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Abstract

Despite progress in radio-, chemo- and photodynamic therapy (PDT) of cancer,
treatment resistance still remains a major problem for patients with aggressive
tumours. Cancer stem cells (CSCs) or tumour-initiating cells are intrinsically and
notoriously resistant to conventional cancer therapies and are proposed to be
responsible for the recurrence of tumours after therapy. According to the CSC
hypothesis it is imperative to develop novel anticancer agents or therapeutic strategies
that take into account the biology and role of CSC. The present review outlines our
recent work pointing out photochemical internalisation (PCI) using the clinically
relevant photosensitiser TPCS,,/Amphinex® as a rational, non-invasive strategy for
light-controlled endosomal escape of CSC-targeting drugs. PCI is an intracellular
drug delivery method based on light-induced ROS-generation and a subsequent
membrane-disruption of endocytic vesicles leading to cytosolic release of the
entrapped drugs of interest. In different proof-of-concept studies we have
demonstrated that PCl of CSC-directed immunotoxins targeting CD133, CD44,
CSPG4 and EpCAM is a highly specific and effective strategy for killing cancer cells
and CSCs. CSC overexpressing CD133 are PDT-resistant, however, this is
circumvented by PCI of CD133-targeting immunotoxins. In view of the fact that
TPCS,, is not a substrate of the efflux pumps ABCG2 and P-glycoprotein (ABCB1),
the PCl-method is a promising anti-CSC therapeutic strategy. Due to a laser-
controlled exposure, PCI of CSC-targeting drugs will be confined exclusively to the
tumour tissue, suggesting that this drug delivery method has the potential to spare

distant normal stem cells.
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1. Introduction

In contrast to differentiated cancer cells with restricted proliferative potential, cancer
stem cells (CSCs) are immortal and highly aggressive malignant cells."® By
mimicking normal stem cell biology, CSCs have the capacity to self-renew and
differentiate into phenotypically diverse cancer cells and initiate and thereby
recapitulate the original human tumour histology in immunodeficient mice models.
Although the clinical impact of CSCs remains to be directly proven clinically, a
number of pre-clinical experimental evidence in different transplantation assays have
provided support to the CSC hypothesis.**? Several recent independent reports on
genetic lineage tracing to track CSCs in vivo provide direct, functional validation to
the CSC hypothesis in natural unperturbed mice tumour models.***> CSCs represent
the most resistant population(s) in the tumour. CSCs are intrinsically and notoriously
resistant to conventional cancer therapies and hence, it has been suggested that this
surviving population of cells are the major drivers of tumour recurrence after therapy.
Given that eradication of CSCs is hypothesized to be a prerequisite to achieve cure of
cancer, there is an urgent need for novel strategies that directly target and kill the
CSCs.31%18 However, is targeting of exclusively one CSC population the right way to
go? A change in the tumour microenvironment may result in de-differentiation of
differentiated cancer cells resulting in gain of a progenitor or CSC phenotype,
confirming the high plasticity of tumors, however, challenge the proposed strategy of
targeting only CSC to obtain therapeutical success.'® In addition, in the same tumour
there may exist independent CSC populations.® If such parallel CSC populations
have a different expression pattern, specific targeting of one of the CSC populations
may lead to survival of the non-targeted CSC population. Consequently, this may

have implication for the success of novel CSC targeting strategies. Hence, it is
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plausible to evaluate simultaneous targeting of both CSCs and the bulk population of
the tumour. This may be obtained by using a combination of drugs that both eliminate
the distinct CSC populations and differentiated cells as opposed to current
conventional therapies that are mostly based on monotherapies or combination
therapies lacking specificity for the CSC population.

We have previously demonstrated that the light-triggered drug delivery
technology photochemical internalisation (PCI) is able to induce complete responses
of highly aggressive tumors in vivo.?“# In addition, PCl-based photosensitizers,
including the clinical relevant TPCS../Amphinex® are neither substrates of P-
glycoprotein/MDR-1/ABCB1 nor ABCG2/BCRP (breast cancer resistance protein).”
2 Furthermore, we have demonstrated that PCl-based targeting of EpCAM, a marker
used to enrich CSCs, resulted in significant kill of cancer cells of various cancer
types.’*?® Based on these studies, we hypothesized that PCI of immunotoxins
targeting CSC-markers may represent a rational approach to eradicate CSCs.

In this review, we present our recent work on the PCl-based targeting of CSCs. We
first discuss important factors that make CSCs highly resistant to chemo-, radio- and
photodynamic therapy. Then we present the intracellular drug delivery technology
PCI and we discuss our recent data revealing that PCI of immunotoxins targeting
different CSC-markers, including CD133, CD44, EpCAM and CSPG4, is highly
specific and efficient. In addition, others works on the putative implication of CSCs in

PDT will be briefly discussed.

2. Hallmarks of CSCs that render them resistant to

ROS-generating therapies
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Mimicking the nature of normal stem cells that protect themselves against xenobiotics
and mutagenic insult, CSCs are thought to be highly resistant to conventional cancer
therapies and are proposed to cause relapse of tumour after end of therapy.*3? There
are several factors that make CSCs hard to kill by reactive oxygen species (ROS)-

generating therapies, including chemo-, radio,- and photodynamic therapy:

2.1 CSCs thrive in hypoxic conditions.

As for hematopoietic stem cells, CSCs thrive in hypoxic conditions,*™’

which may
per se represent a barrier for cancer therapies including radiotherapy, PDT and some
chemotherapeutics (e.g. doxorubicin and bleomycin) that are dependent on oxygen for
the generation of cytotoxic levels of ROS. Yeung et al. reported that hypoxia
enriched and preserved the CSC phenotype of colorectal cancer-derived cell lines and
induced undifferentiated dense colonies, whereas normoxia promoted differentiation
into complex spheroids with lumen-containing structures.® Li et al. also demonstrated
that hypoxia-inducible factors are important driver of glioma CSCs.*® In contrast,
distinct glioma CSCs seem to be dependent on factors produced by the vasculature,
and hence remain in the perivascular niche indicating that hypoxia is not a general

driver of stemness.*®*°

2.2. CSCs have a strong anti-ROS defence system.

Normal stem cells have upregulated non-enzymatic and enzymatic ROS-scavenging
systems as crucial mechanisms to deal with intracellular stress and ROS
accumulation. These antioxidant defence mechanisms play important roles as redox
regulators of self-renewal and differentiation.**** In addition, CSCs have also been

shown to possess an elevated ROS defence capacity that renders them resistant to
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chemo-, radiotherapy and potentially photodynamic therapy.*“*® Pharmacological
depletion of ROS scavengers such as the major intracellular antioxidant reduced
glutathione (GSH) upregulated in CSCs was first shown by Diehn et al. to
significantly attenuate the clonogenicity of CSCs, which resulted in enhanced
radiosensitization in vivo.** Of high interest, Ishimoto demonstrated that
overexpression of the CSC marker CD44 together with XCT, a subunit of the cystine-
glutamate antiporter system xc’, promoted cystine uptake and thereby increased the
intracellular synthesis of GSH.>® GSH is known to be the most important non-
enzymatic ROS-scavenger and indeed, several independent reports have demonstrated

its important role in reducing the efficacy of PDT >

2.3. CSCs efficiently efflux small drugs and some photosensitizers

Multidrug resistance (MDR) is a major barrier for small drug-based anti-cancer agents
and is proposed to play a central role for protection and survival of CSCs.>* The ATP-
binding cassette (ABC) efflux transporter ABCG2 (CD338/BCRP/MXR) over-
expressed in several types of normal stem cells is suggested to be an important driver
of MDR in CSCs.> A key physiological role of the efflux transporter ABCG?2 is to
protect normal stem cells from xenobiotics and intracellular stress.”® Of potential
relevance for several photosensitizers used in clinical PDT, it has been indicated that
one important function of ABCG2 in normal stem cells in hypoxic environments is to
prevent intracellular accumulation of heme and porphyrins, which can be stress- and
harmful for the cells.”” ABCG2 is up-regulated by hypoxia and provides for normal
but also CSCs a strong survival advantage in such a stressful environment.®® ABCG2
has also been shown to be a molecular determinant of the Hoechst 33342 side-

population (SP) phenotype that is detected as a distinct cell population exerting efflux
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of Hoechst 33342 and high ABCG2 activity.>*®® CSCs have been found enriched in

the SP of several tumour cell lines of human,®:% mouse®%

and rat® origin, however,
this is not established as a general phenomenon as CSCs are also detected in the non-
SP.% A number of anti-cancer agents are substrates of ABCG2 including
mitoxantrone, topotecan, doxorubicin, daunorubicin, methotrexate, irinotecan and its
active metabolite SN-38, and the tyrosine kinase inhibitors erlotinib, imatinib and
gefitinib.>>®" Originally, MDR-1 (P-glycoprotein or ABCB1) was thought to promote
PDT-resistance,®® however, this is not the case for most photosensitizers.>%"* In a
study by Jonker et al. it was discovered, for the first time, that ABCG2 knockout mice
fed with chlorophyll-enriched food develop a new type of protoporphyria.” Light-
exposure of the skin resulted in some cases to lethal phototoxicity. The serum and the
bile of the mice had elevated levels of pheophorbide a, a potent photosensitizer and
degradation-product of chlorophyll. In addition, a 10-fold increase of protoporphyrin
IX (PpIX) was detected in erythrocytes, compared to wild type mice. Pheophorbide a
and PplIX as substrates of ABCG2 has been verified in subsequent studies.?* "> In
fact, several other pre-clinical and world-wide clinically approved photosensitizers
used in PDT, including pyropheophorbide-a methyl ester (PPME)", 2-(1-
Hexyloxyethyl)-2-devinyl pyropheophorbide-a (Photochlor)™", Porfimer sodium
(Photofrin®)”’,  benzoporphyrin  derivative monoacid ring A (BPD-MA/
Verteporfin/Visudyne®)™, chlorin es (Ceg)”, Hypericin are to a variable extent
substrates of ABCG2. Liu et al. demonstrated, however, that inhibition of ABCG2
with the tyrosine kinase inhibitor imatinib improved the efficacy and selectivity of
PDT using some of these clinically approved photosensitizers,” although the clinical

impact of ABCG2 in cancers subjected to PDT remains to be documented. In contrast,

PClI-photosensitizers are not substrates of ABCG2, and hence we proposed that PCI
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of CSC-targeting drugs can be used as a strategy to circumvent ABCG2-based
resistance and to kill MDR-cells and CSCs.**

On the contrary, the following photosensitizers are not substrates of ABCG2
are meso-tetra(3-hydroxyphenyl)porphyrin (m-THPP), meso-tetra(3-
hydroxyphenyl)chlorin (m-THPC, Foscan®)’®’* hematoporphyrin IX (HpIX)" and

HPPH-galactose’.

2.4 CSCs have enhanced DNA repair capacity

CSCs are chemo- and radiotherapy resistant partly because of rapid activation of the
DNA damage sensor and repair machinery resulting in an extreme capacity in
protection of genome integrity.”*®® In a seminal study by Bao et al., it was shown that
CSCs display a basal amplified checkpoint (Chk1/2 kinases) activation that prime
CSCs to defend against genomic insults such as ionizing radiation.*® Notably, it was
demonstrated that pharmacological inhibition of Chk1/2 kinases diminished the
radioresistance of CD133"9" glioma CSCs both in vitro and in vivo, indicating that
checkpoint activation is critical to the radioresistance of the CSC population.

Enhanced DNA damage repair in CSCs may also have implications for PDT-based
targeting of DNA, although clinical photosensitizers have been designed and
developed to avoid nuclear localization and potential mutagenic insults. With a few
exceptions, chemo- and radioresistance do not affect sensitivity to PDT, & and given
that clinically based PDT and PCI photosensitizers are not localized in the nucleus,
these technologies are suggested to confer rational strategies to kill therapy resistant
cancer cells. Indeed, we have demonstrated that chemo- and radioresistant sarcoma

cells are highly sensitive to PCI of the ribosome-inactivating protein gelonin.?*#
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2.5 CSCs have hyper-activation of ROS-sensitive survival pathways
Another important aspect of CSCs that render them ROS therapy resistant is their
upregulated pathways for self-renewal and survival also known to be central for the
integrity of normal stem cells and progenitor cells such as BMI-1%2 Sonic
hedgehog{Ruiz i Altaba, 2011 9793 /id}, Wnt*** Notch® , Stat3®, SOX2%" HER2%®
and EGFR™ and for that reason it has been suggested that novel CSC-targeting drugs
should take one or several of these regulators into account to obtain significantly
improved cancer therapies. Since the expression of these pathways will vary between
patients and cancer types, precision medicine will be needed to guide future
therapeutic interventions including CSC-targeted drugs.

We have shown in several studies that PCl-based targeting of EGFR, using either
EGF-saporin or cetuximab-saporin, is a promising approach providing potent
cytotoxic responses in different types of cancer cell lines.?*% % In these studies we
did not examine if enrichment of CSCs was due to overexpression of EGFR.
However, one of the MDR models, the ABCG2"9" and EGFR™" MA11 breast cancer
cell line was extremely sensitive to PCI of the EGFR-targeting toxin EGF-saporin.?*
Furthermore, Berstad et al. demonstrated the feasibility of PCI of a recombinant
immunotoxin targeting EGFR in vivo,” suggesting that this targeting method is a
potential therapeutic approach for the eradication of aggressive head and neck
squamous cell carcinoma (HNSCC).

It has also been demonstrated that CSCs display higher VEGF-expression than
differentiated cancer cells both in normoxic and hypoxic conditions.®** PDT using
different clinically relevant photosensitizers, e.g. Photofrin, BPD-MA and ALA-
PpIX, induce overexpression of VEGF.?*" However, this may be controlled by co-

treatment with celecoxib®, bevacizumab®, p38-inhibitors®’ or vascular targeting
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TKIs.*® Conversely, blocking VEGF by bevacizumab in combination with BPD-PDT
in two different tumour models using the chorioallantoic membrane of the chicken
embryo did not improve the effect of PDT,'® also experienced in our preclinical
studies (unpublished data). Furthermore, in several studies it has been revealed that
PDT, using different clinical photosensitizers, induced expression of NF-xB, Erk1/2,
COX-2, iNOS and survivin, where all were correlated with PDT resistance.***%°

Interestingly, these mediators have also been shown to be important for the survival of
CSC.*1%1%8  Of relevance to this, we have shown strong cytotoxic synergy after
combining a MEKZ1/2 inhibitor (PD98059) and an EGFR inhibitor (Tyrphostin
AG1478) with PDT in A431 cells.'® In addition, recently PCI of the recombinant

fusion toxin VEGF/rGel was found to be a potent approach to target VEGFR-

expressing cells in tumors.**

2.6 Quiescent CSCs are chemo- and radiation therapy resistant.

Quiescence or dormancy is an important state that preserves the self-renewal of
normal stem cells,"™* but is also suggested to be an essential reason for drug- and

radiotherapy resistance of CSCs, '#*

although this cannot be generalized since
undifferentiated testicular germ cell tumour cells are more sensitive to cisplatin or
radiation therapy than differentiated daughter cells. *** Expression of forkhead box O
(FOXO0), hypoxia-inducible factor 1o (HIF1a) and liver kinase B1 (LKB1) is central
for metabolic functions and protect quiescent normal stem cells challenged with
ROS.M4!8 Hence, targeting of the molecular mechanisms that cause dormancy or
keeping the CSCs in an undifferentiated state may induce the sensitization of CSCs to

therapeutic agents. Of notice, it was shown in a study by Ortel et al. that

differentiation therapy, e.g. using vitamin D analogues, rendered LNCaP prostate
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cancer cells highly sensitive to ALA-PDT.*’ Even though this study did not explore
potential CSC-phenotypes, it is plausible, in the light of the inhibitory effect of D-
vitamin (calcitriol) on Whnt-signalling, associated with the CSC phenotype,™®*?° that
this approach may represent a therapeutic strategy by forcing CSCs to differentiate
and subsequently kill them by photosensitisation. Since all quiescent or dividing
eukaryotic cells undergo endocytosis,*** we suggest that PCl-based targeting utilizing
CSC-directed immunotoxins that is efficiently taken up in cells by endocytosis has the
capacity to kill dormant CSCs.

In summary, these different resistant mechanisms, separate or in concert, call
for novel therapeutical strategies that take into account the biology of notoriously
therapy-resistant CSCs. This could be obtained either by directly or indirectly
targeting of the CSCs or by modifying the tumour microenvironment in a way that
force the CSCs to differentiate thereby render them more sensitive to ROS-generating
therapies. We propose that PCl-based targeting of CSCs may represent a novel

approach to eradicate CSCs.

3. Eradicating only a distinct CSC population may not be the right
way to go

In two independent studies by Morel et al.*** and Mani et al.'® it was shown that
activation of the Ras/MAPK signalling pathway in non-tumourigenic mammary
epithelial cells gave rise to a cell population that displayed CD44'CD24" stem-like
signatures and exhibited an epithelial-mesenchymal transition (EMT) phenotype that
was characterized by the loss of E-cadherin and gain of vimentin expression, strongly
suggesting a link between EMT and stemness. Indeed, molecular connections between
124,125

EMT and cancer stemness were later demonstrated in two important reports.

Yang et al., showed that overexpression of Twist induced EMT and enhanced CSC-
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properties in HNSCC.*?* Vermeulen et al. demonstrated that stromal cells surrounding
the CSC preserved a high Wnt activity in the CSCs, and of high interest, stromal cell
secreted hepatocyte growth factor stimulated differentiated tumour cells to express
high Wnt resulting in gain of cancer stemness of colon carcinoma cells.*® Recently, it
was demonstrated by Rizvi et al. that flow induces upregulation of EGFR activity,
vimentin and downregulation of E-cadherin which resulted in EMT in 3D ovarian
cancer nodules.'®® Altogether, these reports indicate that differentiated cells gain CSC
properties via the EMT process upon shift in the microenvironment of the tumour, and
thereby challenge the cancer stem cell hypothesis. The implication of these seminal
studies suggests the importance of not only targeting the CSC population of the
tumour, but also emphasizes the necessity to establish therapeutic interventions that
target both CSCs and differentiated cells, with the microenvironment of the tumour in
mind, to gain successful therapy. Due to a Darwinian evolution of cancer, high-risk
heterogeneous tumors may have co-existence of independent clones with distinct
genotype and phenotype. Hence, the CSC story gets even more complex: Several
reports indicate the existence of independent sub-clones of CSCs in a tumour which
carry distinct phenotypic profiles.**?"*?° These are dynamic CSC populations that
alter their phenotypes with the change of the microenvironment of the tumour over
time. Such variations, both intratumourally but also most truly between patients, point
to the importance of moving cancer treatments from stratified to personalised cancer
medicine. If these observations are reflected in clinical situations, developing
successful anticancer therapeutic interventions that take into account the tremendous

heterogeneity of high risk tumors will be extremely challenging.
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4. PCI is an efficient and specific light-controlled intracellular drug
delivery method providing endosomal escape of entrapped

therapeutics

PCI is a minimal invasive, highly specific and efficient technology for light-enhanced
cytosolic release of membrane-impermeable molecular therapeutics entrapped in
endocytic vesicles (Fig. 1).*%3 The PCI photosensitizer TPCS,,/Amphinex® is
currently in a Phase Il clinical trial in combination with the chemotherapeutic drug
bleomycin (PCI of Bleomycin) for the treatment of inoperable HNSCC at 10 cancer
centres in Europe. In addition, a Phase I/1l study for the treatment of bile duct cancer,
with  gemcitabine (TPCS2,-PClI of gemcitabin) followed by systemic
cisplatin/gemcitabine, in patients with inoperable bile duct cancer is running at several
hospitals in Europe.

Briefly, the drug or molecule/complex to be delivered co-localizes with the PCI-
photosensitizer in endocytic vesicles. *****3* Upon exposure to light matching the
absorbance peak(s) of the PCIl-photosensitizer (in vitro: blue lamp with main peak
around 420nm, in vivo: 652nm red laser), the light is absorbed by the PCI-
photosensitizer from the triplet excited state, the energy is transferred to molecular
oxygen (O,) generating the ROS singlett oxygen (‘O,), also named the Type I

reaction in photochemistry.'**

Alternatively, at low oxygen levels, the triplet excited
state undergo a Type | reaction by electron exchange between the PS and the
substrate, e.g. a biomolecule.® Light-triggered ROS-generation induces lipid
peroxidation of the membranes of endosomes and lysosomes resulting in membrane
rupture or destabilisation with a subsequent endosomal escape of the drug into

cytosol. PCI has been demonstrated to be a feasible drug delivery technology in >80

different cancer cell lines and in >10 different animal models.**> PCI has been shown
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to be a highly efficient technology for induced endolysosomal escape for several
f e 21,132,135 : : :
cancer targeted therapeutics, and to increase the efficacy of some conventional
: 132,136,137 S :
anti-cancer agents. Parallel to the clinical evaluations of PCI, we are currently

elucidating the potential of PCI to enhance the efficacy of anti-cancer targeting

23,135 138,139

therapeutics and vaccines
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Figure 1. Principle of the PCI drug delivery technology. 1, Following local or systemic
administration of PCl-photosensitizer (S) and drug of interest (D, e.g. CSC-targeting immunotoxin),
both agents accumulate in tumour and are subsequently taken up in tumour cells by endocytosis and
accumulates in endosomes and lysosomes (panels under). 2, Light activation, e.g. LumiSource blue
light exposure in vitro or red laser exposure of tumour in vivo, and excitation of PCl-photosensitizer
entrapped in endocytic vesicle membranes leads to generation of reactive oxygen species (mainly

singlet oxygen), which 3, burst or destabilise the membranes resulting in endosomal escape and



Page 15 of 44

Photochemical & Photobiological Sciences

cytosolic delivery of both photosensitizer and drug. 4. PCI of drug which attacks its biological target
(T) resulting in potent cytotoxic responses in vitro or ablation of tumour xenograft (panels under). The

figure is partly based on experimental data published in PLOS ONE.%

4.1 Strongly amphiphilic photosensitizers used for PCIl-based drug

delivery are not substrates of the CSC marker ABCG2

Over-expression of active ABCG2 in CSCs may explain that some tumour types are
resistant to a broad range of anti-cancer drugs*®® and potentially PDT. Of high
relevance, a number of clinical and pre-clinical relevant PDT-photosensitizers have
been reported to be substrates of ABCG2 as described above. However, ABCG2-
mediated transport of photosensitizers can be blocked by utilizing ABCG2 inhibitors,
e.g. fumitremorgin C (FTC),”"® but potential neurotoxic effects of FTC does not
make it applicable in humans.*** Moreover, since ABCG2 has an important
physiological function in protecting many types of normal tissues (e.g. brain,
mammary gland, testis, gastrointestinal tract, kidney, liver, the biliary tract and
hematopoietic stem cells) from xenobiotics,> systemic inhibition of ABCG2 may lead
to severe adverse effects. Conversely, the tyrosine kinase inhibitors (TKI) imatinib
mesylate (STI571, Gleevec/Glivec), gefitinib (ZD1839, Iressa) and nilotinib
(AMN107, Tasigna) have been shown pre-clinically to reverse resistance to
chemotherapeutics by antagonizing ABCG2-mediated MDR.**** Liu demonstrated
that also HPPH efflux can be abrogated by using imatinib, which lead to increased
PDT efficiency due to enhanced selectivity and uptake of HPPH in 4T1 mouse breast

carcinoma tumors.”
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We demonstrated that strongly amphiphilic photosensitizers used for PCI-
based drug delivery, including a porphine (TPPS,), a chlorin (TPCS2,) and a
phtalocyanine (AIPcS,), are neither substrates of ABCB1/p-gp/MDR1%% nor
ABCG2/BCRP?, both important efflux pumps for normal and CSCs. In these studies,

and in the work of Lou et al, **'

it was clearly demonstrated using a variety of MDR
models that PCI is a promising strategy to circumvent drug resistance. To evaluate the
possible interaction of PCI-photosensitizers, including TPCS,, with ABCG2, we
utilized flow cytometry to measure and compare both Hoechst 33342 and
photosensitizer accumulation, with or without presence of the specific ABCG2-
inhibitor fumitremorgin C (FTC) in the ABCG2"%" breast cancer cell line MA11. The
MAZ11 cell line was found to have a SP of >50%, however no shift in fluorescence of
PCl-photosensitizers was found when FTC was co-incubated with the PCI-
photosensitizers. However, a strong FTC-enhanced fluorescence was obtained both
for Hoechst 33342 and the control photosensitizer pheophorbide a,2* in line with
previous reports.”>"™ The flow cytometry data were verified by fluorescence
microscopy and confirmed in the glioma cell line U87. Finally, no significant effect
upon addition of FTC was observed on cell viability after treatment with TPCS,, or
TPPS,, based photochemical treatment. In contrast, FTC significantly enhanced the
cytotoxic effect of pheophorbide a-PDT, # thereby verifying previous data by Robey
and co-workers.” In this review we also present experimental data demonstrating that
blocking ABCG2 efflux activity by using imatinib (Glivec/Gleevec) and for the first
time nilotinib (Tasigna) resulted in strongly enhanced pheophorbide a-PDT (PhA-
PDT) (Fig.2), while no change in survival was observed using these inhibitors in
combination with TPCS,, and light, validating that TPCS,, is not a substrate of

ABCG?2 (data not shown) as earlier shown.*
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1000 Figure 2. Clinically approved kinase inhibitors nilotinib and imatinib
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Figure 2

PDT-resistant breast carcinoma MA11 cells overexpressing ABCG2 were first pre-treated for 1 hour
with nilotinib or imatinib or the ABCG2 specific inhibitor fumitremorgin C (FTC) and then co-
incubated with 1 uM PhA for 1 hour prior to LumiSource light exposure (Irradiance 12.5 mW/cm?).
Cytoxicity was evaluated by the MTT-assay 24 hours post PDT. Co-treatment with imatinib resulted in
similar cytotoxic response as for FTC treatment. Data points are average of triplicates from MTT-assay

and were reproduced in three independent experiments. Error bars, SD.
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Epidermal growth factor receptor (EGFR) is highly efficiently endocytosed™*

and its co-expression with ABCG2 is associated with drug resistance in lung cancer
patients."*” EGFR and Akt pathways are important regulators of ABCG2 expression
and function, however, various tyrosine kinase inhibitors (TKIs) may be used to
downregulate ABCG2-activity.*****° PCl-based cytotoxic targeting of EGFR in the
ABCG2""-expressing MA11 cells by PCI of 1 pM of the targeting-toxin EGF-
saporin resulted in a very strong cytotoxic response compared to toxin or
photochemical treatment alone in the MA11 cells, thereby validating our previous
observations on the PCl-based targeting of EGFR in other cancer cell lines, including
carcinomas of colon, prostate, epidermis and ovary.”*®* The strong cytotoxicity
obtained with picomolar levels of EGF-saporin indicates efficient endocytosis and
suggests a favourable therapeutic window for this treatment regimen. The importance
of EGFR-blockage in combination with PDT has previously been shown by del

Carmen at al. and us,***%%!

although these studies did not investigate the role of
ABCG2.

By evaluating both single layer cells (2D) and spheroids (3D) we found that all MA11
cells were positive for ABCG2. In addition to localization of ABCG2 on the plasma
membrane, we observed that all cells had an elevated intracellular content of ABCG2.
Interestingly, in a small fraction of the MA11 cells, ABCG2 was also for the first time
detected in the cell nucleus suggesting a new role of ABCG2, subsequently revealed
by Bhatia et al.™

Hence, based on our important data demonstrating that amphiphilic PCI-

photosensitizers are neither substrates of ABCG2 nor ABCB1, we went further on to

explore TPCS,, as an attractive candidate for PCl-based targeting of CSC-markers.
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4.2 PCI of CSC-targeting therapeutics

Pre-clinically, we are currently exploring PCI as a rational strategy for light-
controlled targeting of CSC. In this setting we enhance the intracellular delivery of a
CSC-targeting drug, e.g. a monoclonal antibody (mAb) or a single chain Fv fragment
(scFv) of the mAb targeting a CSC-marker expressed on the plasma membrane,
linked to the protein-toxins saporin or gelonin (making an immunotoxin) by using
TPCS,, -PCI (Fig.3). We have established in vitro that the PCI method can be utilized
for specific and efficient delivery of model drugs targeting the CSC markers CD133,
CD44, CSPG4 and EpCAM#26281531%5 and in addition we have experimental data
indicating that CD24, CD271 and CD90 may also represent potential CSC targets for
PCI (unpublished data). We have also obtained data demonstrating the potential of
PCl-based CD133-targeting in vivo (Manuscript in preparation). In this section we
will highlight our recent studies demonstrating that PCI of CSC-targeting therapeutics

may represent a rational strategy to kill CSC.
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Figure 3. Drugs used in PCl-based targeting of CSCs. A, Immunotoxin consisting of a mAb
chemically linked with a disulfide bond to a ribosomal inactivating toxin, e.g. saporin or gelonin. The
linker can also be a streptavidin-biotin bridge. B, Recombinant immunotoxin or fusion toxin based on a
scFv of the mAD fused to gelonin via an amino acid (aa) linker thereby achieving a 3-5-fold reduction
of the molecular weight of the immunotoxin compared to an antibody-toxin conjugate. C, Specific
binding of CSC-targeting immunotoxins to CSC-antigens on the cell surface prior to endocytosis. D,
Chemical structure of TPCS,./Amphinex®. E, typical intracellular fluorescence pattern of TPCS,, and

E, of CD133-targeting mAb AC133 labelled with Alexa-488 prior to PCI. G, PCl-induced endosomal
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escape of TPCS,, and H, CD133-targeting immunotoxin. I, merge of G and H. J, DIC micrograph of

WiDr colorectal adenocarcinoma cells.

The low cure rates by conventional cancer therapies used today are not due to
lack of efficiency per se, but mainly due to reduced specificity, often resulting in
dose-limiting toxicity and severe adverse effects. Immunotoxins have in some cases
provided high selectivity, but still, a major limitation of immunotoxins is limited
tumour tissue penetration of monoclonal antibodies or antibody-drug-conjugates. In
addition, the treatment involves multiple injections causing induction/generation of
neutralizing antibodies.*®® Furthermore, both specific and unspecific off target effects
cause adverse events such as vascular leak syndrome and damage to tissues in the
body that expresses the target antigen *’. Most of these obstacles may be prevented
by using PCI to enhance intracellular delivery of immunotoxins. The PCIl-method
provides drug delivery with a primarily localized effect due to the light-controlled
activation of the PCI-photosensitizer and endosomal escape of the drug to the cytosol
only in the illuminated tumour tissue.™* In addition, as previously demonstrated, only
one treatment is required, i.e. one injection of anti-cancer drug and one following light
exposure,? thus the potential impact of this is that patients may avoid multiple drug
injections and treatment-induced resistance. Additionally, since all eukaryotic cells

121

undergo endocytosis, the PCl-based targeting will also affect quiescent cancer

cells, including CSCs. Since the putative CSC markers CD133, CD44 and EpCAM

are also expressed in normal stem and progenitor cells,*®

it is of high importance that
drugs targeting these receptors are specifically and efficiently delivered and activated
only in malignant tissues to prevent severe adverse effects, as observed with systemic
anti-CD44v6 treatment.™®® By employing site-specific strategies, such as PCI, which

activates CSC-targeting drugs only in malignant tissues, in a spatio-temporal laser-
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controlled manner, this can be achieved. Hence, we propose the potential to shield

normal stem cells by use of the PCI method to deliver CSC-targeting drugs.

4.2.1 PCl-based targeting of CD133
CD133 (Mouse version: Prominin-1) was originally shown to be a marker of human

160,161

hematopoietic progenitors and mouse embryonic and adult neuroepithelium.'®?

CD133 has also been proposed as a novel therapeutic target for the eradication of

46,163,164 166

CSC in tumour tissues from colon®®, brain , pancreas™®, prostate'®®, ovary™®’

non-melanoma skin*®® and sarcoma*®®!™®. CD133 is an independent prognostic factor
for poor clinical outcome in patients with colon carcinomas and brain gliomas.*”**"
However, this is probably not due to its role as a CSC marker, but rather that CD133
is related to hyperactivation of the Ras-Raf-MEK-ERK pathway.'” Elevated
expression of CD133 has been linked to development of tumour resistance in colon
cancer and gliomas, where gliomas it was shown that CD133"%" cells had increased
expression of ABCG2, DNA repair enzymes and inhibitors of apoptosis and restricted

proliferative potential.*"

CD133 overexpression has also been linked to
radioresistance in medulloblastoma cells.** CD133 as a marker of CSC has been
under debate since plasmamembrane CD133"™ tumour cells seem to have tumour
initiating capacity.’”>"® This can be attributed to a down-regulation of the
glycosylated epitope AC133 of the CD133 protein recognized by the mAb CD133/1,
which takes place when the CSCs differentiate. In parallel, neither mRNA nor
intracellular and surface CD133 protein expression is changed.*’” Hence, by using the
CD133/1 (AC133), such cells are considered to be CD133 negative although they

have plasma membrane expression of CD133 or a cytosolic expression of the antigen

178179 The AC133 glycosylated epitope may re-occur on the plasmamembrane of cells
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that were originally deemed CD133™9 indicating CSC plasticity*®

(also observed in
our lab, data not published).

In two different studies, we recently demonstrated that CD133"%" CSCs are
very sensitive to PCI of CD133-targeting toxins.’***>* In the first study, we showed
that PCl-based targeting and eradication of CD133"" colorectal cancer stem-like
cells (WiDr cell line) was highly efficient at femtomolar levels of the targeting toxin
AC133-saporin, indicating a potential wide therapeutic window for tumour ablation.
Interestingly, we also obtained similar strong cytotoxic responses using the alternative
CD133-targeting immunotoxin CD133/2-saporin, based on the mAb clone 293C
(CD133/2) as the carrier for saporin. The WiDr cell line that we have used as a
CD133"%" cell line model originates from the same tumour as the HT29 cell line'®
and is both p53*% and BRAF mutant'® and it was previously shown to be resistant

* and radiotherapy.’®> Over 95% of the WiDr cells are

against both chemo-'®
CD133+,"® the cells have an undifferentiated phenotype'®” and are highly
tumorigenic.’® By using FACS, we isolated CD133'" and CD133"9" WiDr cells and
demonstrated that the CD133"9" WiDr cells had enhanced stemness due to enhanced
ability to form 2D and 3D colonies, and most importantly, this sub-population had a
very high tumour-initiating capacity since as few as 10 CD133"9" WiDr cells injected
s.c. were tumorigenic in athymic nude mice as compared to CD133" that did not
initiate aggressive tumors. In this study, we also revealed for the first time that
CD133"%" cancer stem-like cells are resistant to PDT. Conversely, PCI of the CD133-
targeting immunotoxin AC133-saporin circumvented the PDT-resistance of the WiDr
cells.>®

High cytotoxic responses after PCI of AC133-saporin were also shown in the high

grade, undifferentiated colon carcinoma cell line HCT116, previously reported to
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have a large population of cancer stem-like cells*® and a CD133"%" population that is
radiotherapy resistant.*®® To prove that PCl-based CD133-targeting is also feasible in
other cancers, we also demonstrated efficient targeting by PCI of AC133-saporin in
the pancreas adenocarcinoma cell line BxPc-3. Despite a very low expression (<1%)
of CD133 in the BxPc-3 cells,'® we obtained a significant and synergistic effect when
combining PCI and AC133-saporin, suggesting the importance of the CD133-
population in this cell line.*®

In another work we used a sarcoma cell model derived from a SW872
xenograft where the CD133-population is in average ~2% and when co-expressed
with aldehyde dehydrogenase (ALDH), a marker of cancer stem-like cells (CSCs) in
various tumour types, express CSC-properties.®® In this sarcoma model, we
demonstrated that in vitro purging of the CD133 cell population by PCI of CD133/2-
saporin efficiently depleted SW872 cells with stem-like properties and significantly
reduces tumour-initiating capacity of the surviving CD133"™ cells.**

In summary, PCI of CD133-targeting immunotoxin may represent a promising
strategy to eradicate CD133-expressing CSCs. Based on these studies we have now

initiated projects on the PCI-based in vivo targeting of CD133.

4.2.2 PCl-based targeting of CD44
CD44 has been suggested as a therapeutic target for eradication of CSCs in several
cancers.’*>* Over-expression of CD44 is associated with aggressive tumour growth,

proliferation and metastasis and linked to both chemo- and radiation therapy

45,196 |197,198 199 200-202

resistance in breast , colorecta , pancreatic™” and prostate cancer

However, due to the expression of CD44 on normal cells, and its important role in

many physiological processes in normal cells, it is of high importance to develop
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therapeutic strategies that only target and kill CD44-expressing cancer cells.”®

Expression of CD44, in particular CD44v variant isoforms, contributes to ROS
resistance due to upregulation of the primary intracellular antioxidant GSH.?** CD44

has also been associated to MDR,2%

which is suggested to be regulated and assisted
by a complex partnership with hyaluronic acid and downstream mediators.?%

We have demonstrated that the androgen-independent DU145 CD44"%"
prostate cancer cells with strong anti-ROS activity are resistant to PDT compared to
the PDT-sensitive CD44™® LNCaP prostate cancer cells. However, the DU145
CD44"%" cells are hypersensitive to PCI of the CD44-targeting immunotoxin IM7-
saporin.™ The IM7 mAb clone recognizes an epitope common to alloantigens and all
isoforms of mouse and human CD44. Moreover, we also showed that PCI of IM7-
saporin was highly specific and efficient for the eradication of cancer cells having
CD44"" populations of pancreatic (BxPc-3 and Mia-Pa-Ca), colon (WiDr), breast
(MDA-MB-231) and sarcoma (SW872) origin. Very low cytotoxicity of IM7-saporin
alone and no cytotoxicity of IM7 mAb alone was observed in all cell lines,
highlighting the promising potential of light-controlled CD44-targeting drug delivery
of the PCI technology.**

As for the light-controlled and specific elimination of CD133-expressing
cancer cells, we propose that this PCl-based CD44-targeting approach may spare
distant normal cells expressing CD44, suggesting a novel strategy for selectively
eliminating CD44-positive CSCs in vivo. The PCI method has the potential to be used

in the treatment of various cancers as a minimally invasive method for targeting

aggressive and ROS-resistant CD44 expressing tumors.

4.2.3 PCl-based targeting of EpCAM
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The epithelial cell adhesion molecule EpCAM (CD326, ESA, EGP-2, TROP-1, 17-
1A) is expressed in near all carcinomas and is of this reason one of the best-studied
target antigens of human solid tumors.?*"?® EpCAM"" expression has been used in
combination with CD44"9"/CD24" for the identification of CSCs from breast®®,
colorectal'® or pancreatic carcinomas®°. EpCAM has an important role in signalling
function and mitotic activity where it induces the proto-oncogene c-myc and the cell
cycle regulating genes cyclin A and E, thereby initiating cell cycle and

proliferation.”*

Of high relevance, Maetzel et al. demonstrated that EpCAM has also
a direct effect on Wnt signalling and regulation of gene transcription in the nucleus
resulting in cell proliferation and tumour formation in mice, probably explaining the
wide expression of EDCAM in CSCs in different cancers.?> EpCAM is expressed on
both CSCs and differentiated tumour cells, thus by EpCAM-targeting there is a
potential to target the whole tumour population.

EpCAM was selected for the first documentation for PCl-based targeting.?
Here we used the monoclonal chimeric antibody MOC31 which was chemically
conjugated to the powerful ribosome-inactivating protein toxin gelonin. PCI of
MOC31-gelonin was shown to be specific and relative efficient in colon
adenocarcinoma (WiDr and KM20L2), small cell lung carcinoma (NCI-H146) and
ductal carcinoma of the breast (T47D), whereas the EpCAM negative THX melanoma
cell line was found non-responsive. However, by confocal microscopy we revealed
that the MOC31 mAb was not efficiently taken up in EpCAM-positive cells, which
may explain that the PCl-effects was not as efficient as anticipated. This was in

accordance with the relative high immunotoxins doses needed to achieve significant

cytotoxic therapeutic effects.
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One obstacle associated with clinical EpCAM-targeting is the expression of
the target on a wide range of normal epithelia. Systemic intolerability and damage of
normal EpCAM-expressing tissue is seen with high-affinity antibodies. Hence, there
is need for the development of new anti-EpCAM antibodies with improved
therapeutic potential. Recently, we used a novel fully human EpCAM-targeting mAD,
3-171, for the PCI-induced delivery of saporin. The human monoclonal antibody 3-171
was discovered using Affitech’s human naive phage display library, maturation
techniques and proprietary CBAS technology.?® The reduced binding to normal
tissues compared to that of MOC31, in addition to the improved antibody dependent
cell-mediated cytotoxicity (ADCC)-and complement dependent cytotoxicity (CDC)-
activities that 3-171 displays over the EpCAM-targeting mAb MT201, makes 3-171 an
attractive candidate for therapeutic and diagnostic applications and for engineering
and development of bispecific antibodies, immunotoxins, or antibody-drug
conjugates.?® By confocal microscopy we found that the 3-171 mAb was sequestered
together with TPCS,; in endosomes and lysosomes, after receptor-mediated
endocytosis. EpCAM™ human cancer cell lines MCF-7 (breast), BxPC-3 (pancreas),
WiDr (colon), and the EpCAM™ COLO320DM (colon), were treated with TPCSy;-
based PCI of 3-17I-saporin.?® No cytotoxicity was observed after treatment with 3-
171-saporin and TPCS,, without light exposure. However, cell viability, proliferation
and colony-forming capacity was strongly reduced in a light-dependent manner after
PCI of 3-171. The promising binding profile of 3-171 in patient samples suggest a
potential clinical application for detection and diagnosis of EpCAM™ cancers.?® PCI-
controlled cytosolic delivery of 3-171-based drug conjugates has a very interesting
therapeutic potential, and it would be of high interest to further explore this strategy in

Vivo.
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4.2.4 PCl-based targeting of CSPG4

Chondroitin sulfate proteoglycan 4 (CSPG4, NG2, HMW-MAA, MCSP), is a trans-
membrane chondroitin sulfate proteoglycan,?* expressed in a majority of melanoma
lesions and initially associated with melanoma therapy resistance and
aggressiveness.?**?> CSPG4 induces signalling cascades through FAK and MAPK
potentially promoting survival and chemoresistance, invasion, migration, proliferation
and epithelial-mesenchymal transition.?" In addition, CSPG4 has been shown to be a
novel marker of normal epidermal stem cells of the skin.”*® Recently, CSPG4 was
shown to be associated with triple-negative breast cancer (TNBC), where the CSPG4
was over-expressed in 75% of the lesions (n=42) tested, and in several cell lines and
tumour cells from pleural effusions.?’” CSPG4 was strongly associated with the
proposed cancer stem cell phenotype CD44"%"/CD24"" in TNBCs,?*" suggesting
CSPG4 as a potentially valuable target for eradication of TNBC and malignant
melanomas. Previously, we showed that PCI of a CSPG4-targeting recombinant
fusion toxin, MEL/scFv-rGel resulted in efficient and specific elimination of CSPG4"
A-375 amelanotic melanoma cells. In vivo PCl of MEL/scFv-rGel caused 50%
survival (at day 120 post PCI) of athymic nude mice with A-375 tumors.? Complete
tumour responses were obtained in the amelanotic melanoma xenograft by PCI of the
recombinant CSPGA4-targeting fusion toxin. Based on this we have now initiated a

study were we aim to target TNBC cells overexpressing CSPG4.

4.2.5 Other putative CSC markers for PCl-based targeting
We are also evaluating PCl-based targeting of other putative CSC targets, including

CD90, CD271 (data not published) and two signalling pathways that are drivers of
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stemness: the Wnt-B-catenin (data not published) and the PIK3-mTOR pathway, the
latter shown to be targeted by photosensitization using the PCI-photosensitizer
AIPCS,,.**® CD90 has been proposed as a CSC marker candidate in sarcoma, glioma
and liver cancer and has been shown to be over-expressed in drug resistant cancer
cells after chemotherapy.”??? Recently, CD271 was suggested to be a marker of
malignant melanoma CSCs.??*#?* We have now experimental data demonstrating that

targeting of CD271 is feasible with the PCl-technology (data not published).

5. Summary

Efficient endocytosis of plasma-membrane receptors over-expressed on stem-like
cancer cells may represent an ‘Achilles heel” which may be exploited therapeutically
by PCI of CSC-targeting toxins. The combined cytotoxic effects of the PCI
technology, including direct kill of CSCs and differentiated cell, vascular shutdown
and the potential vaccination effect makes it a plausible approach that warrant further

pre-clinical and future clinical investigations.
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