
biology

Article

Assessment of 5-Aminolevulinic Acid-Mediated Photodynamic
Therapy on Bone Metastases: An in Vitro Study

Saskia Magdalen Sachsenmaier 1,2,*, Frank Traub 3 , Anna Cykowska 1,4, Rosa Riester 1, Nikolaus Wülker 1,2,
Christian Walter 2 and Marina Danalache 1

����������
�������

Citation: Sachsenmaier, S.M.; Traub,

F.; Cykowska, A.; Riester, R.; Wülker,

N.; Walter, C.; Danalache, M.

Assessment of 5-Aminolevulinic

Acid-Mediated Photodynamic

Therapy on Bone Metastases: An in

Vitro Study. Biology 2021, 10, 1020.

https://doi.org/10.3390/

biology10101020

Academic Editors: Marcus Krüger,

Sebastian M. Strauch and

Peter Richter

Received: 14 September 2021

Accepted: 7 October 2021

Published: 9 October 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Laboratory of Cell Biology, Department of Orthopedic Surgery, University Hospital of Tübingen,
72072 Tübingen, Germany; Anna.cykowska@edu.unito.it (A.C.); rosa.riester@med.uni-tuebingen.de (R.R.);
niko.wuelker@med.uni-tuebingen.de (N.W.); marina.danalache@med.uni-tuebingen.de (M.D.)

2 Department of Orthopedic Surgery, University Hospital of Tübingen, 72072 Tübingen, Germany;
christian.walter@med.uni-tuebingen.de

3 Department of Orthopedics and Traumatology, University Medical Center Mainz, Johannes Gutenberg
University Mainz, 55131 Mainz, Germany; frank.traub@unimedizin-mainz.de

4 Department of Clinical and Biological Sciences, University of Turin, 10043 Orbassano, Italy
* Correspondence: saskia.sachsenmaier@med.uni-tuebingen.de

Simple Summary: Bone metastases are typically associated with a short-term prognosis. Photody-
namic therapy (PDT) emerges as a promising alternative treatment for targeting metastatic lesions.
In this study we investigated the effect of 5-aminolevulinic acid-mediated PDT treatment on both
primary and human bone metastatic cancer cell lines. We found that human cell lines have differ-
ent sensitivity to the same doses and exposure of 5-ALA PDT resulting in two different cell fates,
apoptosis or senescence, depending on the extent of the cellular damage. As such, PDT has potential
applicability in bone metastases of invasive ductal carcinoma.

Abstract: Bone is a frequent site of metastases, being typically associated with a short-term prognosis
in affected patients. Photodynamic therapy (PDT) emerges as a promising alternative treatment for
controlling malignant disease that can directly target interstitial metastatic lesions. The aim of this
study was to assess the effect induced by PDT treatment on both primary (giant cell bone tumor) and
human bone metastatic cancer cell lines (derived from a primary invasive ductal breast carcinoma and
renal carcinoma). After 24 h post light delivery (blue light-wavelength 436 nm) with 5-aminolevulinic
acid, the effect on cellular migration, viability, apoptosis, and senescence were assessed. Our results
showed that bone metastasis derived from breast cancer reacted with an inhibition of cell migration
coupled with reduced viability and signs of apoptosis such as nuclei fragmentation following PDT
exposure. A limited effect in terms of cellular viability inhibition was observed for the cells of giant
cell bone tumors. In contrast, bone metastasis derived from renal carcinoma followed a different
fate—cells were characterized by senescent features, without a notable effect on cell migration or
viability. Collectively, our study illustrates that PDT could act as a successful therapy concept for
local tumor control in some entities of bone metastases.

Keywords: bone; metastasis; photodynamic therapy; photosensitizer; migration; viability; apoptosis;
senescence; minimally invasive

1. Introduction

The incidence of bone metastases in patients with advanced tumor disease has in-
creased in recent decades. After the lung and liver, bone is the third most affected organ
by tumor metastases [1]. The clinical landscape of bone metastases is challenging as they
cause severe pain, bone fractures, spinal cord compression, and implicitly, a sustained
degradation of the quality of life [2]. Currently, radiotherapy is the gold standard for the
treatment of bone metastasis. However, it offers limited and temporary palliation of pain
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and can adversely affect the capacity for soft tissue to repair post-treatment. Addition-
ally, it has been estimated that peripheral nerve damage that leads to progressive muscle
denervation and atrophy occurs in 7–13% of patients after radiation therapy [3,4].

Photodynamic therapy (PDT) has been emerging as a promising way to treat and
control malignant diseases [5–7]. The PDT basic setup is comprised of three essential com-
ponents: photosensitizer (which is preferentially taken up by tumor cells), light source, and
oxygen [8]. Even though none of the individual components are toxic, their combination
initiates a photochemical reaction culminating with the generation of singlet oxygen that
produces a local cytotoxic effect [9]. An asset of PDT treatment is the possibility to place
the optical fiber cable of the light source direct or immediately adjacent to the lesion. This
approach not only enables targeted tumor destruction but also spares the surrounding
soft tissue from collateral damage without interfering with the subsequent wound healing
processes [10]. PDT can be employed either complementary to radiotherapy, which is better
suited for treating larger tumors [11], or a stand-alone therapy. Different kinds of PDT
approaches are currently available, differing in terms of light source or photosensitizer. The
latter directly influences the efficiency of therapy based on its delivery mode and targeting
ability. In cancer therapy, the majority of employed photosensitizers have a tetrapyrrole
structure, similar to that of the protoporphyrin contained in hemoglobin. A new chapter
for PDT was sketched in 1987 by Malik and Lugaci discovery that 5-aminolevulinic acid
(5-ALA) is a biosynthetic precursor of the photosensitizer protoporphyrin IX [12]. 5-ALA
is considered a “pro-drug” and requires to be metabolically converted to protoporphyrin
in order to become an active photosensitizer [13]. Thus, 5-ALA can be topically applied
to tissues, or even administered orally, significantly reducing adverse phototoxic effects
and without the risk of degradation [14]. After oral administration 5-ALA is absorbed
relatively rapidly from the gastrointestinal tract and taken up and metabolized within the
cytosol, driving the enzymatic reactions to increase protoporphyrin IX production [15].
Moreover, 5-ALA is a Food and Drug Administration (FDA)- and European Medicine
Agency (EMA)-approved photosensitizer and licensed for in vivo applications.

Despite the fact that PDT is used in brain [16,17], lung [18], and prostate cancer [19],
it is mainly indicated for early carcinomas without detectable metastases [20] due to low
drug delivery efficiency. In the context of vertebral tumors, PDT was not only effective in
ablating cancerous lesions [21], but also in enhancing the vertebral structure (particularly
when combined with bisphosphonates) [22]. In fact, a recently completed phase I clini-
cal trial showed that the combination of vertebral metastasis PDT and vertebral cement
augmentation is not only safe from a pharmaceutical and neurologic perspective but also
proved highly effective in pain reduction [23]. Such promising results further advocate
for a scale-up study to evaluate the potential PDT efficacy in metastatic treatment [23].
Until recently, the efficacy of PDT in treating a deep-seated tumor was limited due to a low
light penetration depth, low oxygen concentration in the hypoxic core, and poor photo-
sensitizer accumulation inside the tumor. The potential solution is the advancement of
nanotechnology, that is, nanoparticles that carry photosensitizers as well as new techniques
and strategies such as two-photon excitation, chemiluminescence (CL), lamp implantation,
persistent luminescence nanoparticles (PLNPs), and X-rays to activate photosensitizers
at the deep-seated tumor site [24]. Nanocarriers possess the capability of targeting active
cancer cell or mitochondria which improves the photosensitizer accumulation at specific
malignant cells even in the deep-seated tumors [25]. Moreover, recent combination of im-
munotherapy and the use of macrophages as an immunocyte-based drug delivery system
to enhance chemotherapy, PDT, as well as immunotherapy, improved the effectiveness
of the treatment of deep-seated tumors such as bone metastases [24]. Therefore, it is
critical for safety and effectiveness purposes to analyze the PDT influence and effect on
metastatic lesions.

In this study, we aimed to investigate the effects of PDT treatment on both primary
and human metastatic cancer cell lines. Particularly, we investigated both qualitatively and



Biology 2021, 10, 1020 3 of 13

quantitatively the effect of PDT exposure with 5-ALA on cellular migration/invasiveness
potential, viability, apoptosis, and senescence growth arrest.

2. Material and Methods
2.1. Cell Lines

Two primary bone metastases cell lines and one primary bone tumor cell line were
subjected to investigations. Cell lines originating from primary bone metastases were as
follows: ”MAM”—a cell line derived from bone metastases of renal cell carcinoma, and
”MAC”- bone metastases of invasive ductal breast carcinoma. Cell lines originating from
a primary bone tumor, “17-1012”—giant cell tumor of bone, were also employed. All
cell lines were kindly provided by Dr. Sabine Schleicher from the University Children’s
Hospital Tuebingen. The patients (MAM, MAC, and 17-1012 cells) had given their written
informed consent to the scientific analysis and cell line establishment from tissue samples.
Full Institutional and ethical approval was obtained before the commencement of the study
(project no. 008/2014BO2). As controls, bone marrow-derived mesenchymal stem cells
(MSC) were isolated as previously described [26] at the University Hospital Tuebingen
after written informed consent of the patients (ethical committee approval—project no.
401/2013 BO2).

Cell lines: MAM, 17-1012 were cultured in RPMI (Invitrogen, Karlsruhe, Germany)
supplemented with 10% (v/v) fetal bovine serum (FBS Invitrogen, Karlsruhe, Germany)
and 2 mM L-glutamine (Invitrogen, Karlsruhe, Germany) and MAC and MSC cells in
Dulbecco’s modified Eagle’s medium (DMEM) with GlutaMAX, 4.5 g/L D-glucose (Gibco,
Life Technologies, Darmstadt, Germany) supplemented with 10% (v/v) FBS (Invitrogen,
Karlsruhe, Germany). Cells were cultured at 37 ◦C in a humidified atmosphere with
5% CO2.

Routine microbiological analysis to assess the absence of mycoplasma contamination
was carried out using a PCR Mycoplasma Detection Kit following the manufacturer’s
instruction (Applied Biosystems, Darmstadt, Germany).

2.2. PDT Exposure with 5-Aminolaevulinic Acid

An amount of 2 × 104 cells—MAC, 1 × 104 cells—MAM, 3 × 104—17-1012, and
2.5 × 104—MSCs cells was seeded into each 2-chamber culture inserts of 6-well plates
with opaque F-bottom (ibidi GmbH, Gräfelfing, Germany). After 24 h incubation at 37 ◦C,
5% CO2, the insets were removed, and the culture medium was replaced with a new one
containing either 1 mM or 1.5 mM of 5-aminolaevulinic acid (5-ALA) photosensitizer. The
cells were subjected to PDT exposure—blue light (436 nm, 36 J/cm2, IlluminOss Medical
Inc., East Providence, RI, USA) in a continuous output mode for predefined time frames of
300 s and 2000 s. Cells that were not subjected to PDT exposure served as controls.

2.3. Migration Assay

Following PDT exposure, the cells (see section: “PDT exposure with 5-aminolaevulinic
acid”) were fixed with 4% (w/v) paraformaldehyde in phosphate-buffered saline (PBS,
Sigma-Aldrich, Darmstadt, Germany) for 30 min, and stained with 0.5% (w/v) Coomassie
Brilliant Blue R250 (Sigma-Aldrich, Darmstadt, Germany) in 100% (v/v) methanol (VWR
Fontenay-Sous-Bois, France) for 30 min. The migration of cells into gaps was visualized
and photographed using an inverse phase-contrast microscope (Leica DM IMBRE, Wet-
zlar, Germany) and quantified using the open-source software ImageJ (version: 1.53a,
https://imagej.net/Downloads, National Institutes of Health, Bethesda, MD, USA). The
experiments were repeated three time for each cell type and exposure condition.

2.4. Viability Assessment

The cellular viability after PDT treatment was assessed using a (3-(4,5-dimethylthiazol-
2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium) MTS colorimetric
assay (Promega CellTiter 96® Aqueous One Solution, Madison, WI, USA). Principally, cell
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viability determination was based on the mitochondrial conversion of MTS to soluble
formazan, indicative of the number of viable cells [27]. Following PDT exposure, seeded
cells (1.5 × 104 cells for each cell type) were supplemented with 50 µL of a 2 mg/mL
solution of MTS in complete media and incubated for 90 min at 37 ◦C, 5% CO2. The
absorbance was measured with an EL800 microplate reader (BioTek Instruments GmbH,
Bad Friedrichshall, Germany) at a wavelength of 490 nm. Each experiment was conducted
in triplicates and was repeated three times.

2.5. Nuclear Morphology Assessment

A qualitative nuclear morphology assessment was done as previously described [28].
Briefly, cells were fixed with ice-cold 100% (v/v) methanol (VWR Fontenay-Sous-Bois,
France) for 10 min. Afterward, cells were washed with PBS and permeabilized with
0.2% (v/v) Triton X-100 (Carl Roth, Karlsruhe, Germany) in PBS. Nuclear staining was
performed with 1% (w/v) 4′,6-diamidino-2-phenylindole (DAPI, Life Technologies, Darm-
stadt, Germany) in PBS for 5 min. As a green-fluorescent cytosolic stain, 500 nm of
CellTracker™ Green (Thermo Scientific, Waltham, MA, USA) was added onto the cells
for 30 min. Fluorescence-stained cells were visualized with a Carl Zeiss Observer Z1
fluorescence microscope (Carl Zeiss Microscopy, Jena, Germany). Staurosporine (1 µM for
6 h at 37 ◦C, 5% CO2, Abcam, Cambridge, UK) treated cells were included as a positive
control (for apoptosis induction validation) [29]. Each experiment was repeated three times
per cell type and exposure condition.

2.6. Senescence Assay

In order to investigate if PDT exposure triggers a state of stable cell cycle arrest, follow-
ing PDT irradiation the seeded cells (1.5 × 104 cells for each cell type) were subjected to a
quantitative senescence-associated ß-galactosidase assay (Quantitative Cellular Senescence
Assay #CBA-231, Biotrend Chemikalien GmbH, Köln, Germany) following the manufac-
turer’s instructions. The absorbance was measured with a GM3510 fluorescence microplate
reader (GlowMAx®, Promega, Madison, WI, USA) at 360 nm (Excitation)/465 nm (Emission).
Three independent measurements were performed for each cell type and exposure condition.

2.7. Statistical Analysis

The data are either graphically displayed as median and displayed as boxplots, or as
mean with standard error of the mean (SEM) and graphically displayed as bar diagrams.
As the seeding density was adjusted for the migration assay in order to observe an effect,
due to different seeding densities we refrained from performing statistical analysis. For the
quantitative assays, comparison between experimental results was performed by one-way
analysis of variance and t-test for independent samples as a post hoc test. Alpha adjustment
based on a significance level of 0.05 was performed using the Bonferroni method. Statistical
analysis was performed with SPSS Statistics 22 (IBM Corp., Armonk, NY, USA). As the
seeding density was adjusted for the migration assay in order to observe an effect, due to
different seeding densities, we refrained from performing statistical analysis.

3. Results
3.1. Migration Assay

The MSC-control group showed no effect after 5-ALA PDT irradiation (Figures 1A,E,I
and S1A,B). In contrast, the MAC (Figures 1C,G,K and 2) and 17-1012 (FIgures 1B,F,J and 2)
cells showed a decreasing tendency with respect to migration potential after sensitizing
with 5-ALA (1.5 mM) and 300 s, respectively, and 2000 s light exposure when compared
with the non-irradiated breast cancer cells. This effect was not observed in bone metastases
of renal carcinoma (MAM), which did not show notable changes neither in cell migration
nor cell morphology after 5-ALA and additional irradiation with blue light (Figures 1D,H,L
and S1G,H). A minor decrease in cell migration was observed after longer (2000 s) PDT
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exposure (Figures 1L and 2), and a similar tendency was observed for the PDT sensitizing
with 5-ALA at a concentration of 1 mM (Suppl. Figure S2).
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Figure 1. Effect of PDT exposure on primary bone tumor and metastatic bone cell lines. All cell lines (17-1012—giant
cell tumor of bone (B,F,J), MAC—bone metastases of invasive ductal breast carcinoma (C,G,K), MAM—bone metastases of
renal cell carcinoma (D,H,L), and MSC as a control (A,E,I) were subjected to PDT exposure for predefined time frames of
either 300 s or 2000 s with 5-ALA as a photosensitizer at a concentration of 1.5 mM). Ten-fold magnification, scale bar (black)
represents 300 µm. Abbreviations: 5-ALA—5-aminolaevulinic acid, PDT—photodynamic therapy, sec—seconds.

A decrease in cell density, reduction in cytoplasm, and a smaller, altered morphology
were observed for 17-1012 and MAC cells (Figure 1F,J,G,K) when compared with their
corresponding controls (Figures 1B,C and S1C,E), and this effect was more pronounced
with higher exposure time (Figures 1 and S1D,F).

3.2. Viability Assessment

To investigate the effect on cellular viability after PDT exposure with 5-ALA, an MTS
assay was conducted on all cell lines. Independent of the exposure time, for both of the
employed 5-ALA concentrations (1 mM and 1.5 mM) a similar and comparable tendency
for all of the cell lines was observed (Figure 3). A statistically significant decrease in
viability was observed for the MAC cell line at both 5-ALA concentrations: 1 mM (p = 0.009)
and 1.5 mM (p = 0.002) at a 2000 s exposure time when compared with their corresponding
controls. Contrastingly, the 17-1012 cell line exhibited an increase in viability (p = 0.007, both
5-ALA concentrations) at an exposure of 300 s, followed by a decrease at 2000 s of exposure
time (p = 0.257). The MAM cell line showed an increasing tendency in viability for both
exposure times and 5-ALA concentrations (p = 0.022, 1 mM, 2000 s, respectively, p = 0.056,
1.5 mM, 2000 s). Irrespective of the exposure time and photosensitizer concentration, the
number of viable MSCs remained unaltered and no notable change was observed.
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5-ALA—5-aminolaevulinic acid, sec—seconds.
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Figure 3. MTS—viability assessment of bone metastases cell lines after PDT exposure. All cell lines (17-1012—giant
cell tumor of bone, MAC—bone metastases of invasive ductal breast carcinoma, MAM—bone metastases of renal cell
carcinoma, and MSC as a control) were subjected to PDT exposure for predefined time frames of either 300 s or 2000 s.
As a photosensitizer, 5-ALA was employed at two different concentrations: 1 mM (left side) and 1.5 mM (right side).
Comparisons were conducted in relation to the control group (cells that were not subjected to PDT exposure). Data of
3 experiments performed in triplicates. * p < 0.05, ** p < 0.01. Abbreviations: 5-ALA—5-aminolaevulinic acid, O. D—optical
density, sec—seconds.



Biology 2021, 10, 1020 7 of 13

3.3. Fluorescence Assessment of Apoptosis

Changes in nuclear morphology as a hallmark for apoptosis were also examined
qualitatively utilizing fluorescence microscopy. DAPI and cytosolic staining were used
to visualize the changes in the nucleus and formation of apoptotic bodies—important
hallmarks of apoptosis. It could be noted that after 2000 s of PDT exposure with 1.5 mM of
5-ALA, MAC, MAM, and 17-1012 cell lines (Figures 4 and S3 for 1 mM 5-ALA) showed
apoptotic features at various extents, such as nuclear shrinkage (red arrows, Figure 4).
Nuclear fragmentation was particularly notable in the MAC cell line (Figure 4K). It has to
be noted that this distinct morphological feature—characteristic for apoptosis—was not a
generalized feature for the entire cell population. The MSC-control group showed no effect
after 5-ALA PDT irradiation (Figure 4A,E,I,M).
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Figure 4. Representative figures of nuclear fragmentation assessment after PDT exposure with 5-ALA as a photo-
sensitizer at a concentration of 1.5 mM. All cell lines (MSC—bone marrow-derived mesenchymal stem cells (A,E,I),
17-1012—giant cell tumor of bone (B,F,J), MAC—bone metastases of invasive ductal breast carcinoma (C,G,K), MAM—bone
metastases of renal cell carcinoma (D,H,L) were subjected to PDT exposure for predefined time frames of either 300 s or
2000 s). Staurosporine positive controls were included for cell lines (MSC: M, 17-1012: N, MAC: O, MAM: P). 40-fold
magnification, scale bar (white) represents 50 µm. Red arrows pinpoint nuclear fragmentation. Pictures are representative of
three independent experiments. Cells not subjected to PDT served as a control. Abbreviations: 5-ALA—5-aminolaevulinic
acid, PDT—photodynamic therapy.
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3.4. Cellular Senescence

Cellular senescence or cellular aging is characterized by a diminished replicative
capacity coupled with altered functionality within the cell [30]. To clarify and elucidate
the cause of the observed changes in cellular vitality and nuclear fragmentation after PDT
exposure, all cell lines before and post PDT were sequentially evaluated in terms of cellular
arrest (SA β-Gal activity). For both of the employed 5-ALA concentrations (1 mM and
1.5 mM) a similar and comparable decreasing tendency in SA β-Gal activity was noted for
all of the cell lines (Figure 5). More so, all cell lines were characterized by a decrease of
SA β-Gal activity with increasing exposure time. Overall, a higher fluorescence intensity
signal representative for β-Gal activity was noted for the MAM cell line as well as the
control group, MSC, when compared with the MAC and 17-1012 cell lines.
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4. Discussion

Currently, radiotherapy is the gold standard in the treatment of metastases; however,
it only offers a limited capacity for tissue repair and is related to severe adverse effects.
Alternate approaches for treating tumors and metastases are urgently needed and one such
potential candidate is the combination of photosensitizer, 5-aminolevulinic acid (5-ALA),
and photodynamic therapy (PDT); however, the data on its safety and effectiveness in the
treatment of metastatic lesions is limited. 5-ALA PDT offers several advantages, such as
low toxicity, fast clearance, and rapid conversion to porphyrin.

In this study, we assessed 5-ALA PDT treatment against different human cell lines,
primary giant cell tumor of bone and bone metastases of invasive ductal carcinoma, renal
carcinomas, as well as MSC (control group). We found that different human cell lines have
distinct 5-ALA-PDT-sensitivities. Exposure of cells to 5-ALA PDT proved particularly
effective in decreasing the migration potential, viability, cell proliferation, and density in
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bone metastases of invasive ductal carcinoma. For cells derived from giant cell tumor
of bone, 5-ALA PDT irradiation triggered a notable decrease in migration potential, and
cell density. No notable effect was observed in bone metastases of renal carcinoma and
MSC group. The reduction effect, was, in general, more pronounced with a longer PDT
exposure time and higher 5-ALA concentration suggesting a dose and exposure-dependent
effect consistent with the previous research [31,32]. Numerous studies showed that at the
cellular level, 5-ALA PDT induces multiple cell death subroutines [32–35], resulting in
downstream activating both apoptotic and necrotic pathways. Additionally, while invasive
ductal carcinoma and giant cell tumor presented overall lower cell viability compared
with the other two cell lines, the giant cell tumor firstly showed increased viability after
shorter (300 s) PDT exposure. Even after a long PDT exposure, no significant effect on
cell viability was observed. In turn, for the bone metastases of invasive ductal carcinoma,
5-ALA PDT proved effective in synergistically inhibiting the cell viability. This interesting
observation could be attributed to the lower 5-ALA PDT sensitivity of giant cell tumor
cell line—insufficient to induce the significant apoptotic effect. No notable effect in cell
viability was observed for the rest of the cell lines.

In fact, the cell line with lower sensitivity to 5-ALA PDT, that is, bone metastases
of renal carcinoma (MAM), actually went into the state of cellular senescence caused by
5-ALA PDT exposure, and no therapeutic effect was observed. Senescence-induced cell
lines showed no significant changes in cell migration even after prolonged PDT irradiation,
and in fact exhibited increased viability even after a long exposure time. Thus, different
sensitivity to the same doses and exposure of 5-ALA and PDT results in a completely
different cell fate. While cellular senescence may be a beneficial strategy preventing the
growth of the tumor short-term, cells remain metabolically active, affecting neighboring
cells and stimulating cancer-promoting mechanisms [36–40]. At the same time, the lack
of PDT-induced apoptosis in the healthy MSC cell line confirms the safety and selectivity
of the treatment. In addition, previous studies showed that PDT treatment also improved
differentiation capabilities at a low exposure dose [41]. As such, we confirm that 5-ALA
PDT has potential applicability in primary giant cell tumor of bone and bone metastases
of invasive ductal carcinoma. All cancer cell lines showed some hallmarks of apoptosis
and nuclear shrinkage while nuclear fragmentation was particularly pronounced in bone
metastases of invasive ductal carcinoma cell line consistent with the highest sensitivity
to 5-ALA PDT. Even though all cell lines had apoptotic features at 2000 s, it was not a
generalized feature—in the 17-1012 cell line it was just a minor effect.

In bone metastases of the renal carcinoma cell line, 5-ALA PDT-induced senescence
could be attributed to a too-low light dose, as the cellular decision between apopto-
sis/necrosis and senescence partially depends on it [42,43]. Our results suggest that
different cell lines may have a different sensitivity to the same doses and exposure of
5-ALA PDT results in apoptosis or senescence of two different cell fates, which is consistent
with previous research [44].

Even though nuclear morphologic changes such as chromosome condensation and
fragmentation are considered hallmarks of apoptosis [45], DNA fragmentation alone is not a
mandatory event for apoptotic cell death or representative of the entire cell population [46].
Additionally, PDT might actually induce a transient inhibitory effect [47] as the cells were
eventually returning to their basal viability levels. In addition, as PDT emerges as a first-
line therapy, it is important to also consider the resistance mechanism. While DNA-induced
damage may induce senescence and temporary decrease in migration potential, the very
same process may help the remaining cancer cells to escape therapy. Nevertheless, this
resistance mechanism is extremely limited in PDT-treated cells [48]. Further in-depth
analysis of PDT-induced apoptotic/senescence effects is called for.

One of the key advantages of PDT is that it can be used either before or after chemother-
apy, radiotherapy, or surgery, without compromising these therapeutic modalities and
the adverse effects of chemotherapy or radiation do not affect sensitivity to PDT. Several
in vitro studies have shown the synergistic benefit of PDT and ionizing radiation in several
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pathologies [49–52]. Therefore, further research is warranted to assess combination therapy
with radiotherapy, chemotherapy, and to optimize the protocol for maximal disease clear-
ance as well as to elucidate the actual PDT therapeutic potential in other cancer pathologies
in in vivo animal studies.

5. Conclusions

Human cell lines have different sensitivity to the same doses and exposure of 5-ALA
PDT, resulting in two different cell fates apoptosis or senescence, depending on the extent
of the cellular damage. We found that PDT has potential applicability in bone metastases
of invasive ductal carcinoma. While no possible therapeutic effect was observed in bone
metastases of renal carcinoma, a limited effect on primary bone tumors (giant cell bone
tumor) is conceivable.

6. Study Limitations

While our study offers an interesting new perspective to the in vitro effects of 5-ALA
PDT irradiation on metastatic cell lines, the approach implies a laborious work. For these
reasons, only three independent experiments for each cell line were finally conducted.
This aspect should be kept in mind when interpreting the statistical results, however, the
measured tendency should not be affected. Additionally, it has to be noted that cellular
heterogeneity in tumor cells is a well-established phenomenon [53,54] considered to be
an important cause of drug resistance that hinders the treatment outcome [55,56]. Even
though in our study we analyzed only one patient-derived cell line for each neoplasia
type, this might not representative the entire neoplastic cell population. Our findings are,
however, highly consistent with the previous publications that analyzed and showed a
differential sensitivity to PDT irradiation in various cancer-derived lines [44,57,58].

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/biology10101020/s1. Figure S1. Effect of PDT exposure on the morphology of primary bone
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and metastatic bone cell lines.
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