyperoxygenation could
then improve PDT efficacy by oxygenating both preexisting and treatment-induced hypoxic cells
[108-110]. Modulation of light delivery as low FR, metronomic PDT or fractioned PDT constituted an
attempt to address this issue but the management of such protocols could be difficult in clinical
settings.

g. Other ways of research

iv. The Photosensitizer:

Some strategies had been developed to facilitate the transport of ALA across the BBB in order to
increase the efficiency of ALA-PDT. Various ALA esters with higher lipophilicity had been



investigated as PS in pre-clinical models [48, 111, 112]. It had been shown that ALA hexylester
reduced the dose required for a given level of PpIX production [111, 112]. However, as a result of the
possible poor specificity of ALA-esters for brain tumour tissue, an accumulation of PpIX in white
matter could be observed [113]. The more lipophilic ALA-esters that penetrated through the BBB
better than the polar ALA had a higher affinity for the lipid-rich white matter. Due to a non-specific
accumulation of this PS in white matter, this approach appeared unsuitable for the treatment of
gliomas.

Thus, to improve transport across the BBB, the treatment was performed with direct intratumoural
injection of 5-ALA [66]. However, this mode of drug delivery was associated with high toxicity, high
mortality and poor efficacy, as a result of rapid ALA diffusion in the brain parenchyma. In contrast,
the delivery vehicles such as liposomes or nanoparticles showed promising results but remain to be
investigated with 5-ALA [114].

Others studies investigated various strategies to improve the accumulation of PpIX in tumour cells.
The combinations of ALA-PDT with iron chelator to prevent the formation of heme and the inhibition
of ferrochelatase have shown interesting results by increasing the concentration of PplIX in tumour
[108, 115, 116]. In contrast, both steroids and Phenytoin, common therapeutic molecules used in the
management of GBM, could reduce ALA uptake and PplX production [117, 118].

Finally, the combination of two different PS has been proposed to improve the global effect of PDT.
The association of ALA and Photofrin® was investigated for the possible combination of their
specific targets [22, 119]. Endogenous PpIX is mainly formed within the mitochondria of tumour
cells. Initial damage after illumination occurs in these cellular components [120]. In contrast,
Photofrin® was known to distribute mainly in the vascular stroma of the tumour. It led to the
destruction of the vascular system during light exposure [121-123]. Therefore, tumour eradication
would be more efficient with both interstitial and vascular targets [119].

v. Vascular and immune effects:

The vascular and immune PDT effects have also been investigated, in particular with Photofrin®-
PDT. PDT-induced cell hypoxia could limit the efficacy of this treatment as a result of vascular
damage and photochemical oxygen consumption. Hypoxia may result in angiogenesis within rat
brains, and subsequently, contribute to tumour regrowth [124, 125]. Several reports demonstrated
that therapeutic doses of PDT could induce expression of HIF-1a and vascular endothelial growth
factor (VEGF) and endothelial cell proliferation [125, 126]. Thus, the combination of PDT with anti-
angiogeneic molecules may suppress angiogenesis, reduce tumour volume and prolong survival time
of glioma xenograft animals [124, 126, 127]. These results were promising but other investigations
are required to pinpoint these effects, especially with ALA-PDT.

PDT induces others tumour promoting factors as nuclear factor-kappaB (NF-KB), a transcription
factor implicated in the regulation of many cellular processes and in the activation of anti-apoptotic
factors in GBM. PDT combined with NF-KB inhibition may improve glioma cell death in animals
[128]. On the other hand, PDT stimulated the immune response by inducing heat-shock proteins, and
cyto- and chemokines [70, 129]. These elements led to the development of adaptive immune
response based on the recognition of antigens of PDT-treated tumours. Thus, PDT could be exploited
for the generation of additional tumour vaccines. Such treatments had been developed in vitro from
PDT treated tumour cells and several studies had confirmed the efficacy of these vaccines generated
by Hematoporphyrin-PDT in animal models [69, 130, 131]. Further improvements are needed to



maximize the protocols for the generation of these vaccines before their use in personalized
medicine.

4. Discussion
a. U87 human GBM xenografts model

The U87 tumours failed to exhibit two hallmarks of the spontaneous GBM in human. Only small foci
of necrosis were occasionally detected and their invasion pattern was not as diffuse as those in
human GBM. Nevertheless, the U87 human tumours were characterized by profuse angiogenesis,
which is the third histological feature of GBM [52]. Only few studies focused on the effects of ALA-
PDT on the U87 human GBM xenograft models, but they proved to be useful when assessing GBM
neovascularization. Previous studies showed that low dose PDT could induce the proliferation of
endothelial cells and the expression of VEGF in the brain adjacent to the tumour. Importantly, the
efficacy of PDT may be diminished by its pro-angiogenic effects, which subsequently contribute to
tumour regrowth [124, 126]. Therefore, the U87 tumours could be useful in the evaluation of new
anti-angiogenic therapeutic approaches or fractioned illumination that involved vascular
mechanisms.

To our knowledge, no study has reported the uptake and distribution of the PpIX in the U87 human
GBM xenograft models. Hence, it seems to be a prerequisite before the use of this model for PDT.

b. Advantages of ALA induced PplIX.

5-ALA has been authorized in the European Union for the FGR of malignant glioma since 2007. In
contrast to Hpd or m-THPC, the side effects of ALA were mild at the recommended dosage [18, 19,
44]. ALA induced PPIX are natural compounds that are rapidly cleared from normal tissues, limiting
skin photosensitivity to 1 or 2 days. Moreover, some studies demonstrated that ALA displayed a good
tumour-selective uptake with high tumour to normal brain ratios while PpIX was not detectable in
the normal brain after 5-ALA administration in healthy rats [35-39]. However, in some cases,
porphyrins had been found into white matter fiber tracts bordering the tumour of GBM xenograft
model [38, 39, 45, 61, 72]. This could be advantageous for applications in frontal tumour with an
extension in the corpus callosum, in which PpIX could follow the white matters tracts and the PDT
would have a higher efficacy than surgery alone. But in most cases, the PpIX spreading from the
tumour was limited and the effects on normal brain were negligible.

In the same way, ALA-mediated PDT induced a lower oedema reaction than HpD-PDT for a given
light dose. But some authors reported a significant cerebral oedema in response to ALA-PDT, even
though morphological damages were restricted to tumour tissue [86, 87, 132]. This oedema could be
dangerous after an interstitial PDT as it may result in increased intracranial pressure and respond
only partially to steroid treatments. Furthers experimentations are still required to explain this
phenomenon, especially as the light regimen could affect the development of oedema by following
the pattern of cell death. In contrast to necrosis, apoptosis is characterized by the lack of
inflammatory reactions and associated oedema. The rate of PDT-induced apoptosis may depend on
the PS used and the illumination regimens [37, 73]. The modulation of light dose in association with
a steroid treatment could be very useful to prevent oedema[21].

In an effort to improve the efficacy of PDT, the combination of two PS had also been proposed. The
association of two PS seemed to hold several advantages. First, this approach combined both



vascular and interstitial targets of PS. Moreover, ALA-mediated PDT was highly effective in opening
the BBB in a limited region surrounding the tumour, which containing infiltrating tumour cells [132].
It may also allow an additional PS to reach these cells and increase the efficacy of PDT [86, 87, 132].
Finally, these associations had been used in FGR followed by PDT of the surgical cavity during a few
days. Eljamel et al. used ALA-FGR to reduce the gross tumour, immediately followed by repetitive
illumination while the Photofrin® is still active in the remaining tumour cells [22]. Prolonged
illumination could be limited with 5-ALA alone because of its short lifetime. Moreover, iterative
administrations of 5-ALA could result in systemic toxicity [44]. Rather than such a prolonged
treatment, fractioned illumination could easily be implemented in ALA-PDT of GBM. It consists in
alternating light delivery into periods of “on” and "off" to allow tissues reoxygenation. It had shown
an efficacy in non-Central Nervous System (CNS) Cancer [97-99]. This scheme had the potential to
increase the amount of necrosis produced by PDT by a factor of three by short interruptions of the
illumination [99, 101]. This improvement afford by fractioned light delivery seemed to depend on
the PS used. Some studies had demonstrated the greatest improvement with ALA in non-CNS cancer
[59, 99, 105]. No benefit with m-THPC or Photofrin® sensitization was found in GBM [102, 104]. But,
to our knowledge, no study had reported the effect of ALA-mediated PDT with fractioned
illumination on GBM. Therefore further experimentations would be valuable.

In addition to cytotoxic effects, other mechanisms during ALA-mediated PDT may be involved in
long-lasting stabilization.

First, ALA-mediated PDT may interfere with the invasiveness of GBM, affecting the migratory and
invasive activity of glioma cells. This effect is mediated by changes induced in the cytoskeleton and
the expression of molecules involved in matrix invasion. It could also delay recurrences [49, 80].
However, a study reported an opposite effect of Photofrin®-mediated PDT into sensitized normal
brain in a mouse model. Sub-lethal dose of Photofrin®-mediated PDT may facilitate U87 tumour
growth and invasiveness through the microenvironment changes [133]. Due to these conflicting
reports, further investigations are needed to determine the potential increased tumour cell
migration following PDT.

Secondly, ALA-mediated PDT could increase tumour cells destruction via the activation of an
immune response. Some studies suggested that it might induce the expression of cytokines and heat
shock proteins (HSP) in response to oxidative stress [69, 70, 129]. The immune responses can act
upon the cells that have not been killed by direct phototoxic effects, or be targeted by tumour vaccine
or immunotherapy [69].

¢. Optimization of PS and light delivery

Given the high inter-patient variations, it was necessary to enhance the individual dosimetry
technique to avoid under-treatment. It should measure the real energy absorbed by the target tissue
and the surrounding tissue, in association with the dose of PS and oxygen status. This concept
required considering the heterogeneous optical properties, PS uptake, and light distribution [46,
134]. Some approaches presented a significant potential but optimizations were required to obtain a
suitable procedure. A different approach could consist in using a device to measure PO; in tumours,
to evaluate whether sufficient light has been delivered [100, 135]. Indeed, it seemed that a
documented decrease in PO at the time of treatment might be a valuable predictive value of
necrosis. Khan et al have coined this technique "oximetry for chemotherapies” [100, 135]. However,
treatment monitoring remains in its infancy. Moreover, the development of software and devices for
the treatment-planning and stereotactic implantation procedures will be needed. In the same way



that implantable balloon applicators were used for the tumour cavity illumination [136], implantable
cannula or screw could secure the optical fiber path during iPDT.

Although ALA was considered safe, ALA-mediated PDT may have serious side effects such as
significant hyperthermia. Even if unexpected activation of ALA outside the tumour tissue apparently
never occurred [39, 61, 62, 85], the development of oedema induced a risk of increased intracranial
pressure. This oedema seemed to depend on the PS used and the light regimen [86, 87, 132].

After all, the delayed effects of these treatments were not completely elucidated and some authors
suggested reverse effects such as the stimulation of tumour regrowth and invasiveness [49, 80].

5. Conclusion

We presented here an extensive review of experimental studies of ALA-PDT in Glioblastoma.
Additionally to standard treatments for GBM, PDT holds great promise toward an improved local
tumour control. ALA is already authorized in European Union for fluorescence-guided resection.
Although ALA-mediated PDT seems to be encouraging, the procedure still requires optimizations.
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Table 1: Properties of the most common PS

PS Ref | Trade name Excitation | Drug-light  Clearance | Side effects
| | Ll [TRIE_ Hinie |
; ! . Skin sensitization for

Porfimer | 12-13 Photofrin® 630 1 48-150H 4-6 WEEKS | several weeks,
sodium (more Poor tumour selectivity
purified form '

| of HpD) : MR IOTTANTACIE, S S ERN CNPTSERC Y. [ kel

, , Levulan® 405/635 Skin sensitization for
ALA-PpIX | 6,32 ! Gliolan® | 4-8H 2 DAYS | few days,

Nausea, Abnormal liver
function tests, anemia

i Skin sensitization for
. BOPP 23-25 630 | 24H 4-6 WEEKS | several weeks,

| (boronated | i ; | Thrombopenia (high
porphyrin) | il = | LIS TR | dose)
| Talaporfin | 26 , 664 | 24H 15 DAYS Skin sensitization for 2
sodium weeks
Foscan® 652 i Skin sensitization for
mTHPC 23 ! | | 48-110H | 15 DAYS few weeks,

. Hemorrhage, Pain in the i
| site of injection :



Table 2: Histological features of some animal models of glioma [52] compared with human glioblastoma features

Human Dog us7 U251/CNS1
Necrosis/Hemorrhage + + = +
Pseudopallisading + + . +
Angiogenesis + + + +
Endothelial proliferation + + 8 .
Invasion + + +/- /-




