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Abstract Photodynamic Therapy (PDT) involves the combination of light and
photosensitizer (PS). Therefore, it is possible for cells to develop resistance based
on the doses of PS used or the light dose. The data compiled by several authors
make it clear that the degree of cell resistance to PDT is highly dependent on the PS
used; however, no cellular characteristics have yet been identified as predictors of
PDT resistance. The mechanisms by which the treated tissue becomes resistant to
the PS share some similarities to those found in general drug resistance and radio-
resistance, and they are mainly related to both the bioavailability of the PS and to
the mechanisms of detoxification of the generated reactive oxygen species. Among
the features related to PDT resistance are: the expression of p-glycoprotein and
ABCG?2 transporters, the abrogation of apoptosis and autophagy, the induction of
antioxidant defences, the induction of HSPs changes in cytoskeleton and adhesion,
the induction of cyclooxygenases, the production of nitric oxide and hypoxia; these
are some but not all of the factors involved in the development of resistance. As a
general rule, all the authors that reported resistance to PDT have attributed this phe-
nomenon to several factors acting in concert. In this chapter, we will review some
of the most important aspects related to PDT resistance.
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Several approaches to reversing of PDT resistance have been developed. Among
them, the use of PS linked macromolecules, which are internalized into cells via en-
docytosis and accumulated in the endosome/lysosome compartments, whereby they
could efficiently be disrupted after irradiation by the mechanisms of photochemical
internalization.
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Abbreviations
ALA 5-aminolevulinic acid
BCRP Breast cancer resistant protein

BPD-MA  Benzoporphyrin derivative monoacid ring A
CAM-DR Cell adhesion-mediated drug resistance

CPO [9-capronyloxy-tetrakis(methoxyethyl) porphycene]
DXR Doxorubicin

ECM Extracellular matrix

ER Endoplasmic reticulum

ERK Extracellular signal regulated kinases

EVs Extracellular vesicles

FADD Fas-associated via death domain

HIF1 Hypoxia-inducible factor 1

HO-1 Heme oxygenase 1

HSP Heat shock proteins

HPPH 2-(1-hexyloxethyl)-2-devinyl pyropheophorbide-a
iNOS inducible NO synthase

L-NAME NG-Nitro-L-arginine methyl ester

LOX Lipooxigenase

MAPK Mitogen-activated protein kinase

MDR Multidrug resistance

MRP1 Multidrug resistant associated protein 1

m-THPC  5,10,15,20-tetra(meta-hyroxyphenyl) chlorin
m-THPP  meso-tetra(3-hydroxyphenyl)porphyrin

NO Nitric oxide

NPe6 Mono-L-aspartyl chlorin e6
Pa-PDT Pheophorbide a-PDT

PCI Photochemical internalisation
P-gp P-glycoprotein

PDT Photodynamic therapy

PpIX Protoporphyrin IX

PS Photosensitizer
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PII Photofrin II

SnET2 Tin ethyl etiopurpurin I
SNP Sodium nitroprusside
SOD Superoxide dismutase
SPNO Spermine NONOate

TOOKAD Palladium-bacteriopheophorbide WST09
TPPS2a Disulfonated meso-tetraphenylporphine
VEGF Vascular endothelial growth factor

Introduction

The technique known as Photodynamic Therapy (PDT) uses a photosensitizer (PS)
that can be applied either systemically or topically in a confined area, which upon
excitation with visible light [1, 2] will react in the presence of oxygen to form cy-
totoxic oxygen species [3]. PDT involves the combination of light and photosensi-
tizer, therefore, it is possible for cells to develop different levels of resistance based
on the doses of PS used and/or the light dosage during treatment [4—7]

The mechanisms by which the treated tissue becomes resistant to the PS share
some similarities to those found in general drug resistance, e.g. (i) differential up-
take rate or efflux (ii) altered intracellular trafficking of the drug (iii) decreased drug
activation, and (iv) increased inactivation of drug.

After PDT has been initiated, reactive oxygen species are produced [3], and con-
sequently, antioxidant defense mechanisms are triggered to counteract the damage
[8, 9]. As a result, Heat Shock Proteins (HSP) as well as other HSP-assisting pro-
teins are activated [ 10]. In a later stage, increased repair of proteins, membranes and
DNA, together with the induction of stress response genes and consequent activa-
tion of several survival pathways are also triggered [11].

Over the years, cell lines with different degrees of resistance to PDT have been
isolated. Understanding the underlying mechanisms of the PDT resistance will help
to improve the efficacy of PDT and can generate new combination protocols, such
as chemo- or radiotherapy and PDT, for a better and a more efficient patient treat-
ment.

In 1991, Luna and Gomer [6], using a fibrosarcoma cell line (RIF-1) and Pho-
tofrin II (PII), generated PDT-resistant cells using two protocols: short exposure
(damage to the plasma membrane) and long exposure (damage to the organelles
and enzymes). The levels of resistance obtained with both protocols were stable and
increased cell survival by 2.5-3.0 logs and 1.2—1.5 logs, respectively, at the highest
light dose used.

Using the same parental RIF-1 cell line, Singh et al. [5] were able to isolate and
characterize two resistant cell lines based on the long exposure protocol (8 cycles of
PII-PDT), obtaining what they called RIF-8A. These cells showed a similar degree
of resistance (2.0 logs in survival). When they implanted the cells into mice, they
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found PDT resistance in vivo. Moreover, the cells isolated from those tumors after
PDT treatment also showed some degree of resistance in vitro; however, the resis-
tance index was lower, suggesting a role of additional factors derived from both the
host and the microenvironment.

Based on the afore mentioned studies and those from Mayhew et al. [4], it is
clear that the degree of cellular PDT resistance was highly dependent on the PS
used, but no cellular characteristics had been identified as predictors of PDT resis-
tance in the generated clones. It is believed, however, that the chemical structure of
the PS used is a key factor in the development of resistance, as the structure deter-
mines the intracellular accumulation of the PS [12—15].

In recent years, 5-aminolevulinic acid (ALA)-mediated PDT has become one of
the most promising leads in PDT. ALA is the pro-drug of the PS Protoporphyrin IX
(PpIX). Using ALA-PDT, we generated two resistant clones from a murine mam-
mary adenocarcinoma cell line. The clones exhibited 6.7- and 4.2-folds increase
in resistance, respectively, compared to the parental cell line. On the contrary, no
evidence of PDT resistance was found in the response of human glioma spheroids
to repetitive ALA-PDT [16] treatment, suggesting that resistance to PDT comprises
a broad number of aspects, and not all cell types and cell models develop resistance
to the same PS.

We have previously reviewed the main features of PDT resistant cells, and we
compared them with features commonly found in chemoresistant cells. We found
that many mechanisms of resistance to PDT are shared with chemotherapy and
radiotherapy [17]. Contributing to PDT resistance are (1) the expression of p-gly-
coprotein and ABCG?2 transporters (2) induction of early response genes and signal
transduction pathways (3) abrogation of apoptosis and autophagy (4) induction of
antioxidant defenses (5) HSPs induction (6) changes in cytoskeleton and adhesion
(7) induction of cyclooxygenases (8) production of nitric oxide (9) survivin expres-
sion (10) and hypoxia. These are some, but not all, of the factors involved in the
development of resistance. As a general rule, all the authors that have reported resis-
tance to PDT have attributed this phenomenon to several factors acting in concert.
In this chapter we will review some of the most important aspects related to PDT
resistance.

Photosensitizer Uptake and Efflux in Resistant Cells

Results of recent studies suggest that PDT efficacy and/or resistance may depend
on the uptake of PS [18] and alterations in the expression and function of key mol-
ecules involved in PS transport; these may be related to the emergence of resistance.
PDT is also dependent on the cellular localization of the PII during treatment, and
a key role has been given to the mitochondria. RIF-1 derivative resistant cells ac-
cumulated either slightly higher amounts of PS per cell compared to the parental
cells with a lower amount of PS on a per mg protein basis [6] or similar amounts of
PS but weaker co-localization with markers of the inner mitochondrial membrane
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in the resistant variants. These findings suggesting that the inner mitochondrial
membrane is a significant PII binding site and may be related to the mechanism of
resistance [5, 19].

Our group also found that the amount of porphyrins accumulated per cell in ALA-
PDT-resistant cells was similar to the parental cell line [7], but that the same amount
was half of that found in the parental cell line protein content when expressed in a
per mg basis. This means there is less available porphyrin to target the same amount
of proteins [20]. If the amount of porphyrins and not the cell target molecules is the
limiting factor in PDT damage, this feature can also induce resistance.

We have also reported alterations in the heme pathway that leads to a higher
amount of hydrophilic porphyrins and lower amounts of PpIX in these ALA-PDT
resistant cells. Since hydrophilic porphyrins such as coproporphyrin and uropor-
phyrin are known to have low efficacy as PSs, these factors could partly account for
the development of resistance [21-23].

We have reported an observation of particular importance in ALA-PDT-based
treatment—our resistance clones exhibit an increased number of mitochondria per
cell. Since these organelles are responsible for the last step of ALA conversion into
PpIX, it leaves no doubt about the key role of the mitochondria in PDT treatment
[7]. In addition, PDT induces several forms of damage in the mitochondria, such as
the inactivation of enzymes, uncoupling oxidative phosphorylation and the genera-
tion of toxic species, rapidly leading to apoptosis [24-29].

Sharkely et al. [30] also described the changes in the mitochondria found in their
resistant clones. The organelles were smaller and more electron dense, with higher
cristae density compared to the parental RIF-1 cell line. The total mitochondria area
per cell in the resistant line was double that of the parental cell line, and the ATP
content and succinate dehydrogenase activity were higher. However, the oxygen
consumption rates were similar, suggesting an altered energy metabolism. On the
other hand, the RIF-8A resistant cell line had a decreased mitochondrial potential.

In 1997, it was suggested that in the early stages of damage, the mitochondria
protect themselves from oxidative stress by downregulating several mRNA and
rRNA-encoding gene products [31]. Shen et al. found a reduction of the mitochon-
drial 16S rRNA and NADH dehydrogenase subunit 4 in the PDT-resistant variants
of HT29 human colon adenocarcinoma [32]. While Singh et al. [33] found signifi-
cant resistance to PDT in cell lines lacking mitochondrial DNA, resistance to alkyl-
ating agents or y-irradiation, however, was not found; even though the mitochon-
drial function has been closely related to cell death by apoptosis [34], the resistance
in the isolated lines was not due to changes in this mechanism.

In our ALA-PDT-resistant lines we found higher protein content, an increased
number of mitochondria and a higher oxygen consumption rate [7]. However, when
we normalized per ng protein content, the number of mitochondria was similar in
both the resistant and the parental cell lines. Surprisingly, PpIX synthesis, which
takes places in the mitochondria, was not increased in the resistant cells, suggesting
some altered functions in these organelles.
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The Role of P-glycoprotein in the Efflux of PS

It is not yet completely understood what causes the multidrug resistance (MDR)
phenotype, and the lack of understanding remains a major problem in oncological
treatments. The p-glycoprotein (P-gp or ABCB1) is encoded by the MDRI gene,
and it is one of the ATP-binding cassette (ABC) drug transporters of the drug efflux
pump class for a broad number of antineoplastics. It is also one of the main mol-
ecules involved in the development of MDR.

With respect to PDT, no overexpression of P-gp in RIF cells was found after
multiple PDT treatments [5, 6]. In addition, similar doxorubicin (DXR) uptake was
found when comparing RIF-8A to its parental cell line, and no cross-resistance to
DXR was observed [5, 35]. However, cross-resistance to cisplatin treatment was
observed [5, 35]. Additionally, our group found that the ALA-PDT resistant clones
are not resistant to cisplatin, DXR, 5-fluorouracil, mitomycin C or methotrexate
treatments.

PDT resistance in chemoresistant cell lines is also variable. The Chinese ovary
hamster CHO-MDR line exhibited cross-resistance to PII-PDT, and this behaviour
was correlated with a lower PII accumulation [5]. Similarly, cross-resistance to PDT
was found in P388/ADR murine leukemia cells resistant to DXR, utilizing a cat-
ionic chlorin PS, and the impaired PS accumulation suggested a correlation between
the resistance and the increased P-gp efflux pump activity [36]. However, other
authors reported that the same murine leukemia P388/ADR cells were not cross-
resistant to mesoporphyrin-PDT, suggesting the impairment is more related to the
PS structure and its affinity for the P-gp [37].

The relationship between the MDR cell phenotype and the ALA-PDT response is
not clear. Tsai et al. [38] found that MCF-7/DXR cells accumulated lower levels of
PpIX from ALA, as compared to the parental MCF-7. However, the effect of ALA-
PDT in MCF-7/DXR cells was less effective than in MCF-7 cells even when they
showed similar amounts of PpIX. These results suggest that the resistant cells might
possess intrinsic mechanisms that render them less sensitive to ALA-PDT, and their
resistance is not related to the MDR efflux of PpIX.

Intracellular levels of ALA did not increase substantially upon incubation of the
MCF-7 TX200 cells transfected with a P-gp inhibitor [39]. Similarly, Li et al. [40]
showed that the P-gp inhibitor verapamil did not induce changes in PpIX levels
in MDR-resistant leukemia cells exposed to ALA. More recently, Chu et al. [41]
employing ALA derivatives, showed that the human uterine sarcoma cells MES-
SA-Dx5 overexpressing P-gp exhibited reduced intracellular levels of PpIX de-
rived from hexyl-ALA to a limited degree, and this mechanism could be reversed
by using verapamil. Hexyl-ALA-PDT induced a decrease in MDR1 mRNA levels
in MES-SA-Dx5 cells (resistant to DXR) together with a concomitant decreased
expression of P-gp [41]. Similarly, pheophorbide-PDT of the multidrug-resistant
HepG2 cells induced c-Jun N-terminal Kinase activation, leading to a down-regu-
lation of P-gp [42].
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It was also suggested that the intracellular localization of the PS has some influ-
ence on the MDR phenotype. Selbo et al. [43] found the MES-SA-DxS5 cells to be
more resistant to PDT with disulfonated meso-tetraphenylporphine (TPPS2a) via a
process not mediated by the P-gp mechanism. Their findings suggest the influence
of different endocytic vesicle localization of the PS and that lysosomal targeting by
PDT induces a stronger cytotoxic effect than PDT targeting the endosomes. Accord-
ing to Chu et al. [41] and Tang et al. [42], this finding may be related to an indirect
down-regulation of MDR or a mechanism different from drug efflux.

Neither chlorin e6 accumulation nor efflux was modified in MCF-7/DXR over-
expressing P-gp as compared to the parental line, but its subcellular distribution
was different. In addition, a P-gp inhibitor restored the distribution of the PS and
restored the response to chlorin e6-PDT [44].

In conclusion, it appears that MDR confers a degree of PDT resistance in some
cases, and PDT resistance is strongly dependent on the structure of the PS and its
affinity for the P-gp, as well as its intracellular distribution. However, no rules have
yet been found to determine cross resistance.

Reversal of MDR by PDT

Sometimes, the MDR phenotype can be reversed by employing classic PDT. MCF-
7 mammary carcinoma cells overexpressing P-gp or multidrug resistant-associ-
ated protein exhibited similar accumulation of chlorins, porphyrin-based PS and
pheophorbides compared to the parental line [39], and the MCF-7/DXR, DXR
resistant cells, were even more sensitive to meta-tetra(hydroxyphenyl)chlorin (m-
THPC) [45].

Cheung et al. [46] showed that pheophorphide a-PDT was able to circumvent
MDR in the P-gp overexpressing human uterine sarcoma MES-SA/DxS5 cells. Both
intracellular accumulation of pheophorbide a and pheophorbide a-PDT-induced cell
death were not abrogated by the MDR phenotype. Both activity and expression of
MDRI and P-gp were reduced by Pa-PDT treatment, and such reductions were at-
tenuated by the ROS scavenger a-tocopherol. On the other hand, a higher light dose
was needed to induce apoptosis in hexyl-ALA-PDT-treated MES-SA/Dx5 cells
[47]. ALA-PDT also reversed the resistant phenotype of the cell lines LBR-D160
and LBR-V160 lines isolated from a murine T-cell lymphoid leukemia after increas-
ing vincristine or DXR exposure [48].

In addition, alternatives to PDT have been developed to overcome chemoresis-
tance. Palladium-bacteriopheophorbide WST09 (TOOKAD) is a new generation
of hydrosoluble PS, which binds primarily to albumin and has a local effect in the
vasculature, since it does not extravasate and remains constrained in the circulation.
The effect of TOOKAD-PDT in HT29/MDR cells as well as derived xenografts
shows that this therapy overcomes drug resistance [49].

Photochemical internalization (PCI) has been shown to help overcome chemore-
sistance in several MDR cell lines employing several PS and anticancer drugs [43,
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50, 51]. PCI is a novel technology for the release of endocytosed macromolecules
into the cytosol. Both PS and cytotoxic agents are localized in the same endocytic
vesicle and internalized together into the target cell, where the PS is specifically
localized to the vesicular membrane, and upon activation of PS by light, induces a
release of the endocyosed macromolecules from their compartmentalization [52].

One mechanism for MDR is increased acidification of endocytic vesicles and
increased cytosolic pH, so weak base chemotherapeutic agents, including DXR,
are trapped in endocytic vesicles and exhibit a drug resistant phenotype. In MCF-7/
ADR [50] cells that were preloaded with DXR, after PCI treatment the drug was
released into the cytosol and entered cell nuclei, to the same extent than non-treated
MCF-7 cells, thus, reversing the MDR phenotype by endo-lysosomal release of the
drug.

Selbo et al. [43] also evaluated the reversal of resistance induced by PCI of mac-
romolecules that were not targets of ABC drug pumps. Both MES-SA and MES-
SA-Dx5 cell lines were equally sensitive to PCI of gelonin (ribosome-inactivating
protein) using a low light dosage, even though the endocytosis rates were lower in
the MDR cells. When higher light doses were employed MES-SA/Dx5 cells were
more sensitive to PCI of gelonin than the parental cells. After adenoviral infec-
tion, PCI enhanced the fraction of transduced cells, in both cell lines, suggesting
the potential use of PCI of macromolecular therapeutic agents that are not targets
of P-gp as a strategy to eradicate MDR cancer cells. This PCI-mediated reversal
of resistance circumvents ROS-induced photodamage in an apoptosis-independent
manner [53].

In addition, some other approaches to reverse chemoresistance employing PDT
utilize nanomedicinal tools to deliver the PS more efficiently and reduce the chances
of being pumped out from the cytoplasm. In this regard, nanoparticle-based therapy
integrative systems represent an emerging approach to overcome resistance. Ling
et al. [54] recently reported the generation of tumor pH-sensitive magnetic nano-
grenades (termed PMNs) composed of self-assembled iron oxide nanoparticles and
pH-responsive ligands. These PMNs can readily target tumors via surface-charge
switching triggered by the acidic tumor microenvironment, and are further disas-
sembled into a highly active state in acidic subcellular compartments that “turns
on” photodynamic therapeutic activity. These PMNs localized with high selectivity
in mice tumors enabling pH-dependent PDT, and induced an increased therapeutic
efficacy in drug-resistant tumors, showing a great potential for clinical applications.

ABCG2-mediated Efflux of PS and Its Role in Cross
Resistance

Another ABC transporter found to be capable of inducing resistance, in addition to
P-gp, is a novel member of the G subfamily and has been described in the breast
cancer cell line MCF7/AdrVp. This transporter was named the breast cancer re-
sistance protein (BCRP), and is currently referred to as ABCG2 [55, 56]. Like all
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members of the ABCG subfamily, ABCG2 is a half transporter, and it is believed
to function as a mechanism of defense against toxins, regulating the traffic of toxic
metabolites from and into the organism [57]. Among the drugs that can be effluxed
by ABCG2 are mitoxantrone, camptothecin-derived and indolocarbazole topoisom-
erase | inhibitors, methotrexate, flavopiridol, and quinazoline ErbB1 inhibitors [58].

Several photosensitizers have been reported to be substrates of ABCG2 [59],
including ALA-induced PpIX [13, 14], Pheophorbide a [13, 15], chlorin 6 [60], py-
ropheophorbide-a methyl ester [60], 2-(1-hexyloxethyl)-2-devinyl pyropheophor-
bide-a (HPPH) [12, 16], benzoporphyrin derivative monoacid ring A (BPD-MA)
[12] and Hypericin [61]. On the contrary, meso-tetra(3-hydroxyphenyl)porphyrin
(m-THPP), m-THPC [15, 60], hematoporphyrin IX [60] and HPPH-galactose [12,
16] TPPS(2a), di-sulfonated meso-tetraphenylchlorin (TPCS(2a)) and di-sulfonated
aluminium phtalocyanine (AlPcS(2a)) are not substrates of ABCG2.

Using an ABCG2 knockout mouse model, Jonker et al. demonstrated that this
transporter is able to efflux PpIX and protect cells from photodamage [62]. A cor-
relation was also demonstrated between the expression of ABCG2 and resistance
to PII-PDT [63]. Robey et al. [64] suggested that this transporter may be involved
in the development of PDT resistance. In their studies, they compared the abil-
ity of ABCG?2 to transport pheophorbide a and other PS with a similar structure.
Bronchoalveolar carcinoma cells (NCI-H1650 MX50) overexpressing the trans-
porter were found to have reduced intracellular accumulation of pyropheophorbide
a methyl ester, chlorin e6 and PpIX, while the intracellular accumulation of hema-
toporphyrin IX, m-THPP, and m-THPC was not altered [39]. Afterwards, in line
with the above mentioned findings, when human embryonic kidney HEK-293 cells
were transfected with ABCG2, they exhibited resistance to PDT employing Chlorin
e6, pheophorbide a, pyropheophorbide a methyl ester and ALA but not to m-THPC.

Multidrug resistance is suggested to be an important mechanism for the survival
of cancer stem cells during therapy [65]. ABCG2 is a putative cancer stem cells
marker and the molecular determinant of the Hoechst 33342 side population pheno-
type, which is detected as a distinct cell population with low blue and red fluores-
cence in flow cytometry dot blots [66]. Selbo et al. [59] demonstrated that strongly
amphiphilic PSs used for PCI-based drug delivery are not substrates of ABCG2.
They employed the breast carcinoma cell line MA11, with a Hoechst 33342 side
population of >50% as an ABCG2 high expression model. Pheophorbide a and
Hoechst 33342 were used as positive control substrates of ABCG2. ABCG2-inhibi-
tion by fumitremorgin C did neither induce an increased accumulation of three PCI-
photosensitizers: TPPS(2a), TPCS(2a) and AlPcS(2a) nor enhanced the response of
the cells to PDT. The same results were also obtained with TPPS2a in the malignant
glioma cell line U87 having a SP of ~0.1%. In contrast, both uptake and PDT-
induced cytotoxicity was strongly enhanced for Pheophorbide a when combined
with fumitremorgin C. On the other hand, EGFR +/ABCG2 + MA11 cells exposed
to PCI employing the targeting toxin EGF-saporin were responsive to the treatment
[59].

It has been suggested that the expression of ABCG2 transporter is decreased in a
variety of cancers. Analyzing a set of normal and cancer paired tissues, Gupta et al.
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[67] found that human samples from colorectal and cervical cancers had a down-
regulation of ABCG2 mRNA levels.

Using a variety of human and mouse cell lines with a range in the expression
of ABCG2 transporter, Liu et al. [68] studied the effect of tyrosine kinase inhibi-
tors, which are able to block the ABCG2 function. The set of cell lines employed
included: BCC-1 cells (basal cell carcinoma) and RIF-1 fibrosarcoma cells with
high ABCG2 expression, Colo 26 (colon carcinoma) with moderate expression and
FaDU (head and neck squamous cell carcinoma) with no expression of the trans-
porter. In ABG2-expressing cells, an efficient efflux of HPPH, BPD-MA and PpIX
was observed, while PII and HPPH-galactose were minimally transported. Treat-
ment with a tyrosine kinase inhibitor increased the accumulation of the PS BPD-
MA, PpIX, and HPPH in ABCG2 expressing cells, but not in the non-expressing
cells. It also enhanced PDT efficacy both in vitro and in vivo in a RIF-1 tumor
model. These results demonstrate on one hand that the use of ABCG2 inhibitors
may increase the efficacy of clinical PDT, and on the other hand they show the im-
portance of the PS structure and the affinity for the transporter in the development
of resistance.

Although Robey et al. [39] suggested that Photofrin was not a ABCG2 trans-
porter, Usuda et al. [69] using A431 cells overexpressing ABCG2 found they were
resistant to PII-PDT but not to Mono-L-aspartyl chlorin €6 (NPe6)-PDT, which
is similar in structure to m-THPC, and resistance to PII-PDT was reversed using
a non-tyrosine kinase inhibitor of ABCG2 (Fumitremorgin C). In addition, in 81
centrally located early lung cancer lesions, >or =10 mm in diameter, the expression
of ABCG2 was inversely correlated with the outcome of PII-PDT while the trans-
porter expression did not seem to affect the antitumor effect of NPe6-PDT.

Curiously, the modulation of ABC transporters by a PS has also been reported.
Using HT-29 colon cancer cells treated with hypericin but no light, an increase in
the activity of ABCG2 and the multidrug-resistant associated protein 1 (MRP1)
transporters was reported [70].

Hypoxia regions are very commonly present in tumors and this oxygen deple-
tion has been found to up-regulate the expression of ABCG2. It can also promote
cell survival by decreasing the intracellular accumulation of porphyrins and heme
[71]. Since it is well known that PDT requires the presence of oxygen to achieve
its effect, hypoxia may inhibit PDT-depleting oxygen but also increase the ABCG2
transporter, which diminishes the intracellular levels of PS.

In summary, the resistance conferred by ABCG2 and P-gp transporters is directly
related to the cell line and the PS employed, and in some cases, the resistant pheno-
type can be reversed by using specific transporter inhibitors.

Recently, Goler-Baron and Assaraf [72] identified a novel mechanism of MDR
in which ABCG2-rich extracellular vesicles (EVs) form in between attached neigh-
bor breast cancer cells and highly concentrate various chemotherapeutics in an
ABCG2-dependent manner, thereby sequestering them away from their intracel-
lular targets. These authors also showed that illumination of EVs that accumulated
photosensitive cytotoxic drugs such as imidazoacridinones and topotecan resulted
in intravesicular formation of ROS and severe damage to the membranes in the
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vicinity of EVs leading to cell death and overcoming of resistance. Furthermore,
consistent with the weak base nature of imidazoacridinones, MDR cells that are
devoid of EVs but contained an increased number of lysosomes were efficiently
killed via photodynamic lysosomal rupture. Combining targeted lysis of imidazoac-
ridinone-loaded EVs and lysosomes elicited a synergistic cytotoxic effect resulting
in the reversal of MDR. In contrast, topotecan, a substrate of ABCG2, accumulated
exclusively in EVs of MDR cells but not in non-MDR breast cancer cells. This ex-
clusive accumulation in EVs enhanced the selectivity of the cytotoxic effect exerted
by photodynamic therapy to MDR cells without harming normal cells.

Taking advantage of the increased number of lysosomes in MDR cells, the
same group [73] developed an imidazoacridinones-based PDT approach to elimi-
nate MDR cancer cells. MDR cells overexpressing the MDR efflux transporters
ABCG2, ABCBI or ABCCI and their normal counterparts were used: non-small-
cell lung cancer A549 cells and their ABCG2-overexpressing A549/K1.5 subline,
ovarian carcinoma 2008 cells and their stable MRP1 transfectant 2008/ MRP1,
and non-small lung cancer cell line SW1573 and its ABCB1-overexpressing sub-
line SW1573/2R160. PDT resulted in 10- to 52-fold lower IC-50 values of vari-
ous imidazoacridinones, thereby, restoring parental cell sensitivity. Finally, in vivo
application of PDT-imidazoacridinone to human ovarian tumor xenografts in the
chorioallantoic membrane model revealed selective destruction of tumors and their
associated vasculature after two consecutive treatments.

Apoptosis and Resistance to PDT and its Relationship
with PS Structure

As a result of apoptosis induction by different stimuli, a series of signaling path-
ways are activated. As it has been previously addressed, PDT is known to up-regu-
late several signaling pathways, some of which on one hand may act as mediators
or promoters of apoptosis as a result of the PDT treatment. On the other hand, some
pathways are related to promote damage repair [74] and, therefore, could be linked
to the development of resistance. In this regard, there are controversial evidences
as some studies correlated the presence of apoptosis with the appearance of resis-
tance, whereas in a few cases, altered apoptosis pathways have been found in cells
resistant to PDT.

There have been different studies that linked the type of cell death and the PS
subcellular localization [29]. Therapy can induce photodamage in the different or-
ganelles or in the plasma membrane. It has been demonstrated that anti-apoptotic
proteins of the Bcl-2 family were targeted by PDT if the PS was localized in the
endoplasmic reticulum (ER) or the mitochondria. On the other hand, when the plas-
ma membrane was targeted by PDT, inhibition or delayed apoptosis and rescue
responses were triggered [28, 75].

The subcellular localization of the PS varies according to its chemical nature
and the molecular structure. Due to the hydrophobic nature of most PS they tend
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to bind to membranes, e.g., ER, mitochondria, Golgi, lysosomes and plasma mem-
brane [76]. Kessel et al. [77] evaluated the PDT responses to two structurally-re-
lated photosensitizing agents, using P388 murine leukemia cells. The PS tin etio-
purpurin (SnET2) induced photodamage in lysosomes and mitochondria yielding a
rapid apoptotic response. Using the analog tin octaethylpurpurin amidine (SnOPA),
which targeted lysosomes, mitochondria and cell membranes yielded apoptotic
evidence only after 24 h post PDT, suggesting photodamage to the membranes can
delay or prevent an apoptotic response to PDT, thus resulting in resistance to PDT.

Along the same lines, Dellinger et al. [78] reported that PDT of cells exposed for
a short period to high concentrations of PII exhibited an aborted form of apoptosis
and attributed this to the leakage of cytoplasmic content through photodamaged
membranes.

The Kessel group found that SnOPA and a monocationic porphyrin relocalized
to the cytosol during irradiation, and this feature was correlated to delay or inhi-
bition of apoptosis [75]. Employing m-THPC, SnET2 and 9-capronyloxy-tetrakis
(methyoxyethyl) porphycene (CPO) in fluorescence localization studies, this group
was also able to show that the PSs that theoretically targeted mitochondria, were
also able to bind to a variety of intracellular membranes. These PSs generated dam-
age through apoptosis, affected Bcl-2 levels, but did not affect the pro-apoptotic
protein Bax. According to the accumulation site, the apoptotic response was in-
duced soon after treatment with m-THPC and CPO, while the response was delayed
when treated with SnET?2 (associated with lysosomal photodamage) [79].

Utilizing positively charged porphyrins, Kessel et al. [80] showed that the
position of the charge influenced the intracellular localization sites. The PS
(5,10-di[4-(N-trimethylaminophenyl)-15,20-diphenylporphyrin) can penetrate
the plasma membrane easily and target mitochondria, resulting in a rapid loss of
membrane potential and triggering apoptosis. On the other hand, 5,15-di[4-(N-
trimethylaminophenyl)-10,20-diphenylporphyrin with a different charge distribu-
tion targets lysosomes instead, resulting in extensive photodamage but with less
effectiveness than the former pathway.

The same group using NPe6, which is an amphiphillic PS that targets the en-
dosomal/lysosomal membranes, demonstrated that it is possible to induce indirect
activation of apoptosis. Upon damage to these vesicle membranes, there is a leak-
age of enzymes that mediate the activation of the apoptotic lysosomal pathway
involving the release of cathepsin B and cleavage of Bid which, in turn, can interact
with the mitochondria leading to the release of cytochrome c and the activation of
caspases -3 and -9 [81].

In addition to apoptosis, autophagy can also occur after PDT, especially when
low light doses are applied [82]. This process acts as a pro-survival response due to
recycling of damaged organelles, offering protection from photodamage [83, 84].
The role of authopagy in PDT resistance will be addressed in another chapter of
this book.
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Activation of Caspases and Expression of Apoptotic
and Anti-apoptotic Proteins in PDT Resistant Cells

Almeida et al. [85] analyzed the intracellular signaling mechanisms in PDT. They
found that there are two major apoptotic pathways, both of which involved the
activation of caspase 8 or 9 (initiators) leading to the activation of caspases 3, 6
and 7 (effector caspases). In addition, the lysosomal pathway is a prelude for the
mitochondria-mediated apoptosis after lysosomal photodamage [81].

As mentioned before, monocationic PS such as monocationic porphyrin localize
to the plasma membrane, and during the first minutes of irradiation, relocalized to
the cytosol [75]. With longer periods of irradiation, procaspases -3 and -9 are af-
fected by photodamage, preventing an apoptotic response. Although this is not a
general rule for all the PS that initially bind to the plasma membrane, these results
indicate that the absence of apoptosis can result from photodamage to keypoints of
the apoptotic program.

There were no changes in caspase 8 RNA expression levels according to stud-
ies carried by Wild et al. [86] where they analyzed 3 cells lines: a normal cell line
(UROtsa, urothelial) and two tumor cell lines (RT4, urothelial; HT29, colonic) fol-
lowing ALA-PDT. Although there were no changes at the RNA level, they found
a delay in the activation of caspase 8 only in the normal cells, suggesting that this
caspase pathway activation might be a secondary way to ensure photodamage. Ac-
cording to caspase -8, the active caspase 3 fragment was found only in the normal
urothelial cell line 1 h after photodynamic therapy. Combined data analyses suggest
that photodynamic therapy in vitro leads to apoptosis in UROtsa and to necrosis in
the tumor cell lines, respectively. The activation of caspases 8§, 3, 6 and 7 was found
in HeLa cells treated with BPD-MA-PDT [87].

Ruhdorfer et al. [11] carried out gene expression analysis in squamous cell carci-
noma A-431 after ALA-PDT and found that the product of the ‘Fas-associated via
death domain’ (FADD) gene was strongly induced. FADD is an adaptor molecule,
which via its death effector domain (DED) engages the DEDs of procaspase 8,
which will become caspase 8 and triggering the apoptotic pathway.

It has recently been published that the anti-apoptotic protein Mcl-1 plays an
important role in protecting cells from PDT-induced apoptosis. In contrast to the
reduction in the anti-apoptotic proteins Bcl-2 and Bcl-xl, sub-lethal PDT induces
an increase in Mcl-1 expression. Silencing Mcl-1 sensitizes tumor cells to PDT-in-
duced apoptosis, and ectopic expression of Mcl-1 significantly delays Bax translo-
cation to the mitochondria and inhibits caspase3 activity following PDT [88]. Mcl-1
expression is associated closely with the activated AKT signaling following PDT.
Treatment with Celecoxib, a non-steroidal anti-inflammatory drug, downregulated
Mcl-1 expression, and enhanced PDT-induced apoptosis both in vitro and in vivo.
This down-regulation is closely related to the inhibition effect of Celecoxib on the
AKT/GSK-3p pathway, and was blocked upon addition of the GSK-3f inhibitor
LiCl or the proteasome inhibitor MG132. In addition, a loss in Mcl-1 by inhibiting
AKT promoted PDT-induced apoptosis through the mitochondrial pathway [88].
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It was reported that it is possible to circumvent PDT resistance in an apoptosis-
independent manner. Since it was found that PCI of gelonin was more effective
in the PDT-resistant MES-SA/Dx5 cells as compared to the normal lines, death-
inducing signaling was studied. A low activation of caspase3 and a strong PARP I
cleavage after PCI occurred in both cell lines. The PARP I activation was, however,
stronger after PCI than after PDT in the MES-SA cells, but not in the MES-SA/Dx5
cells and, therefore, cannot explain the strong PCI effect in the MES-SA/DxS5 cells
[53].

The Bcl-2 family is a large family of proteins that play a key role in the apoptotic
pathway. It is composed of anti-apoptotic members such as Bcl-2, CED-9 and Bcl-
XL, and pro-apoptotic members such as Bak, Bax, BNIP3, as well as the BH3-only
subfamily (Bik, Blk, Hrk, BimL, Bad, Bid) [89, 90].

Since Bcl-2 proteins are frequently activated after PDT-treatment [91, 92], these
proteins may be involved in the development of cell resistance. Upon PDT, when
photodamage targets the mitochondria and/or the endoplasmic reticulum, the anti-
apoptotic protein Bcl-2 is affected, while lysosomal photodamage results in the
activation of pro-apoptotic protein Bid, also leading to apoptosis [29].

Shen et al. [32] employed PDT-resistant HT29 cells to perform gene expression
analysis of apoptosis- related genes. This study showed an increased expression of
Bcl-2 and heat shock protein 27 as well as a decreased expression of Bax in the PDT
resistant cells. However, mRNA and protein expression levels for the propaptotic
BNIP3 were increased. The same group reported that these resistant cells showed a
significant increase in cisplatin sensitivity that correlated with the increased BNIP3
and decreased mutant p53 protein levels [93].

HL60 cells transfected with Bel-2 were able to suppress apoptosis after BPD-
MA-PDT treatment [91]. They also found that overexpression of Bcl-2 or Bel-XL
did not avoid apoptosis by preventing the release of cytochrome C but instead by
blocking the activation of caspases [87]. Also, CHO cells overexpressing Bcl-2
showed a 2-fold increase of PDT-resistance compared to the parental cells [94, 95].
In addition, human gastric adenocarcinoma MGCS803 and A 431epidermoid carci-
noma cells transfected with the Bcl-2 antisense reversed the resistance to PDT [92,
96].

There is, however, some controversy regarding the use of Bcl-2 expression as a
predictor for PDT response. Different groups have used PDT-treated tumor biopsies
to try to correlate Bcl-2 expression and the outcome of the treatment. Kawaguchi
et al. [97] found no correlation between Bcl-2 or p53 expression and local recur-
rence after PDT in squamous cell carcinomas of the bronchus. McGarrity et al. [98]
reported that variable changes in Bcl-2 and p53 immunoreactivity were noted in
normal and carcinoma tissues biopsies of esophageal tumors treated with PII-PDT,
whereas Koukourakis et al. suggested that Bcl-2 expression is associated with a fa-
vorable outcome of PDT, which could be due to the selective degradation of Bcl-2
induced by PDT, leading to apoptosis by decreasing the Bcl-2/Bax ratio [99]. In this
context, several groups have shown in different cell lines, PDT-induced damage to
Bcl-2.
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Human breast cancer MCF-7¢3 cells expressing procaspase-3, known to respond
to PDT via apoptosis, were transfected with wild-type Bel-2 or Bel-2 deletion mu-
tants lacking the anchorage region to the membrane, resulting in a relative resis-
tance to Pc 4-PDT. These results suggested that the deleted regions, which include a
caspase-3 cleavage site, are not necessary for the inhibition of PDT-induced apopto-
sis. On the other hand, a C-terminal truncated Bcl-2 mutant provided no protection,
indicating that the degree of Bel-2 photodamage determines the level of sensitivity
of the cancer cells to apoptosis in response to PDT. In addition, overexpression of
Bcl-2 in MCF-7¢3 cells inhibited the activation-associated conformational change
of the pro-apoptotic protein Bax, consequently leading to a requirement of higher
light doses to activate Bax [100].

Employing the same concept, Chiu et al. [ 101] reported studies of the role of Bax
in apoptosis and cell killing caused by PDT. MCF-7¢3 cells treated with antisense
Bax yielded a 50% inhibition of PDT-induced apoptosis. Similarly, in a human
prostate cancer cell line DU-145, which does not express Bax, apoptosis was com-
pletely blocked after Pc 4-PDT treatment, but despite the lacking of Bax the cells
were equally sensitive to PDT. Since cells deficient in Bax remain as photosensitive
as Bax-proficient cells, the authors concluded that the commitment to cell death is
likely determined before the step of Bax activation and cytochrome c release or is
independent of them.

As mentioned before, Usuda et al. [102] showed that PII-PDT can induce dam-
age to Bcl-2 and, therefore, apoptosis. Employing different PS targeting different
organelles showed that targeting the mitochondria, as PII-PDT, is more effective in
inducing apoptosis and Bcl-2 photodamage, compared to a lysosomal target agent
such as NPe6-PDT. The latest PS showed no damage to Bcl-2 and a delayed apopto-
sis. Also, Bcl-2 overexpressing cells were considerably more resistant to NPe6-PDT
than the parental MCF-7¢3 cells.

Using ATX-s10, a PS which localizes to mitochondria and lysosomes, it was re-
ported that overexpression of wild-type Bcl-2 conferred relative resistance to MCF-
7 cells to PDT. Inhibition of lysosomal cathepsins B and D protected MCF-7¢3
cells from apoptosis induced by ATX-s10-PDT. This demonstrated that lysosomal
photodamage can initiate an apoptotic response and this apoptotic pathway can be
regulated by photodamage to Bcl-2 via the mitochondria [103] Using the Tao vari-
ant of 1clc.7 murine hepatoma cells having lysosomal fragility, apoptosis was de-
layed and diminished upon exposure to NPe6-PDT, thus exhibiting resistance to the
treatment [104].

The tumor suppressor P53 is the most frequently mutated gene in human tumors.
Increased P53 expression affects its target genes expression and leads to cell cycle
arrest or apoptotic cell death depending on the cell type and context [105, 106].
P53-deficient cells are often less responsive to chemotherapeutics, and this implies
that it could also be responsible for PDT resistance. However, no conclusive re-
ports are available to show that the down-regulation of this protein may induce
resistance to PDT. On the other hand, cells lacking functional p53 fail to undergo
apoptosis,resulting in continued proliferation.
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Using hypocrellin as PS it was found that wild-type p53 transfected-HT29 hu-
man colorectal carcinoma cells were 2-fold sensitive to PDT than the parentals [96].
In the same trend, human promyelocytic leukemia HL60 cells which express the
wild type p53 were also more sensitive to PDT, with both PII and tin ethyl etiopur-
purin I (SnET2), compared to cells presenting deletions or mutations in P53. The
human colon carcinoma cell line LS513 which expresses wild-type p53 was also
more sensitive to PII-PDT compared to the mutated P53 counterpart [107]. In every
case, the cell lines underwent rapid apoptosis in response to PDT [108]. Immortal-
ized fibroblasts derived from Li-Fraumeni syndrome patients, that only have one
p53 allele and is mutated, were less sensitive to PII-PDT compared to normal fibro-
blasts [109]. On the other hand, expression of the oncoprotein E6 which suppresses
p53 function did not alter the response to PDT in LS513 and MCF-7 cells [109].
However, in spite of all the evidence involving p53 on photodynamic sensitivity,
there is yet no conclusive association of p53 with the PDT response [97, 99].

An interesting and unexpected finding was that PpIX interacts with wild-type
p53 in vitro and induces cell death of colon cancer cells in a p5S3-dependent and in-
dependent manners. PpIX might directly target p53 and stabilize it in human colon
cancer cells HCT116 probably by disrupting the p53/MDM?2 complex. This might
lead to p53-dependent cell death via p53-regulated apoptosis in the dark, prior to
irradiation and also upon irradiation [110].

Cellular Antioxidant Defense Mechanisms

It has been shown that the antioxidant defense mechanisms of the cell such as su-
peroxide dismutases (SOD), the glutathione system and catalase or lipoamide dehy-
drogenase, antagonized the effects of PDT [111-114].

MCF-7 cells could be protected from PDT damage by transfecting them with the
glutathione peroxidase gene, which helps with the removal of lipid hydroperoxides
in living cells after 'O, exposure. In addition, it was found that human kidney 293
cells over-expressing glutathione S-transferase P1-1 had a reduced phototoxicity
induced by Hypericin-PDT, by reversion of downregulation of the nutrient-sensing
protein kinase mTOR and blocking apoptosis [115].

The glutathione system has been involved in chemoresistance [116]. In addition,
a few authors reported that detoxification by glutathione conjugation was correlated
with PDT resistance. Luna & Gomer [6] found an increase in the levels of reduced
glutathione in their resistant cells RIF, but no alterations in the levels of glutathione
peroxidase or superoxide. However, Singh et al. found no differences in glutathione
levels in the RIF-8A resistant variant [35]. Our clones resistant to ALA-PDT [7]
showed that the reduced glutathione content expressed on the basis of cell number
increased two-fold, however, no differences were observed when expressed in per
ng of protein, thus being difficult to evaluate the role of GSH detoxification in this
system due to the different protein content in the resistant lines. However, the GSH:
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porphyrins are higher in the resistant clones, suggesting an increased detoxifying
activity per molecule of PS.

Mikesova et al. [117] compared the sensitivity of six colon-derived cancer cell
lines to Hypericin-PDT, revealing a whole spectrum of responses from insignificant
to high cytotoxicity. It was found that the cell line sensitivity was partially but not
directly related to the intracellular Hypericin content, glutathione level or redox
status, demonstrating partial but not direct correlation with resistance to PDT when
considered separately but combination of these parameters are responsible for pho-
tocytotoxicity, thus reinforcing our theory of multifactorial features in the develop-
ment of PDT resistance.

MES-SA/DxS5 cells resistant to DXR are cross-resistant to PDT. A DXR-induced
increased expression of the ROS-scavenging proteins glutathione peroxidase GPx1
and GPx4 in MES-SA/DxS5 cells was indicated as the mechanism of resistance to
PDT, in line with the reduction in PDT-generated ROS observed in this cell line.
The MES-SA/DxS5 cells were also cross-resistant to ionizing radiation in agreement
with the increased GPx1 and GPx4 expression [53].

In cancer cells resistant to DXR, overexpression of Glutathione transferase pi
(GSTP1) is also suggested to influence the cellular redox status through the sup-
pression of DXR conversion to semiquinone free radical and the subsequent pro-
duction of ROS. Thus, the overexpression of GSTP1 is related to the development
of drug resistance in cancer cells not only by increased detoxification of anticancer
agents, but also by suppression of cellular ROS which induce cell death [118].

In the colon adenocarcinoma cell line LoVoDX resistant to DXR, oxidative
changes induced by Photofrin-PDT were delayed in comparison to its DXR-sen-
sitive counterpart LoVo. The expressions of GSTP1, a marker protein for photo-
chemical toxicity, and secretory phospholipase A(2), a prognostic and diagnostic
marker for colon cancers, were increased in both cell types after PDT. Increased
SOD1 activity and TBARS levels in both cell lines, together with a decrease of
protein-associated -SH groups were also evidenced. The increasing level of ROS
following the oxidation of sulthydryl cell groups and lipid peroxidation influence
the activity of many transporters and enzymes [119].

Superoxide dismutases (SOD) are enzymes that catalyze the dismutation of su-
peroxide into oxygen and hydrogen peroxide, and their action is relevant to photo-
damage [120, 121]. The expression of the isoform SOD2 was found to be differen-
tially regulated by ALA-PDT. Up-regulation was found in the urothelial RT4 tumor
cells, not affected in the colonic HT29 tumor cell line and slightly down-regulated
in the normal urothelial cells UROtsa [86] after ALA-PDT treatment.

Heat Shock Proteins in the Response to Photodamage

It is known that heat, chemical exposure, oxidation and PDT affect the expression of
heat shock proteins (HSPs), which in turn are associated with modulation of cellu-
lar damage [9, 122]. HSP27, HSP34, HSP60, HSP70, HSP90, HSP110 [123, 124],
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glucose regulated proteins GRPs (GRP74, GRP78, GRP94 and GRP100) [125] and
heme oxygenase (HO-1) [126] have also been involved in protecting the cells from
photodamage.

Luna & Gomer showed that their RIF PII-PDT-resistant cells increased the ex-
pression of HSP70 and HO-1 mRNA upon PDT treatment [6], without changing the
expression of these proteins. The same group has previously reported that hyper-
thermia-resistant cells which overexpress HSP70 were not cross resistant to PDT
[127].

Verwanger et al. [128] ran a cDNA array in human squamous cell carcinoma
cells A-431 after treatment with ALA-PDT and found increased expression of
HSP70. They also found increased expression of HO-1 following dark incubation
with ALA, which was not further augmented after irradiation, which was ascribed
to the need for heme degradation after PpIX cell loading.

HSP60, a chaperone found mainly in mitochondria, was shown to be overex-
pressed in colon cancer cells HT29 and in the PDT-resistant fibrosarcoma RIF-8A
cells [129]. Using microarray analysis, the same group found that the mRNA of
HSP27 was increased in these cells, which is known to be involved in the signaling
pathway leading to apoptosis [130]. Moreover, cells stably transfected with HSP27
cDNA showed an increased survival after PII-PDT treatment, suggesting that this
protein may play a key role in PDT resistance. Similarly, an increased expression of
HSP27 mRNA was found in the HT29 human colon adenocarcinoma PDT-resistant
cells [32].

HSP1 was also found to be phosphorylated and consequently activated after Pc
4-PDT of the mouse lymphoma L5178Y cells [131]. In the same way, several stud-
ies have shown that many stress response proteins are induced after PDT treatment
[28]. The increased expression of HO-1 either by induction with hemin or by stable
transfection of the gene, increased the resistance of colon adenocarcinoma C-26
tumor cells to PDT-mediated cytotoxicity. On the other hand, treatment of the cells
with an HO-1 inhibitor augmented the rate of phototoxicity [132].

Treatment of cells with a calcium ionophore increased the expression of GRPs
and also developed PDT resistance after long exposure to PII protocol (16 h) [125].
This study also indicated elevated levels of mRNA encoding GRP-78 and GRP-94
and an increase in GRP protein synthesis in RIF-1 cells even before irradiation,
showing that the PS itself is capable of inducing an oxidative stress response. While
a short exposure protocol (1 h) prior to illumination, resulted in minimal increase in
GRP mRNA levels or GRP protein synthesis. These results suggest that subcellular
localization of the PS, which is the factor mainly affected by time exposure, is cor-
related with GRP induction.

Since GRP78 mRNA and protein levels are elevated in response to PDT in vari-
ous cancer cell lines, stable overexpression of GRP78 and its role in resistance to
PDT was investigated. GRP78-targeting subtilase cytotoxin catalytic subunit fused
with epidermal growth factor (EGF-SubA) sensitizes various cancer cells to Photo-
frin-mediated PDT. The combination treatment is cytotoxic to apoptosis-competent
SW-900 lung cancer cells, as well as to Bax-deficient and apoptosis-resistant DU-
145 prostate cancer cells. In these cells, PDT and EGF-SubA cytotoxin induce the
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expression of an ER stress-associated apoptosis-promoting transcription factor. Al-
though some apoptotic events such as disruption of the mitochondrial membrane
and caspase activation are detected after PDT, there is no phosphatidylserine plasma
membrane externalization or DNA fragmentation, suggesting that in DU-145 cells
the late apoptotic events are missing. Moreover, in SW-900 cells, EGF-SubA cyto-
toxin potentiates PDT-mediated cell death but attenuates PDT-induced apoptosis. In
addition, the cell death cannot be reversed by caspase inhibitor z-VAD, confirming
that apoptosis is not a major cell death mode triggered by the combination therapy.
Moreover, no typical features of necrotic or autophagic cell death are recognized.
Instead, an extensive cellular vacuolation of ER origin is observed. Altogether,
these findings indicate that PDT and GRP78-targeting cytotoxin treatment can ef-
ficiently kill cancer cells independent on their apoptotic competence and triggers an
atypical, non-apoptotic cell death [133].

Changes in Cytoskeleton, Cell to Cell Adhesion and
Adhesion to Substrate in PDT Resistant Cells

The extracellular matrix (ECM) is the non-cellular component present within all tis-
sues and organs, and provides not only essential physical scaffolding for the cellular
constituents but also initiates crucial biochemical and biomechanical cues that are
required for tissue morphogenesis, differentiation and homeostasis. Cell adhesion
to the ECM is mediated by ECM receptors, such as integrins, discoidin domain
receptors and syndecans. Adhesion mediates cytoskeletal coupling to the ECM and
is involved in cell migration through the ECM. Migration, cell adhesion, cell-to-
cell communication differentiation and survival are common functions of the ECM
[134, 135].

Integrins are the major class of surface receptors that attach to the extracellu-
lar matrix (ECM) and are responsible for a cell’s interaction with its environment;
these receptors process external signals into intracellular ones and induce a number
of regulatory cascades. Ultimately, this can lead to a variety of cellular responses.
Integrins are non-covalently attached heterodimer transmembrane receptors that
consist of a- and B-subunits, forming a functional receptor. Signals that come from
intracellular receptors can regulate adhesion, migration, growth, differentiation, and
death of cells [136, 137].

The chemotherapy resistance phenotype has been often associated with altered
expression patterns of cytoskeletal components and adhesion [138, 139]. In recent
years, it has been established that the cell-cell and cell-matrix interactions involve
the reorganization of the cytoskeleton and also involved the activation of multiple
signaling pathways that can modify cell growth, survival and differentiation. Ex-
perimental data provided evidence that the anti-apoptotic pathways mediated by
cell adhesion induce tumor resistance to different injuries. Cell adhesion mediates
drug resistance (CAM-DR) in multiple myeloma, malignant lymphoma, acute and
chronic leukaemias, as well as in pancreatic cancer, neuroblastoma, small cell and
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non-small cell lung cancer, mesothelioma, colorectal carcinoma, and breast cancer,
and is based on the observation that cells that adhere to ECM ligands are protected
from undergoing apoptosis. Cell adhesion protects from death by radiation, and
genotoxic chemotherapy [140, 141]. Cell adhesion to ECM mediated by integrins
impact favorably to both normal and tumor cells, and it has been implicated in
the development of radioresistance. This phenomenon has been called cell adhe-
sion-mediated radioresistance, and it can be reversed by overexpression of integ-
rin-linked kinases, with concomitant reduction of cell size and adhesion to ECM
proteins [142, 143].

Many changes related to cell adhesion have been reported as a consequence of
photodamage, such as inhibition of cell adhesion by PDT-BPD-MA [144]. In ad-
dition, Verteporfin-PDT induced a transient decrease in adhesion of human ovar-
ian cancer cells OVCAR 3 to collagen IV, laminin, fibronectin, and vitronectin.
Interestingly, after photosensitization, the f1- integrin on the cell surface could still
react with anti- B1 antibody suggesting that the subunit was still structurally intact,
although B1-integrin-containing focal adhesion plaques (a functional attribute) be-
came diffuse. The loss in integrin function arises largely through intracellular dam-
age rather than through direct damage to the integrin proteins on the cell surface
[145].

Tumor cells are in general less adhesive than normal cells, which contributes
to tumor cell detachment and metastasis. In this sense, fibronectin and its integ-
rin receptors play a key role in tumor development. Rudhorfer et al. [11] using a
squamous carncinoma cell line A-431 observed that ALA-PDT markedly down-
regulated the fibronectin gene. As a result of this downregulation, cells rounding
up and detachment begin to occur, and as a consequence, migration and metastasis
are increased.

PDT employing PII and BPD-MA applied to colon carcinoma cells induced a
transient decrease in adhesiveness and in adhesion molecules expression [146]. The
authors suggested that the decrease in adhesiveness could account for the decreased
metastatic potential of PDT-treated cancer cells. No matter what the effect is, there
is an impact on the metastatic ability of the PDT-surviving cells. It could either
increase [147] or decrease [148], and these differences may be due to the PS em-
ployed, the light dosage, cell model and even tumor location.

Although not yet well understood the effects of PDT on the ECM, it is clear
that PDT induces changes in ECM. It has been described that PDT can either de-
crease or increase adhesion to plastic, ECM and to endothelial cells [145, 149, 150].
BPD-MA PDT inhibited cell adhesion of normal human fibroblasts, causing neither
change in ECM nor integrin expression [144].

Overhaus et al. tested the hypothesis that PDT alters the vascular wall matrix
thereby inhibiting invasive cell migration, and as such, provides an important bar-
rier mechanism to favorably alter the vascular injury response. In an experimental
intimal hyperplasia model composed of untreated smooth muscle cells and fibro-
blasts seeded on control and PDT-treated 3D collagen matrix gels, they demon-
strated that PDT reduces the invasiveness degree of smooth muscle and fibroblast
migration rate, generating a matrix barrier to invasive vascular cell migration [151].
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The main components of the cytoskeleton are tubulin, actin and the intermediate
filaments, and are one of the targets for PDT [152]. Changes in the cytoskeleton
system have been related to tumor progression and metastasis [150], and it also
favors changes in the cell shape during apoptosis by promoting the apoptotic bodies
formation [153].

Signaling from the extracellular space such as changes in cell shape, or cell de-
tachment, are sensed and transmitted into the intracellular space via p53 mitogen-
activated protein kinase (MAPK), extracellular signal regulated kinases (ERK)
1/2 or JNK signaling pathways among others. It was found that promotion of
p38MAPK, ERK, JNK and Ras signaling pathways supported survival and/or apop-
tosis after Hypericin-PDT treatment. This group also found that after PDT there
was an up-regulation of NEDDO9 (also called HEF1). This protein, part of the CAS
protein family, localizes at focal adhesion sites. NEDDO early up-regulation could
participate in apoptosis induction and execution, activation of JNK kinases and in
the transition of ‘flat’ attached cells to rounded mitotic cells [154].

Integrins not only regulate cell adhesion, but also participate in the crosstalk
with different growth factor receptors. These receptors can be phosphorylated upon
binding of their ligand or by the binding of integrins in the absence of ligand. Sa-
novic’s group [154] also showed a downregulation of genes enconding for integrin
3, integrin B1, and integrin 6 after Hypericin-PDT, thus reducing the transduction of
signals from the ECM and cell adhesion. They also found thrombospondin-1, which
is a ligand for integrin 1 was downregulated in A-431 cells after treatment.

Buytaert et al. treated bladder cancer cells with Hypericin-PDT and they found a
downregulation of integrin 2 and B3 precursors [155]. Studies conducted by Galaz
et al. [156] reinforced the hypothesis that integrins downregulation induces cell de-
tachment and apoptosis. They have demonstrated that altered levels of B1-integrins
favored cell detachment and apoptosis via E-cadherin loss after ZnPc-PDT.

However, integrins are not the only proteins responsible for cell detachment and
the control of rearrangements of the actin cytoskeleton, since Hypericin-PDT in-
duce up-regulation of the Rho family GTPase 3 causing similar effects by inhibiting
integrin-based focal adhesions and formation of actin stress fibers leading to cell
rounding [154]. Sanovic’s group has also reported another detachment mechanism
affected by PDT which also contributes to significant changes in cell morphology
and decreases cell adhesion, which is the overexpression of Pleckstrin homology-
like domain, family A, member 1 (PHLDAT) [154].

Our group found that the ALA-PDT adenocarcinoma resistant cells in vitro were
less invasive and tend to migrate less, while in vivo their ability to metastasize were
decreased compared to the parental cell line. The lower tumor uptake, latency time
and growth rate suggested that anchorage-dependent adhesion was also impaired
in vivo in the resistant clones. However, in vitro binding to the ECM protein col-
lagen I was higher for both of the clones, but no overexpression of f1 integrin was
found, which is the main molecule involved in collagen I binding [157]. In addi-
tion to a loss of actin stress fibers, the resistant clones also exhibited disorganized
actin cortical rim, as well as E-cadherin, -catenin (cell—cell adhesion proteins) and
vinculin (cytoskeleton-associated protein) distribution [157]. These alterations of
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the cytoskeletal and adhesion proteins can be probably correlated with the lower
metastatic phenotype of the cells in vivo.

Another major cytoskeletal protein is vimentin, which is degraded in response to
various inducers of apoptosis [158, 159]. When Jurkat cells were transfected with
a caspase-resistant vimentin variant, Phthalocyanine-PDT-induced apoptosis was
partly suppressed and delayed, suggesting that this cytoskeleton component has a
major role in the development of resistance by impairing caspase-3 translocation
[160].

Cell attachment as well as cell to cell interactions may influence the plating
efficiency of cells. Some of the PII-PDT resistant variants from Luna & Gomer
showed a reduced plating efficiency of up to 36—43 % [6]. In addition, a much high-
er number of these resistant cells was required to generate a tumor when injected
into syngeneic mice compared to non-resistant ones. In our hands, ALA-PDT vari-
ants resistant cells had shown an impaired plating efficiency that correlated with a
lower tumor take when injected into mice. This characteristic may be associated to
the ECM changes in the PDT resistant cells [149]. In addition, Perry et al. found a
correlation between PII-PDT sensitivity and plating efficiency when analyzing an
array of lung cell lines with different histologies [161].

Since the cellular shape is an important factor that regulates the cell sensitivity to
mitogens, this suggests that the proliferative rate is anchorage dependent [162]. The
ECM components on which the cells grow in vivo or the substract used to culture
cells in vitro, commands the shape of the cells, as well as the production of specific
proteins coming from external signals [163]. Since ALA-PDT resistant cells tend
to spread more than the parental cell line, we hypotetized that these cells grown in
suspension would loose the resistance [7]. However, in our study, the resistance
indexes of cells growing in suspension did not change in the resistant clones as
compared to the parental cells. Also, no significant effect was found when ALA-
PDT was performed in cells growing onto fibronectin coatings.

Similarly to some studies that suggested the cell size could be related to resis-
tance to chemotherapy [164], there are some evidences that cell size could also be
related to PDT resistance. In the study carried out by Luna & Gomer the PII-PDT
resistant variants obtained from RIF fibrosarcoma cells were larger and the protein
content was increased [6]; similar results were obtained in the variants isolated by
Sharkley et al. [30]. An increased cell spreading together with an increased number
of cells per colony were also observed. Supporting this trend of thoughts, Richter
et al. [165] treated several human leukemia cell lines with BPD-MA-PDT, in com-
parison to normal lymphocytes, they found that the resistance was related to the
cell sizes, with the smallest cells being the most vulnerable. Our group also found
that ALA-PDT resistant cells had twice the volume and protein content increase
compared to the parental line [7]. Since the plasma membrane is the main target for
PDT damage [206], a larger cell exposes a greater surface area, suggesting the ef-
fectiveness of the treatment could be inferior in the resistant clones.
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Nitric Oxide

As a general rule, depending on the cell type and the pathology, the gaseous radical
nitric oxide (NO), could play either a protective or a toxic role in the cells. However,
several studies have shown NO can induce many pathways to mediate chemore-
sistance. Inhibition of the proto-oncogene MYCN (v-myc myelocytomatosis viral
related oncogene, neuroblastoma derived (avian)) and expression of a large set of
ATP binding cassette transporters by NO, influence the chemoresistance outcome in
neuroblastoma cells [166]. In malignant astrocytes, NO has been found to modulate
radioresistance and chemoresistance against nitrosourea derivatives [167]. Using a
blocking agent against all NO synthases reversed the resistant phenotype through
induction of apoptosis in cisplatin-resistant ovarian cancer cells [168].

NO is not an effective oxidant per se, but under biological conditions could be
converted to strong damaging oxidants. At low concentrations NO may act as an
antioxidant in lipid membranes by scavenging chain propagating oxyl and peroxyl
radicals [169], contributing to the overall cellular resistance to peroxidative stress.
When this occurs during PDT, the outcome of the treatment may be impaired, even
under nontoxic levels of exogenous NO as it was shown by Niziolek et al. [170]
on PpIX-sensitized liposomes and breast tumor COH-BR1 cells treated with ALA-
PDT.

iNOS (inducible nitric oxide synthase) modulates survival to confer chemoresis-
tance in head and neck cancer [171]. The cytoprotective effects of NO in response
to oxidative stress could be long-term in an indirect way. Cytokines can induce
nitric oxide synthase to produce endogenous NO, conferring long-term hype in re-
sistance to H,O, or high-level NO cytotoxicity in hepatocytes [172, 173].

Resistance to ALA-PDT could be evidenced after rather long periods after expo-
sure to NO; between 8 and 20 h after treatment of COH-BR1 tumor cells with the
NO donor spermine NONOate (SPNO). A concomitant increase in HO-1 and ferri-
tin levels was also observed. These cells exhibited an immediate radical-quenching
effect of NO, but it also evoked a delayed cytoprotective response, suggesting that
the protective mechanism involves the mobilization of “signaling” iron [174]. The
same group reported in 2010 [175] that NO has the capacity to support apoptosis,
and that the NO donor SPNO was able to inhibit necrosis but support apoptosis
when cells were exposed to it before PDT. These observations were along with an
increased activation of caspases-3 and -7. The effect of SPNO-supported apoptosis
was more evident when comparing cells growing in glucose-deprived conditions
to glucose-containing medium. They suggested that PDT resistant cells based their
resistance on the membrane protection by NO and the maintenance of sufficient
glycolytic ATP to sustain apoptosis.

The same group demonstrated that incubating lymphocytic leukemia L1210
cells with SPNO either immediately before or after light exposure PDT employing
merocyanin 540 (a lipophilic dye that localizes primarily in the plasma membrane),
photodamage was inhibited. They postulated that chain peroxidation triggered by
iron-catalyzed turnover of nascent hydroperoxides generated by singlet oxygen at-
tack on membrane lipids contributes significantly to phototoxicity, and that NO,
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thus, acts cytoprotectively. Propagating radicals such as Salpha-OOH are impaired
by action of NO on photodamaged cells [176].

In our laboratory [177], we generated NO-resistant cells of murine the LM3
mouse breast adenocarcinoma called LM3-SNP, by successive exposures to the
NO donor sodium nitroprusside (SNP). We have found this variant had no cross-
resistance to ALA-PDT treatment. In parallel, we have also induced ALA-PDT re-
sistance in these NO-resistant LM3-SNP cells, suggesting that resistance to NO
did not interfere in the development of PDT resistance. Moreover, we found that
several cell lines with different NO production levels responded in a similar way to
ALA-PDT treatment [ 178], and that the modulation of NO levels did not modify the
intrinsic response of various cells lines to PDT treatment.

Bhowmick et al. [179] reported that iNOS up-regulation after PDT treatment,
induced an increase of tumor cell resistance. The inducible form iNOS was found
to be up-regulated in breast tumor COH-BR1 cells after ALA-PDT treatment, while
the other NOS isoforms nNOS and eNOS were unaffected. Also incubating the cells
with L-NAME (NG-Nitro-L-arginine methyl ester), an NOS inhibitor, during PDT
enhanced the activation of caspases-3 and -7 and apoptotic killing, suggesting that
iNOS was acting as photoprotective. In line with these findings, exposure to the NO
scavenger cPTIO enhanced ALA-PDT-induced caspases-3 and -7 activation and
apoptotic death in the mentioned breast tumor cells.

Similar results were found by the same authors in prostate cancer PC-3 cells
treated with PDT, which resulted in upregulation of iNOS, as well as caspases-3 and
-7 activation and apoptosis stimulation after treatment with iNOS inhibitors and an
NO scavenger. Cells surviving PDT had an increased cell cycle, but iNOS inhibition
prevented this and the increase in cell cycle S-phase occupancy observed after irra-
diation, showing that upregulation of NOS/NO elicited both a pro-survival and pro-
growth response. This was the first report of NO-dependent growth stimulation in
cancer cells exposed to a PDT oxidative stress. The pro-survival response described
could be a general phenomenon in NOS-expressing tumors subjected to PDT, and
one that might seriously compromise treatment effectiveness unless counteracted.
It has been proposed the use of the iNOS inhibitor GW274150 to overcome iNOS-
mediated resistance to PDT [180].

Hypoxia

It is well known that most tumors undergo hypoxia, which is a therapeutic challenge
since it can reduce the effectiveness of radiotherapy and PDT [181]. Tumor hypoxia
can also induce proteomics and genomic changes in the cancer cells, therefore nega-
tively affecting the therapeutic outcome. Tumor hypoxia influences the selection of
malignant cells which have been able to overcome the microenvironment of nutri-
ent deprivation, this making the tumor more aggressive and promoting the develop-
ment of a more treatment-resistant disease.
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PDT induces vascular damage and oxygen consumption resulting in tissue hy-
poxia which in turn may limit the efficacy of this treatment. Tumor cells may pro-
tect themselves against PDT-mediated damage by stabilizing the hypoxia-inducible
factor 1 (HIF1)-alpha [99, 182]. It has been reported that PDT induces hypoxia and
the expression of vascular endothelial growth factor (VEGF) via the HIF1-alpha
pathway, which in turn promotes angiogenesis, thus enhancing tumor proliferation
and survival. VEGF mRNA expression was induced in the lung cancer cell line
SBC-3 after ATX-s10-PDT [183]. When the human esophageal cell line Het-1A was
induced to overexpress HIF-1alpha, it displayed resistance to ALA-PDT. Moreover,
knocking down of the HIF-1alpha restored the photosensitivity of the cells [184].

In order to overcome PDT resistance induced by hypoxia, some strategies have
been developed. Through a concept called “arterial flow focalization”, by controlled
temporary endo or peri-vascular occlusion of the collateral arterial branch(es) up-
stream of the tumor, it is possible to redirect blood flow through the principal artery
of the downstream tumor (organ), thereby increasing tumor arterial flow, and hence
oxygen supply, thus increasing tumor PtO2 at the desired intensity and timing, in
synchrony with radiotherapy, and greatly improving radiosensitivity. Chemothera-
py and photodynamic therapy efficacy could be also be increased, by increasing the
PtO2 and by improvement of tumor blood perfusion and hence drug delivery to the
tumor [185]. Additionally, the more hypoxic cells can be preferentially targeted by
bio-reductive drugs and hypoxia-directed gene therapy [186, 187].

Using a synthetic self-assembling peptide as a cellular scaffold, Alemany-Ribes
et al. [188] recreated the in vivo limitation of oxygen and drug diffusion and its
biological effect, which is the development of cellular resistance to therapy. Cells
grown in the 3D cultures upregulated the expression of the hypoxia-responsive
genes EGF and insulin-like growth factor binding protein 3 (IGFBP3), which act
as oxygen markers. 3D cultures were found to be more resistant to PDT than tradi-
tional 2D monolayers, exhibiting a radial survival pattern in which the core of the
construct maintained a larger percentage of living cells. After circulating oxygen
stream during irradiation, complete cell death was observed under conditions in
which cell viability had been 80 % in the absence of oxygen flow. These data indi-
cate that the high cellular survival observed under static conditions was due to the
low oxygen concentration in the core of the construct, which created a protective
microenvironment for cells, thus reinforcing the importance of cell hypoxia in the
outcome of PDT

Conclusions and Future Directions

Recently, in addition to the development of PDT resistant cells as models to fur-
ther study the impact of PDT on cellular targets, there have been an increasing
interest in developing techniques related to the use of PS and light to overcome
drug resistance to chemotherapeutic drugs. One of the mechanisms of the rever-
sion of MDR takes advantage of the acidic microenvironment within drug vesicles.
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Photochemical-mediated release of chemotherapeutic agents that are either targets
or not targets of P-gp pumps, which are trapped in endocytic vesicles, has been
shown to reverse the MDR phenotype. This approach can be employed for the treat-
ment of any chemoresistant cell, but particularly cancer stem cells. In addition, il-
lumination of ABCG2-rich extracellular vesicles that accumulate photosensitive cy-
totoxic drugs has been demonstrated to overcome resistance. Another approach uses
nanomedicinal tools to deliver the PS more efficiently and to reduce the chances of
being pumped out from the cytoplasm, e.g., pH-sensitive nanoparticles that enable
pH-dependent PDT.

Combinations of PDT and targeted therapies, as well as the use of PS delivered
in nanoparticles such as poly ethylene glycol-based, carbon nanotubes, dendrimers,
carbon-based nanoparticles and polymeric micelles, are the most recent strategies to
circumvent photoresistance and will be discussed in the next chapters.
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