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ARTICLE INFO ABSTRACT

Keywords: Glioblastoma Multiforme (GBM) is the most invasive and prevalent Central Nervous System (CNS) malignancy. It
Glioblastoma is characterised by diffuse infiltrative growth and metabolic dysregulation that impairs the extent of surgical
5-Aminolevulinic acid fluorescence resection (EoR), contributing to its poor prognosis. 5-Aminolevulinic acid (5-ALA) fluorescence-guided surgical
iitzgzzgzsomes resection (FGR) takes advantage of the preferential generation of 5-ALA-derived fluorescence signal in glioma
Autolysosomes cells, thereby improving visualisation and enhancing the EoR. However, despite 5-ALA FGR is a widely used
Lysosomes technique in the surgical management of malignant gliomas, the infiltrative tumour margins usually show only

vague or no visible fluorescence and thus a significant amount of residual tumour tissue may hence remain in the
resection cavity, subsequently driving tumour recurrence. To investigate the molecular mechanisms that govern
the preferential accumulation of 5-ALA in glioma cells, we investigated the precise subcellular localisation of 5-
ALA signal using Correlative Light and Electron Microscopy (CLEM) and colocalisation analyses in U118MG
glioma cells. Our results revealed strong 5-ALA signal localisation in the autophagy compartment — specifically
autolysosomes and lysosomes. Flow cytometry was employed to investigate whether autophagy enhancement
through spermidine treatment (SPD) or nutrient deprivation/caloric restriction (CR) would enhance 5-ALA
fluorescence signal generation. Indeed, SPD, CR and a combination of SPD/CR treatment significantly
increased 5-ALA signal intensity, with a most robust increase in signal intensity observed in the combination
treatment of SPD/CR. When using 3-D glioma spheroids to assess the effect of 5-ALA on cellular ultrastructure,
we demonstrate that 5-ALA exposure leads to cytoplasmic disruption, vacuolarisation and large-scale mitophagy
induction. These findings not only suggest a critical role for the autophagy compartment in 5-ALA engagement
and signal generation but also point towards a novel and practically feasible approach to enhance 5-ALA fluo-
rescence signal intensity. The findings may highlight that indeed autophagy control may serve as a promising
avenue to promote an improved resection and GBM prognosis.

Autophagic activity

1. Introduction diffuse nature and metabolic dysregulation impairs the extent of suc-

cessful surgical resection and negatively impacts tumour recurrence [2,

Glioblastoma, a grade IV brain tumour, is one of the most devastating
cancers in humans, with an average patient survival time of 15 months
post-diagnosis [1]. Treatment at diagnosis consists of maximum safe
resection whenever possible, whereby the extent of resection (EoR) is a
major prognostic factor. However, the characteristic infiltrative and

3]. Due to the frequently deep intracerebral localisation of these neo-
plasms and/or proximity to eloquent brain structures, the EoR is often
compromised for the sake of preserving viable and functional neuronal
tissue, so as to prevent neurological damage, thereby further-shortening
the recurrence-free time [4]. The increased incidence of GBM, in
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conjunction with its aggressive nature and poor treatment outcome has
led to the development of techniques and approaches aimed at
increasing the EoR; one of which is based on 5-Aminolevulinic acid
fluorescence-guided surgical resection (5-ALA FGR) representing one of
the major advancements in neurosurgery in the last decades [5].
Metabolically, 5 ALA feeds directly into the haem biosynthetic pathway,
and leads to the preferential accumulation of protoporphyrin IX (PpIX)
within malignant cells — particularly those of higher grade, the reasons
for which are poorly understood. The preferential accumulation paired
with declining blood-brain barrier integrity, facilitates glioma-specific
PpIX accumulation, and improved clinical outcomes have led to
increased implementation of 5-ALA FGR in the management of gliomas.
Indeed, 5-ALA FGR has now become the standard of care in the surgical
management of patients suffering from GBM, particularly in Europe and
the United States of America [6-8].

However, although 5-ALA FGR belongs to the widely-implemented
surgical techniques in GBM resection, the associated fluorescent signal
does not consistently allow for a clear identification of the tumour and
its infiltrating margin. This is often caused by heterogeneity of the
tumour itself, with recurrent tumours frequently emitting only weak
fluorescence signal [9]. Furthermore, 5-ALA-derived fluorescence in-
tensity has been shown to be poorest in the outermost, peripheral re-
gions of GBM tumours in situ [10]. In this sense, infiltrative tumour
tissue is still present in the tumour periphery in approximately half of
cases despite the complete removal of all visible fluorescence (Kiesel
et al. Journal of Neurosurgery; 2018). It is therefore critical to develop
strategies to understand the subcellular organelles engaged with 5-ALA
signal and to possibly enhance fluorescence intensity, so as to delineate
the tumour margin more clearly, particularly in its infiltrative regions.
In doing so, an enhanced visualisation of tumour borders would facili-
tate an improved EoR and consequently improved recurrence-free time.

Molecularly, a clear link between 5-ALA fluorescence and the mito-
chondrial network exists. Studies have shown a role for an increased
abundance of mitochondria in increasing PpIX synthesis following 5-
ALA administration [6]. The major metabolic dysfunction exhibited in
GBM brings about a specific role for autophagy in cancer development
and progression. Autophagy, the process by which long-lived and
dysfunctional proteins are degraded in response to nutrient depletion or
cellular stress, plays a dichotomous role in cancer [11]. Depending on
the stage of tumour growth and progression, autophagy may confer
cancer cell survival by providing metabolites to support high energy
demands or supress tumour progression by promoting gene stability and
removal of degradative products [12-15]. However, despite the
well-established interplay between the autophagy pathway and the
mitochondrial cellular machinery, the relationship between the auto-
phagy compartment and 5-ALA-derived fluorescence signal has not yet
been investigated. In fact, the precise subcellular localisation of 5-ALA--
derived fluorescence signal in GBM cells remains poorly understood,
although evidence suggests a role of mitochondria, regions of exocytosis
and even the plasma membrane [4,16-18]. This study therefore aimed
to firstly characterise the localisation of 5-ALA-derived PpIX in malig-
nant glioma cells at the subcellular level, including the cell’s ultra-
structural context, employing 3-dimensional (3-D) quantitative
fluorescence and colocalisation analyses as well as correlative light and
electron microscopy (CLEM) approaches. To improve clinical trans-
lational value, 5-ALA signal distribution was assessed in a 3-D spheroid
model system, unravelling the relationship between autophagy flux and
5-ALA signal intensity across the glioma sphere. Finally, this study
aimed to investigate the impact of autophagy enhancement on the
magnitude of 5-ALA fluorescence signal generation, using the autophagy
enhancing drug spermidine as well as nutrient deprivation. This study
may implicate that 5-ALA-derived signal enhancement through auto-
phagy induction, as employed in this study, may serve as a point of
departure for clinical implementation to foster improved EoR and sub-
sequent treatment outcome of GBM.
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2. Materials and methods
2.1. Cell culture

U118MG cells were acquired from the American Type Culture
Collection (ATCC, HTB-15 ™) and cultured using Dulbecco’s Modified
Eagle’s Medium (DMEM) supplemented with 1 % Penicillin/Strepto-
mycin (Pen Strep) (Life Technologies, 41 965 039 and 15 140 163) and
10 % Foetal Bovine Serum (FBS) (Capricorn Scientific, FBS-GI-HI-12 A)
and incubated in a humidified incubator (SL SHEL LAB CO5 Humidified
Incubator) at 37 °C in the presence of 5 % CO:.

In order to more accurately model the in vivo cell interactions and
respective cell physiology that typically exists within a tumour micro-
environment, 3-D spheroids were employed and generated using the
hanging drop culturing technique adapted from Ref. [19]. In brief, 20 pL
of filtered complete culture medium containing 2 x 10* cells was
pipetted onto an inverted 90 mm? Petri dish lid which was subsequently
suspended over 16 mL phosphate buffered saline (PBS). Spheroids were
grown for a minimum of 7 days before treatment intervention.

2.2. Reagents and transfection

5-Aminolevulinic Acid and Spermidine (SPD) were purchased from
Sigma Aldrich (A3785 and S0266). Caloric restriction mimetic, Earle’s
Balanced Salt Solution was purchased from Life Technologies (14
155-048). Concentration and duration of exposure to SPD and CR was
guided by previous work where robust autophagy enhancement was
achieved [20,21]. 5-ALA was treated as light-sensitive and prepared in
pre-chilled PBS. Bafilomycin Al was purchased from LKT laboratories
(B0025). GFP-LC3 (Addgene #21073 and GFP-LC3-RFP-LC3AG (Addg-
ene # 84 572) plasmids were purchased from Addgene. For clonal
expansion, bacteria were plated on agar plates using pre-mixed LB broth
with Agar (Sigma, L3147) in the presence of Ampicillin (Roche, Cat #
10 835 242 001) and incubated overnight at 37 °C. Thereafter, inocu-
lation of selected colonies was performed by pipetting bacteria into 5 mL
pre-mixed LB broth (Sigma, L3522) and incubating overnight at 37 °C in
a shaking incubator. Thereafter, 100 mL of fresh LB broth was inocu-
lated with 1 mL of overnight culture and placed back into the shaking
incubator overnight at 37 °C. Lastly, plasmid purification was conducted
using a QIAGEN Plasmid Midi Kit (Qiagen, 12 143) as per the manu-
facturer’s instructions. Following plasmid purification, U- 118 MG cells
were transfected using the X-tremeGENE HP Transfection Reagent
(Sigma-Aldrich, 06 366 236 001). Transient transfection was achieved
according to manufacturers’ guidelines with a plasmid concentration of
165.7 ng/pL in a 3:1 ratio and cell density of 7.5 x 10°.

2.3. Confocal and correlative light and electron microscopy

U118MG cells were transiently transfected with GFP-LC3 and un-
transfected cells stained with 50 nM LysoTracker™ Red DND-99 and
75 nM MitoTracker® DeepRed FM, respectively. Cells were seeded at a
density of 7.5 x 10° cells per 35 mm® confocal dish and allowed to
adhere overnight. Thereafter, transfected cells and those stained with
LysoTracker, were treated with 5 mM 5-ALA for 6 h and fixed in 4 %
paraformaldehyde (PFA) for 10 min at 37 °C. The monolayer was rinsed
with PBS at room temperature and thereafter stored in PBS on ice until
image acquisition was performed. PBS was aspirated before imaging and
cells mounted in Dako fluorescence mounting media. 5-ALA-treated
cells stained with MitoTracker® were imaged live using the top-stage
incubator on the Carl Zeiss LSM 780 PS.1 confocal microscope, pre-
heated to 37 °C. Untreated, control U118MG cells were transfected
and counterstained with LysoTracker® Red and Hoechst 33 342. Cells
were acquired using a 63x magnification oil immersion objective and
Zen® 2012 software. A minimum of 18 cells were acquired per treat-
ment group, with each z-stack including 10 image frames at a step width
of 0.4 pm. Images were deconvolved using the EpiDEMIC plugin
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available in Icy Bioimaging software (http://icy.bioimageanalysis.org/
plugin/epidemic/) ([22] and analysis was conducted using the ImageJ
Colocalisation Threshold plugin. Pearson’s correlation coefficients were
interpreted as follows: r = 0.9-1, very strong correlation; 0.7-0.89,
strong correlation; 0.4-0.69, moderate correlation; 0.1-0.39, weak
correlation, 0-0.09, negligible correlation [23]. Manders’ colocalisation
coefficient represents the fraction of fluorescent signal from one channel
that colocalises with structures on the other channel. Note, there is no
Pearson’s correlation coefficient for the colocalisation analysis between
autolysosomes and 5-ALA signal, because the autolysosome channel was
generated as a mask, hence only indicating absolute intensities. For this
reason only the Mander’s correlation coefficient could be generated as it
is a reflection of co-occurrence of signal from two channels - that is the
fraction of one signal that co-occurs with the other.

Autophagy flux analysis. Stably transfected GFP-LC3-II-RFP-LC3AG
U118MG cells were cultured into 3-D spheroids for a minimum of 7 days,
whereafter they were treated with 5 mM 5-ALA for 6 or 24 h and fixed
using 4 % PFA for 30 min at 37 °C in 5 % CO2. Spheroids were acquired
as z-stacks using the Carl Zeiss LSM 780 x confocal microscope and 10x
magnification using the Zen® 2012 software. The ratio of GFP/RFP is
indicative of autophagy flux, where a low ratio is indicative of a high
autophagy flux and vice versa [24]. For the purposes of visualising the
relative autophagy activity in relation to 5-ALA signal localisation, the
ImageJ Image Calculator plugin was used to determine the ratio of
RFP/GFP. Thereafter a lookup table (LUT) was applied to the ratiometric
micrograph and autophagy flux ‘hotspots’ were represented on the LUT
as areas where the signal ratio was highest. Next, ratiometric images
were overlayed with the channel corresponding to 5-ALA-derived fluo-
rescence to show the localisation of both signals. Transiently transfected
GFP-LC3-I1 U118MG cells were seeded at a density of 7.5 x 10* cells in a
35 mm?> confocal dish and allowed to adhere overnight. Thereafter
transfected cells were treated with 5 mM 5-ALA for 6 h and 400 nM
Bafilomycin Al for 4 h. Control, transiently transfected GFP-LC3 cells
were only treated with 5 mM 5-ALA for 6 h. Live cells were acquired
using the top-stage incubator on the Carl Zeiss LSM 780 PS.1 confocal
microscope, pre-heated to 37 °C, a 63x magnification oil immersion
objective and Zen® 2012 software. A minimum of 3 cells was acquired
per treatment group, with each z-stack including 10 image frames with a
step width of 0.8 pm. Maximum intensity projections were generated
using ImageJ. Cells were delineated as ROIs and the average background
fluorescence signal was quantified as the mean of 3 equal-sized ROIs
acquired using the Image J Measure Plugin. Thereafter, corrected mean
fluorescence intensity (MFI) values were generated as the difference of
each cell’s mean fluorescence intensity and average background fluo-
rescence signal.

Correlative light and electron microscopy. U118MG cells were seeded at
a density of 7.5 x 10* cells in a gridded coverslip dish (Mattek) and
incubated overnight. To assess 5-ALA-derived fluorescence-positive
puncta and autophagosomes, cells were transiently transfected with
GFP-LC3. Cells were then treated with 5 mM 5-ALA for 6 h, following an
addition of 50 nM LysoTracker® Red DND-99 in the last 30 min, control
cells were not treated with 5-ALA. Thereafter, cells were fixed with 4 %
PFA in at 37 °C and rinsed in PBS before being transferred to the Zeiss
LSM 780 confocal microscope. A tile scan was performed at 10x
magnification in order to identify the grid coordinates on the coverslip
and to locate suitable regions of interest. The coordinates of each cell in
the grid block of interest were set and annotated on the Zen® 2012
software to allow for later accurate identification and trimming of the
resin block [25]. Each region of interest was acquired through a z-stack
of approximately 15 micrographs at 63x magnification using a 405 nm,
488 nm and 561 nm laser excitation along with a transmission photo-
multiplier tube (TPMT) channel to assist in subsequent CLEM overlay.
Each micrograph was acquired at a step width of 0.4 pm per image stack.

Electron microscopy sample preparation. After acquisition of the FM
micrographs, cells were further fixed using 2.5 % glutaraldehyde and 4
% formaldehyde in 0.1 M Sorenson’s phosphate buffer at room
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temperature for 30 min. Cells were washed in dH-0 prior to incubation
with the following solutions: 2 % reduced osmium tetroxide on ice for 1
h (made with 1:1 dilution of 4 % OsO4 and 3 % potassium ferricyanide),
Thiocarbohydrazide (TCH) at room temperature for 20 min, aqueous
osmium tetroxide at room temperature for 30 min and an overnight
incubation at 4 °C in 1 % uranyl acetate (Tapia et al., 2012). Each in-
cubation was followed by wash steps using dH20. The next day, samples
were washed using dH-0 and incubated in 0.03 M lead aspartate at room
temperature for 30 min and rinsed dH=0. Next, samples were dehy-
drated in a series dilution of EtOH (20 %, 50 %, 70 %, 90 %, 100 % and
anhydrous 100 %), for 5 min each on ice. The final dehydration step
with 100 % anhydrous EtOH was repeated at room temperature for 10
min. The samples were then incubated in a mixture of propylene oxide
and Durcupan diluted 1:1 at room temperature for 1 h, followed by 2
additional 90-min incubation steps in 100 % Durcupan at room tem-
perature. Lastly, a flat-bottom capsule (Agar Scientific Ltd, Essex, UK,
G3759) was filled with fresh 100 % Durcupan and inverted onto the
selective area previously marked with a permanent marker. This sample
assembly was then incubated at 60 °C for at least 48 h to facilitate
polymerisation. Next, the inverted capsule was detached from the
coverslip, with cells now having been transferred to the Durcupan — and
the resin block was then further sectioned using a Leica UC7 ultrami-
crotome system (Leica Microsystems, Austria) equipped with an Ultra
45° 3 mm diamond knife (Diatome US, Hatfield, PA, USA, MS16427).
Sections of 100 nm thickness were cut and collected on 5 x 5 mm silicon
wafer squares (Agar Scientific Ltd, Essex, UK, G3390). Silicon wafers
were mounted onto 12 mm aluminium SEM specimen stubs using
double-sided carbon conductive tape (AGG3935, Agar Scientific). The
10x magnification tile image acquired during the FM acquisition was
used as a coordinate map and guided the initial visualisation of the cells
on the silicon wafers using the ThermoFisher Apreo Volumescope
FESEM (FEI, Netherlands). Cells of interest were acquired at various
depths in the z-axis to facilitate a more accurate overlay at a later stage
in the CLEM workflow. All micrographs were acquired at an accelerating
voltage of 5 kV and a probe current of 1.6 nA using the T1 trinity de-
tectors with immersion lens use-case in TIF format at a resolution of
3072 x 2034 pixels.

FM and EM micrograph overlays. Electron and fluorescence micro-
graphs were overlayed using the EC-CLEM plugin in Icy Bioimaging
software using a minimum of 25 landmark points of interest to generate
an accurate overlay (http://icy.bioimageanalysis.org/plugin/ec-CLEM)
[26].

Serial block-face scanning electron microscopy (SBF-SEM).
Spheroids were treated with 5 mM 5ALA for 6 h and thereafter fixed in 4
% paraformaldehyde for 30 min at room temperature. Spheroids were
prepared according to the abovementioned EM preparation protocol.
Following resin embedding, the resin block was trimmed to a ROI area of
0.5 x 0.5 x 1 mm using a Leica UC7 ultramicrotome system (Leica
Microsystems, Austria) equipped with a glass knife. Excess epoxy was
trimmed off and fine cutting of the resin block continued with the ul-
tramicrotome, using a diamond knife (Diatome, USA). The block-face
was then sputter coated with 50 nm gold/palladium (Denton Desk V,
USA) followed by another step of ultra-microtoming (100 nm thin sec-
tions) to only expose the sample block-face. The stub was placed into the
ultra-microtome attachment of the Apreo Volumescope and eucentric
calibration of the diamond knife to the block-face was conducted. After
confirming alignment of the sample to the knife, the sample chamber
was closed and pumped to the appropriate vacuum. Image acquisition
was conducted at an adjusted chamber pressure of 0.5 mbar to
compensate for excessive charging of the resin. Under low vacuum, the
VolumeScope Dual Back Scatter (VS DBS) detector was implemented,
using a voltage of 3.00 kV and probe current of 0.20 nA. Region finding
and beam energy alignment was conducted using Xt Microscopy and
Maps 3.9 software (ThermoScientific). A z-width of 50 nm was chosen as
cutting thickness. Sample polishing commenced at 50 nm thickness for
100 slices to confirm a eucentric cutting angle. Thereafter, serial block-
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face data was acquired for a total of 200 slices per sample using the VS-
DBS detector at a pixel resolution of 3840 x 2160 with a scan speed of 2
ps Low electron density regions of each series of SBF images were
rendered volumetrically.

Flow cytometry mean fluorescence intensity analysis. The mean
fluorescence intensity of live U118MG cells was assessed through flow
cytometry using the BD FACSMelody™ Cell Sorter (BD Biosciences). A
total of 15 000 events was recorded for each treatment group, where 5-
ALA fluorescence was detected at an excitation/emission 405/635 nm.
Flow cytometry FCS files were analysed using FlowJo™ Software to
enable gating on the cell population while excluding debris.

2.4. Statistical analysis

Statistical analysis was performed using GraphPad Prism 7.04 soft-
ware for Windows. One-way ANOVA was performed and followed by
Bonferroni’s post-hoc test after normal distribution was confirmed using
the Shapiro-Wilk test. A p value < 0.05 was considered significant.
Results were presented as mean + standard error of the mean (SEM).

3. Results

While 5-ALA is widely established in the clinical setting to guide
surgical resections of GBMs, very little information is known regarding
the subcellular localisation of 5-ALA derived fluorescence and under-
lying molecular mechanisms. Consequently, this study undertook to
establish the precise localisation of 5-ALA-derived fluorescence within
the cell. To reveal the nature of the relationship between 5-ALA and the
autophagy pathway intermediates, 5-ALA localisation to autophago-
somes, autolysosomes and lysosomes was assessed using colocalisation
analysis.

3.1. 5-ALA colocalisation analysis

The colocalisation between 5-ALA-derived fluorescence signal and
GFP-LC3 signal was comparatively weakest amongst the three organ-
ellar structures assessed [0.18 + 0.05] (Fig. 1), when using a Pearson’s
correlation coefficient. However, a large portion of 5-ALA-derived
puncta co-occurred with autophagosomes with a M1 colocalisation co-
efficient of 0.773 [£0.0199] (Fig. 1. A). Notably, autophagosomes dis-
played a low co-occurrence with 5-ALA-derived punctate structures with
a M2 of 0.486 [+£0.0418]. Although the colocalisation of 5-ALA-derived
signal was not as high as that observed in lysosomes, the positive signal
correlation taken together with the colocalisation metrics support the
relation between 5-ALA-derived fluorescence and LC3-positive organ-
elles (Fig. 1. B). Colocalisation of 5-ALA-derived signal with lysosomes
revealed a strongly positive correlation between these two structures,
with a Pearson’s correlation coefficient of 0.73 [+0.03] (Fig. 1. C). This
strong correlation between 5-ALA derived signal and lysosomes was also
visually supported with large 5-ALA positive structures colocalising
strongly with large lysosomal structures (Fig. 1. D). Manders’ colocali-
sation coefficient analysis confirmed that a large portion of 5-ALA
derived-signal co-occurs with lysosomal structures [0.93 + 0.01] and
similarly, lysosomal signal largely co-occurs with 5-ALA-derived fluo-
rescence [0.85 + 0.02]. Taken together it is therefore evident that 5-ALA
signal is largely lysosomal in nature.

Next, we assessed the colocalisation of 5-ALA derived signal with
autolysosomes (Fig. 1. E, F). The subsequent colocalisation analysis
showed that a large portion of 5-ALA signal co-occurred with autoly-
sosomes [0.89 + 0.02] while to a lesser extent co-occurrence of auto-
lysosome signal with 5-ALA puncta [0.57 + 0.06] was observed. This
confirms the involvement of the autophagy pathway and suggests the
existence of a pool of 5-ALA-negative autolysosomes. The biochemical
mechanisms that inform 5-ALA-FGR indicate an integral role of mito-
chondria in the conversion of exogenous 5-ALA to the photosensitising
PpIX; for this reason, we assessed the relationship between 5-ALA-
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derived fluorescence and the mitochondrial network of the cell. Our
results reveal the degree of correlation and colocalisation between 5-
ALA-derived fluorescence and mitochondria, with a Pearson’s correla-
tion coefficient r = 0.375 [£0.07], indicating a weak positive correla-
tion (Fig. 1. G). This correlation is, compared to the other organelles
assessed, indicative of poor co-distribution of mitochondrial- and 5-ALA-
derived signal. Notably, however, the Manders colocalisation co-
efficients were high in value, indicative of a high proportion of spatial
overlap of 5-ALA-derived signal and that corresponding to mitochon-
dria. In addition, the nature of 5-ALA-derived signal was similar to the
punctate signal acquired during characterisation (Fig. S. 2. C, D),
although here it appears slightly more diffusely dispersed throughout
the cytoplasm of the cell (see Fig. 1. H).

3.2. 5-ALA and autophagy flux

Next, a 3-D tumour spheroid model was employed to investigate the
relationship between 5-ALA-derived fluorescence signal and autophagy
flux, taking advantage of this clinically relevant model system stably
expressing the GFP-LC3-II-RFP-LC3AG plasmid. Initial comparison of
the GFP-LC3-II-RFP-LC3AG signal revealed an apparent increase in RFP
LC3AG signal after 24 h of 5-ALA treatment compared to 6 h 5-ALA
exposure (Fig. 2. B, C). Following ratiometric rendering, autophagy
flux hotspots presented as areas where the ratiometric signal was
highest, allowing to visually discern cells with high or low autophagy
activity. Notably, an increased 5-ALA-derived fluorescence signal in-
tensity in the central regions was observed, corresponding to cells with
relatively high autophagy flux, with increased 5-ALA signal also in areas
of the spheroid periphery. More of such overlapping signal hotspots
were present upon 24-h 5-ALA treatment intervention (Fig. 2. C, E).
Mean fluorescence intensity analysis and quantification revealed that
spheroids treated with 5 mM 5-ALA for 24 h displayed the most drastic
increase in autophagy flux, showing the lowest GFP/RFP ratio — albeit
not reaching significance (Figs. STA and B).

Correlative light and electron microscopy (CLEM) was employed to
investigate the ultrastructural context of 5-ALA-derived fluorescence
signal, given the results reported in the previous section. Our results
reveal that 5-ALA exposure resulted in a disruption of the cytoplasmic
environment, supported by the presence of large vacuolar structures
occupying a major portion of the cytoplasm and overall scarcity of
mitochondria. Autophagosomes were observed scattered predominantly
in the peripheral regions of the cells, particularly when compared to the
apparent abundance of lysosomes. Further qualitative comparison of the
fluorescence signal corresponding to autophagosomes and lysosomes
showed highly distinct size differences, specifically the larger lysosomes,
upon 5-ALA exposure (Fig. 3 I, ii). Lysosomes showed a distinctively
high electron density when compared to that of the cytoplasm (Fig. 3C1,

Initial assessment of cells treated with 5 mM 5-ALA revealed that
distinct changes in cellular cytoplasmic arrangement and contents were
induced (Fig. 4). Notably, a visible increase in the number of autopha-
gosomes was apparent upon 5-ALA treatment when compared to control
cells (Fig. 4 A, i). Further assessment of 5-ALA treated cells showed
increased cytoplasmic disruption evident by the relative increase of
Furthermore, a clear relative increase in vacuoles scattered throughout
the cell with no specific relation to the identity of autophagosomes, ly-
sosomes or 5-ALA puncta was observed (Fig. 4 B).

Most importantly, and in agreement with the colocalisation analysis,
large lysosomal structures showed a strong association with 5-ALA-
derived fluorescence. Punctate structures positive for 5-ALA signal
overlapped with lysosomes. Strongest 5-ALA fluorescence typically
originated in punctate structures that overlapped with mainly signal
from autolysosomes (Fig. 4C (i)) and to a lesser extent, autophagosomes
(Fig. 4C). Electron micrographs shown depict electron-dense vesicles
corresponding to 5-ALA-derived fluorescence containing clusters of
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Fig. 1. A) Pearson’s correlation coefficient r, Manders colocalisation coefficients 1&2 from GFP-LC3 transfected U118MG cells following 6-h 5 mM 5-ALA treatment,
N = 18-22. B) Representative micrograph of U118MG cells indicating GFP-LC3 signal after 6-h 5 mM 5-ALA treatment. C) Pearson’s correlation coefficient r,
Manders colocalisation coefficients 1&2 from U118MG cells counterstained with LysoTracker® Red following 6-h 5 mM 5-ALA treatment, N = 18-22. D) Repre-
sentative micrograph of U118MG cells indicating LysoTracker® Red counterstaining (painted cyan) after 6-h 5 mM 5-ALA treatment. E) Manders colocalisation
coefficients 1&2 from U118MG cells indicating autolysosomes (mask rendered GFP-LC3 and LysoTracker® Red colocalisation, painted in yellow) after 6-h 5 mM 5-
ALA treatment, N = 18-22. F) Representative micrograph of U118MG cells indicating mask representing autolysosomes after 6-h 5 mM 5-ALA exposure. G) Pearson’s
correlation coefficient r, Manders colocalisation coefficients 1&2 from U118MG cells counterstained with MitoTracker® DeepRed following 6-h 5 mM 5-ALA
treatment, N = 18-22. H) Representative micrograph of U118MG cells indicating MitoTracker® DeepRed counterstaining (painted gold) after 6-h 5 mM 5-ALA
treatment. Scale bar: 10 pm. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

material that appear membranous in nature (Fig. 4C (i)).
3.3. The effect of 5-ALA on cellular ultrastructure in GBM spheroids

Next, we further investigated the effect of 5-ALA exposure on
U118MG spheroids in terms of ultrastructural arrangement and detail.
Serial Block Face Scanning Electron Microscopy (SBF SEM) was per-
formed, to visualize the entire sphere, revealing its core ultrastructure
(Fig. 5 A, B). EM analysis revealed a loosely organised periphery in
control spheres, while in 5-ALA exposed spheres, a dense, more highly
packed cellular arrangement emerged, with a less apparent electron-
dense periphery in comparison to the well-defined, electron-dense pe-
ripheral region in control spheres (Fig. 5 A, B). Long, interconnected
segments of the mitochondrial network were observable in control
spheroids, interspersed between spherical mitochondria with partially
disrupted cristae (Fig. 5C). Intriguingly, spheroids treated with 5 mM 5-
ALA for 6 h showed a distinct disruption of mitochondria and revealed
substantial evidence for the induction of mitophagy (Fig. 5 D). In
addition, mitochondria and double-membrane structures were rear-
ranged in a highly convoluted fashion around strikingly rounded and
shrunken mitochondria that appear to lack cristae (Fig. 5 D). It was
further evident that 5-ALA treatment disrupted the overall cytoplasmic
organisation of the cell.

To characterise the effects of 5-ALA treatment on the overall
morphological integrity of 3-D spheroids, SBF-SEM was employed to
acquire entire spheroids and reveal their ultrastructure in 3-D. Sub-
stantial abundance of structures low in electron density, likely massive
vacuolar structures, were observed following volumetric rendering
(Fig. 5 E, F). A robust effect of 5-ALA exposure on both size and abun-
dance of these structures was observed, indicated by their increase in
volume and number (Fig. 5 F). When comparing these vacuolar struc-
tures, it was noted that control spheres are characterised by small,
widely dispersed structures throughout the core (Fig. 5 F), while, in
sharp contrast, 5-ALA exposure resulted in an increased number of
larger, vacuolar structures more densely arranged within the core.

Further interrogation of the cellular ultrastructure of control
U118MG spheroids using high resolution SBF-SEM showed a distinct
status of the mitochondrial network in cells that form part of the outer
proliferative layer (Fig. S3 A). Here we observed round mitochondria
with disrupted cristae as well as elongated mitochondrial structures in
and amongst an electron dense, highly disrupted cytoplasm. Further-
more, an indication for a necrotic core was provided due to the presence
of lucent cytoplasm, cytoplasmic and organelle swelling and nuclear
degeneration (Fig. S3 B). In contrast, further investigation of the ultra-
structure of the mitochondrial network following 5-ALA treatment
revealed a highly disrupted mitochondrial network comprised of pri-
marily round mitochondria with indistinguishable cristae (Fig. S3 C, D).
In addition to mitochondrial disruption, large, vacuolar structures low in
electron density were observed towards the core of 5-ALA treated
spheroids (Fig. S3 D). Additionally, several cells showed evidence for
necrosis — comparatively more than were observed in untreated spher-
oids (Fig. S3 D).

3.4. 5-ALA fluorescence and autophagy induction

To assess the effects of autophagy in 5-ALA signal intensity, two

means of autophagy induction, namely caloric restriction and spermi-
dine exposure, were employed. 5 mM 5-ALA in combination with SPD
caused an increase in 5-ALA fluorescence intensity [104.68 + 1.22 % (p
< 0.05)] relative to cells treated with 5 mM 5-ALA only; where CR
[109.29 + 1.33 % (p < 0.05)] and the combination of CR and SPD
[125.47 +1.33 % (p < 0.05)] treatment showed a much greater increase
in 5-ALA mean fluorescence intensity with the combination treatment
showing the most robust increase. Relative to 5-ALA and SPD treated
cells, treatment groups subjected to CR and the combination of SPD and
CR (p < 0.05) significantly increased 5-ALA-derived fluorescence in-
tensity (p < 0.05), with SPD and CR combination treatment further
increasing fluorescence intensity relative to 5-ALA and CR co-treatments
(p < 0.05) (Fig. 6 A, B). Indeed, SPD exposure showed the lowest relative
increase in mean fluorescence intensity compared to 5-ALA-only treated
cells, whilst cells treated with 5-ALA and CR presented with a relatively
greater increase in fluorescence intensity while the combination of 5-
ALA, CR and SPD treatment caused the highest increase in 5-ALA-
derived fluorescent signal intensity. Finally, bafilomycin Al (Baf) in-
hibits the fusion of autophagosomes and lysosomes, increased accu-
mulation of LC3-II-positive structures is therefore indicative of increased
autophagy flux. Transiently transfected GFP-LC3 cells treated with 5-
ALA and those treated with Baf were imaged to represent the effect of
5-ALA on this pathway (Fig. 6 G, H).

4. Discussion
4.1. 5-ALA localises primarily to the autophagy compartment

Currently, little consensus exists regarding the subcellular local-
isation of 5-ALA. Some studies have relied on the biochemical pathway
analysis and pointed to its mitochondrial localisation, whilst others
indicated exocytosis of 5-ALA after its synthesis [4,17]. Also the plasma
membrane has been suggested with a general cytosolic distribution of
5-ALA signal [16,18]. Consensus however exists that the localisation of
5-ALA derived PpIX is largely dependent on cell type and differs
depending on the disease state [16,18]. Our results revealed specific and
predominant localisation of 5-ALA to the LC3 positive compartment in
glioma cells, which had not previously been shown and led us to further
dissect whether 5-ALA fluorescence was specific to mitochondria and
autophagy pathways intermediates, i.e. lysosomes, autophagosomes or
autolysosomes. Colocalisation analysis along with CLEM analysis
revealed specifically the localisation of 5-ALA primarily to lysosomes
(Fig. 1C, D). Furthermore, we demonstrate the localisation of 5-ALA,
albeit to a lesser extent, with the autophagy pathway intermediates —
autophagosomes and autolysosomes (Fig. 1 A, B, E, F). Our quantitative
analysis of colocalisation through Pearson’s and Manders correlation
and colocalisation coefficients, illustrated the correlation and
co-occurrence of signal on either channel. This enabled a great degree of
precision, revealing the localisation of 5-ALA preferentially to lysosomes
in U118MG cells. Moreover, a significant colocalisation of 5-ALA with
autolysosomes was revealed in this manner, further supporting the
involvement of autophagy in subcellular 5-ALA derived signal local-
isation (Fig. 1 E, F). It remains evident that a relationship indeed exists
between 5-ALA-positive punctate structures and autolysosomes due to
their high spatial colocalisation (Fig. 1 E, F). It was further shown that
5-ALA correlated with autophagosomes to a lesser extent in U118MG
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Fig. 2. A) U118MG cells stably transfected with the GFP-LC3-II-RFP-LC3AG plasmid indicating autophagy flux were used to generate 3-D spheroids with corre-
sponding ratiometric render (pictured right) depicting the ratio of GFP/RFP fluorescence signal. B) Autophagy flux upon 6 h 5 mM 5-ALA exposure with areas of high
autophagy flux corresponding to regions with high 5-ALA-derived fluorescence signal indicated with white boxes. Ratiometric render (pictured right) shows regions
of high autophagy flux and corresponding 5-ALA-derived signal. C) Autophagy flux upon 24 h 5 mM 5-ALA exposure with areas of high autophagy flux corresponding
to regions with high 5-ALA-derived fluorescence signal indicated with white boxes. D, E) Regions of interest show high 5-ALA signal corresponding to areas of
heightened autophagy flux. Scale bar: 100 pm.
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Fig. 3. Fluorescence microscopy (FM) and electron microscopy (EM) micrographs depicting representative 5-ALA untreated U118MG cell. (A, B) Representative FM
and EM image showing overview and regions of interest i.e., lysosomes and autophagosomes indicated with white arrowheads, labelled i, ii, iii, iv. C (i, ii, iii, iv)
CLEM images, FM and EM micrographs showing overview region of representative 5-ALA untreated cell, counterstained with Hoechst 33 342, and zoomed-in regions
of interest highlighted in (i, ii, iii, iv). A (Autophagosomes), L (Lysosomes). FM images acquired using 63 x magnification, scale bars: (A, B, C) 10 pm; (i, ii) 3 pm, (iii)

4 pm, (iv) 2 pm.

cells, despite the high degree of colocalisation with GFP-LC3-positive
puncta (Fig. 1 (A, B)), suggesting the presence of a 5-ALA-negative
autophagosome pool. Indeed, a recent study reported a similar pattern
in 5-ALA signal localisation, supporting our findings of 5-ALA local-
isation to lysosomes. There, a panel of various cell types was employed

to investigate the correlation of 5-ALA with mitochondria, ER, Golgi and
lysosomes [27]. Interestingly, Sasaki et al. [27] reported the highest
amount of 5-ALA produced in MCF7 breast cancer and PC3 prostate
cancer cells, supporting the notion of cell specific 5-ALA metabolism.
Our results reveal a clear role specifically for the autophagy-lysosome
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Fig. 4. Fluorescence and EM micrographs showing U118MG cell following 6-h 5 mM 5-ALA treatment exposure. (A, B) Representative FM and EM image showing
overview and regions of interest, i.e., 5-ALA-positive autolysosomes, lysosomes and autophagosomes, indicated with white arrowheads and boxes, labelled C. C (i))
CLEM images, FM and EM micrographs showing overview region of a representative 5-ALA treated cell and zoomed-in regions of interest highlighted in C, C (i). A

(Autophagosomes), AL (Autolysosome), L (Lysosome). FM images acquired using 63x magnification, scale bars: (A, B) 10 pm; (C) 5 pm and (C (i)) 3 pm.

pathway for 5-ALA derived fluorescence signal generation. In contrast, a
much lower portion of 5-ALA signal associated with lysosomes was re-
ported in both MCF7 and PC3 cells, with highest correlation between
5-ALA and mitochondria in MCF7 cells [27]. Future work is required to
dissect the spatio-temporal behaviour of 5-ALA signal distribution and
its recruitment and localisation to the autophagy pathway in-
termediates. This may also include 5-ALA colocalisation to mitophagy
events.

Our CLEM analysis confirmed 5-ALA fluorescence localisation
largely to the autolysosomal and lysosomal compartment, which appear
as distinctively electron-dense vesicle-like structures (Fig. 4). The
localisation of 5-ALA in GBM cells to lysosomes and autolysosomes is, to
our knowledge novel, and points to this specific pathway being engaged.
We furthermore report that 5-ALA is found in electron-dense lysosomes
and that 5-ALA-positive autophagosomes are markedly more electron
directed or recruited to autophagosomes, autolysosomes and lysosomes,
remains unclear and requires further investigation. Our CLEM 2-D
analysis of U118MG cells did not show well-defined, distinguishable
mitochondria (Fig. 3). Instead, we observed large vacuole-like structures
throughout the cytoplasm along with large lysosomes and autolyso-
somes (Fig. 3 (i-iv), Fig. S2 (i-iii)). This may reflect the typical phenotype
of glioma cells with heightened autophagy activity and already
dysfunctional mitochondria [28-30]. Due to the role of the haem
biosynthetic pathway in 5-ALA metabolism, we investigated the local-
isation of 5-ALA to mitochondria. Indeed, although we observed a high
portion of spatial colocalisation between these structures, taken together
with the low Pearson’s correlation coefficient, this may indicate a mere
moderate correlation of 5-ALA with mitochondria (Fig. 1 G, H).
Collectively, this data suggests a weaker interaction of 5-ALA signal with
the mitochondrial network. This is possibly indicative of 5-ALA-positive
material that has not yet dissociated from the mitochondria to be sub-
sequently engulfed by autophagy intermediates. However, our results
support the notion that both the autophagy machinery and mitochon-
dria are related to 5-ALA derived fluorescence generation and that their
dysfunction, as a component of the specific cancer pathology, may
facilitate its preferential accumulation in GBM cells.

4.2. 5-ALA signal corresponds to areas of high autophagy flux

To better understand the relationship between autophagy activity
and 5-ALA signal generation, we took advantage of a GFP LC3/RFP
LC3AG autophagy flux probe, allowing to observe cells with various
degrees of autophagy activity across a single sphere. Our results
revealed areas of increased autophagy flux, or ‘flux hotspots’ within the
sphere (Fig. 2) where the ratio of GFP LC3/RFP LC3AG was low corre-
sponding to more RFP LC3AG signal relative to GFP LC3 signal [24].
Intriguingly, 5-ALA signal appeared to be more intense at these flux
hotspots, particularly after 24-h 5-ALA exposure (Fig. 2C, E), suggesting
that increased autophagy activity, likely due to an increased number of
autophagy pathway intermediates, corresponds to increased 5-ALA
signal intensity. To our knowledge, this marks the first investigation to
directly associate 5-ALA signal generation with autophagy activity,
supporting the notion of autophagy control in the context of 5-ALA
signal enhancement and thus providing mechanistic insights.

4.3. 3-D spheroid model system shows evidence for 5-ALA-induced
mitophagy

The effect of 5-ALA exposure on the ultrastructural organisation in
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GBM has remained largely unclear, especially in a spheroid model sys-
tem. Therefore, Serial Block-Face Scanning Electron Microscopy (SBF-
SEM) was performed, to characterise the spheroid in its entirety and to
investigate the effects of 5-ALA exposure on cellular and subcellular
organisation and integrity.

Our SBF analysis of U118MG spheres under control conditions
revealed a distinct outer layer of loosely arranged cells (Fig. 5 A) which
may correspond to the previously described proliferating zone [19]. The
outermost border of 3-D spheroids has been suggested to be character-
istic of the highly proliferative tumour margin that is typically in close
proximity to capillaries [19]. To our surprise, these regions were
significantly less prominent in the spheroids exposed to 5-ALA (Fig. 5 B),
indicating potential effects of 5-ALA on the overall spheroid structural
integrity. Upon further assessment at higher magnification and com-
parison of the mitochondrial network, a combination of fused and
round, fragmented mitochondria with disrupted cristae were observed
in control conditions (Fig. 5C). In sharp contrast, the mitochondrial
network in 5-ALA treated spheroids was severely disrupted, indicating
mitochondrial damage (Fig. 5 D). This 5-ALA-induced damage has been
documented in monolayer model systems, however, not in a 3-D model
[6,31-33].

Mitophagy has been described as the selective autophagic elimina-
tion of excess or damaged mitochondria [27,29,34]. Mitochondrial
fragmentation and depolarisation are indeed prerequisites for the in-
duction of mitophagy [29]. Our results reveal severe disruption of the
internal organisation of mitochondrial morphology upon 5-ALA treat-
ment, here the cristae are irregularly arranged with a disintegrated outer
mitochondrial membrane (Fig. 5 D). Typically, cristae are well-defined
extensions of the inner mitochondrial membrane, however GBM mito-
chondria have been described as abnormal with features of swelling and
extensive cristolysis, i.e. the degradation of cristae, and an
electron-lucent matrix [30]. One of the most intriguing observations in
the 5-ALA treated spheres was the evidence for substantial mitophagy
induction (Fig. 5 D). Here, we observed large, highly convoluted inter-
connected networks of double membranes engulfing distinctly circular
mitochondria in response to 5-ALA exposure (Fig. 5). This response
suggests robust induction of mitophagy where whole electron-lucent
mitochondria are engulfed in double membranes [29,30]. Upon 5-ALA
exposure, a multitude of round mitochondria, many of them having
undergone complete cristolysis, were observed (Fig. 5 D). It is unclear
whether the double membrane networks were derived from ER, Golgi or
plasma membrane, since these have all been suggested to contribute to
providing membrane material for autophagy [29]. We further assessed
the effects of 5-ALA on spheroid integrity by volumetrically rendering
the regions low in electron density in the spheroid core. Here, we
observed a marked increase in the number and volume of such regions in
the core of treated GBM spheroids (Fig. 5 E, F) — indicating a role of
5-ALA in compromising overall structural integrity. These observations
support the notion of a potentially beneficial effect of 5-ALA exposure
that could point towards additional treatment benefits when using
5-ALA, especially since a major challenge to cancer therapy is the ability
to achieve drug penetration to particularly the core of the tumour,
contributing to drug and radiation resistance [19].

A further characteristic of cancers is a hypoxic and necrotic core that
is severely metabolite-deprived [19]. The characteristic features of ne-
crosis include swelling of regions in the cytoplasm and cytoplasmic or-
ganelles, along with chromatin condensation [35]. We observed such
characteristics for necrosis in control spheres (Fig. S3 (ii)) and more so
identified necrotic cells towards the core region of 5-ALA treated
spheroids (Fig. S3 (iv)).
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Control

Fig. 5. A) The outer proliferating layer of untreated control spheroids are indicated with white arrowheads alongside higher resolution micrographs of treated
spheroids (B). C) EM micrographs showing ultrastructural detail of cytoplasmic, well-defined mitochondrial network in control U118MG spheroids. D) EM micro-
graphs showing mitochondrial network and altered morphology towards a fragmented ultrastructural phenotype in U118MG spheroids treated for 6 h with 5 mM 5-
ALA. E) Volumetric rendering of regions low in electron density in control U118MG spheroids. F) Volumetric rendering of regions low in electron density, in U118MG
spheroids treated with 5 mM 5-ALA for 6 h. Scale bar: 1 pm and 100 pm.
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Fig. 6. Flow cytometry-based mean fluorescence intensity analysis following 6 h 5 mM 5-ALA treatment of U118MG cells in combination with autophagy-induction.
A) U118MG cells were treated with 5 mM 5-ALA in combination with 3 h 25 % EBSS CR (Caloric Restriction), 24-h 100 pM SPD (Spermidine) and a combination
treatment of 24-h 100 pM SPD and 3-h CR exposure. *p < 0.05 vs. 5 mM 5-ALA, #p < 0.05 vs. 5mM 5-ALA +100 pM SPD, $ p < 0.05 vs. 5 mM 5-ALA +100 pM SPD
+25 % EBSS CR. N = 3, 15 000 events acquired per N. B) Representative intensity histogram showing mean fluorescence intensity of all treatment groups and
untreated control cells. C) Fluorescence micrographs showing U118MG cells treated with 5 mM 5-ALA for 6 h, D) U118MG cells treated with a combination of 5 mM
5-ALA for 6 h and 25 % EBSS for 3 h, E) U118MG cells treated with a combination of 100 pM SPD for 24 h and 5 mM 5-ALA for 6 h, F) U118MG cells treated with a
combination of 100 pM SPD for 24 h, 5 mM 5-ALA for 6 h and 25 % EBSS for 3 h. G) GFP-LC3-transfected U118MG cells treated with 5 mM 5-ALA for 6 h. H) GFP-
LC3-transfected U118MG cells treated with 5 mM 5-ALA for 6 h followed by exposure to 400 nM Bafilomycin Al for 4 h. FM images acquired using 63x magni-
fication, scale bar: 10 pm.
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4.4. Autophagy enhancement increases 5-ALA signal intensity

It is clear at this point that autophagic pathway intermediates are
associated with 5-ALA signal localisation; however, whether autophagy
enhancement may impact signal intensity is not known. Hence, this
relationship was further explored through flow cytometry analysis in
response to autophagy enhancement, using Spermidine (SPD) [36] and
caloric restriction (CR) intervention [37]. Indeed, a significant increase
in 5-ALA derived fluorescence intensity was observed in response to
SPD, CR and combination SPD/CR treatment (Fig. 6 A). Here, the lowest
relative increase in 5-ALA signal intensity was observed in response to
SPD treatment, with CR showing a slightly greater increase relative to
the highest fluorescence intensity observed in response to the CR and
SPD combination treatment (Fig. 6 A, C-F).

As far as we know, the 5-ALA signal intensity-enhancing effects of
autophagy induction using Spermidine and CR have not previously been
shown and provide insights into the mechanisms governing 5-ALA
fluorescence in GBMs. Importantly, this observation could potentially
inform the future development of new workflows for 5-ALA FGR that
incorporates fasting (CR) or SPD treatment prior to 5-ALA administra-
tion given that SPD is available as an over-the-counter supplement and
could therefore be rapidly implemented in the clinical setting [37,38].
Caloric restriction is currently being investigated in its effectiveness in
enhancing cancer immunosurveillance and thereby sensitising cells to
chemotherapy-induced death. These studies are largely based on in
vitro-based experimental findings where CR effectively inhibits tumour
growth [37,39]. It is likely that increased autophagy activity could,
through promoting the clearance of dysfunctional mitochondria,
improve activity in healthy mitochondria, consequently promoting
5-ALA metabolism and increasing signal intensity [40,41]. This hy-
pothesis deserves further investigation.

Taken together, this data suggests that indeed autophagy modula-
tion, through gross signal intensity enhancement, could facilitate
increased 5-ALA signal intensity in poorly fluorescing tumour tissue
areas, i.e. peripheral regions [9]. In doing so, the low infiltrative tumour
tissue at the periphery of GBM that usually shows no visible fluorescence
with the conventional technique might be better identified in the future.
Furthermore, the described increased 5-ALA signal intensity might be
able to visualize the usually non-detectable tumour tissue of low-grade
gliomas during surgery as well. This will result in a distinct increase of
the extent of resection during surgery of both high- and low-grade gli-
omas and thus patient prognosis. Furthermore, the efficiency of photo-
dynamic therapy of recurrent GBM might be dramatically improved by
this approach. In addition, the inclusion of SPD and CR regimen into
GBM management may play a favourable role in reactivating immuno-
surveillance and thereby enhancing sensitivity of GBM cells to the sec-
ondary photochemically-induced oxidative stress and subsequent cell
death induction [2,42]. Taken together, it becomes clear that autophagy
control may serve as an attractive avenue for improving future in-
terventions aimed towards maximizing safe resection of GBMs and with
that an improved prognosis.

5. Summary and conclusion

The here presented 5-ALA fluorescence signal localisation predomi-
nantly to lysosomes and autolysosomes may provide novel insights into
5-ALA-associated metabolism and the mechanisms involved in fluores-
cence signal generation. The key implications include that firstly, the
signal-enhancing effects through autophagy induction suggest that
indeed the autophagy pathway intermediates play a critical role in 5-
ALA fluorescence metabolism and signal generation. Secondly, the
observed mitophagy engagement together with cytoplasmic vacuolisa-
tion in response to 5-ALA exposure points to an additional mechanism of
5-ALA, contributing to a highly disruptive cellular phenotype, possibly
contributing to cell death sensitisation. Thirdly, 5-ALA-treated spheroids
showed more compact proliferative borders, indicating a potentially
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beneficial effect of 5-ALA administration in condensing the proliferative
tumour margins of glioma cells. Finally, and may be most importantly,
5-ALA-derived signal enhancement through autophagy induction using
CR and SPD exposure, as employed in this study, may serve as a point of
departure for clinical implementation to improve EoR and further sur-
gical approaches in the management of GBM. Considering the many
metabolic perturbations that accompany glioblastomas, autophagy
modulation serves as a promising target for improved therapy [43]. A
major need remains to characterise, in more depth, 5-ALA-related signal
dynamics and their potential to facilitate greater EoR, ultimately to-
wards maximal safe surgical resection to improve patient prognosis and
to offset GBM recurrence. The significant increase in 5-ALA signal in-
tensity due to autophagy upregulation lends itself to further incorpo-
rating emerging autophagy-enhancing drugs such as resveratrol or
metformin (Coyle et al., 2016; Ko et al., 2017; Sahra et al., 2010) to
further assess and improve the efficacy of such surgical interventions.
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