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Abstract 

Photodynamic therapy (PDT) is a powerful strategy to eliminate a variety of tumor and 

alloreactive T cells. While the cytotoxic effect of the novel rhodamine-derived TH9402 

photosensitizer has been attributed to the generation of radical oxygen species, the cell 

death pathways involved have not been extensively investigated. In this study, we 

evaluated the ability of PDT to induce apoptosis and necrosis in EL4 cells, and assessed 

its underlying molecular mechanisms. We found that the dominant mode of cell death 

after PDT was influenced by the conditions of treatment. PDT using TH9402 triggers a 

caspase-dependent intrinsic apoptotic pathway. However, the incapacity of caspase 

inhibition to block the induction of apoptosis and to limit cell death indicates that 

apoptosis induced by PDT also involves a caspase-independent pathway. The observation 

that the TH9402 photosensitizer mediates cytotoxicity through activation of a number of 

death pathways suggests that it could effectively limit the capacity of tumor cells to 

become resistant to TH9402. 

Secondly, PDT using TH9402 induces a time- and dose-dependent decrease in target cell 

viability resulting in high levels of elimination of multiple myeloma cells. In an attempt 

to evaluate the clinical relevance of the se findings and simulate minimal residual disease 

in an apheresis product, the combination of RPMI-8226 myeloma cens admixed with 

human apheresis cens from healthy donors was PDT treated. Again high levels of 

elimination of myeloma cells were observed while sparing normal cells. This important 

cytotoxic activity was observed in conditions which preserve more that 50% of 

hematopoietic progenitor cens. These results strongly suggest that TH9402 PDT 

represents an appealing strategy in ex vivo purging of autologous stem cell transplants in 

patients with multiple myeloma. 
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Finally, we have found that immunization with PDT-treated whole tumor cells was able 

to delay tumor cell growth. This finding encouraged us to investigate whether a DC-based 

PDT vaccine could protect from tumor cell progression. In this study, purified DCs were 

generated from murine bone marrow. We also identified a cytokine combination capable 

of promoting DC activation. Under these conditions, PDT -treated tumor cells did not 

increase IL-12 production by DCs, but they provoked partial maturation of DCs. Once 

the se activated DCs were loaded with whole tumor cells treated by PDT, a tumor 

protection effect was observed in two different murine models in vivo . Such a vaccine 

may be particularly useful when tumor cells do not represent a pure cell population and 

are rather dispersed among normal cells. The present studies therefore uncovered unique 

apoptotic pathways of TH9402 PDT, and identified two appealing approaches to take 

advantage clinically of those peculiar photochemical properties in an attempt to improve 

the survival of patients with cancer. 
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Résumé 

La thérapie photo dynamique (PDT) est une stratégie très efficace pour éliminer une 

grande variété de cellules tumorales ainsi que les cellules T alloréactives. Alors que 

l'effet d'un nouvel agent photodynamique dérivé de la rhodamine, le TH9402, a été 

attribué à la génération de radicaux libres, les mécanismes de la mort cellulaire en cause 

n'avaient pas encore été étudiés extensivement. Dans la présente étude, nous avons évalué 

la capacité de la PDT à induire l'apoptose et la nécrose dans des cellules EL4 ainsi que 

les mécanismes sous-jacents à son activité. Nous avons observé que le mode de mort 

cellulaire prédominant après la PDT était influencé par les conditions de traitement. La 

PDT avec le TH9402 entraîne l'apopotose par une voie dépendante des caspases. Par 

contre, l'incapacité de bloquer l'induction de l'apoptose induite par la PDT peut 

également impliquer une voie indépendante des caspases. Notre observation révélant que 

l'agent photosensible TH9402 entraîne la cytotoxicité via l'activation de plusieurs voies 

de mort cellulaire suggère, de façon intéressante, que ceci pourrait limiter la capacité des 

cellules tumorales à devenir résistantes au TH9402. 

En second lieu, nous avons démontré que la PDT utilisant le TH9402 induit une 

diminution de la viabilité cellulaire qui dépend de la durée d'incubation et de la dose de 

TH9402, et résulte en de hauts niveaux d'élimination des cellules de myélome multiple. 

Dans l'optique d'évaluer l'utilité clinique que pourraient avoir ces résultats, nous avons 

mimé la maladie minimale résiduelle dans des produits d'aphérèse humains. Pour ce faire, 

les cellules de myélome (RPMI-8226) ont été mélangées avec des cellules d'aphérèse de 

donneurs sains. Encore une fois, de hauts niveaux d'élimination des cellules de myélome 

ont été observés ainsi que la préservation des cellules normales. Cette activité cytotoxique 

importante a été observée dans des conditions préservant plus de 50% des pro géniteurs 
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hématopoïétiques. Ces résultats suggèrent fortement que la PDT avec le TH9402 

représente une stratégie intéressante pour la purge cellulaire de greffons de cellules 

souches autologues chez les patients atteints de myélome multiple. 

Finalement, nous avons démontré que l'immunisation avec des cellules tumorales traitées 

avec le TH9402 retarde la croissance des cellules tumorales. Cette découverte nous a 

encouragé à déterminer si un vaccin à base de cellules dendritiques et de PDT pourrait 

protéger contre la progression des cellules tumorales. Dans cette partie du projet, nous 

avons généré des cellules dendritiques à partir de la moelle osseuse de souris donneuses. 

Nous avons aussi identifié une combinaison de cytokines permettant l'activation des 

cellules dendritiques. Dans ces conditions, les cellules tumorales traitées avec la PDT 

n'ont pas entraîné d'augmentation de la production d'IL-12 par les cellules dendritiques 

mais ont provoqué une maturation partielle de celles-ci. Une fois que ces cellules 

dendritiques ont été en contact avec les cellules tumorales traitées avec la PDT, une 

protection contre la croissance des tumeurs a été observée dans 2 différents modèles 

murins de cancer in vivo. Un tel vaccin pourrait être particulièrement utile lorsque les 

cellules tumorales ne représentent pas une population pure de cellules mais sont plutôt 

dispersées parmi des cellules normales. Les présentes études ont ainsi permis de 

découvrir des voies d'apoptose uniques de la PDT au TH9402, et d'identifier deux 

approches innovatrices pour prendre avantage cliniquement de ces propriétés 

photochimiques particulières dans le but d'améliorer la survie des patients atteints de 

cancer. 
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Preface 

In accordance with the "guidelines for thesis preparation" stipulated by the Faculty of 

Graduate Studies and Research of Mc Gill University, l have elected to present my 

research in a manuscript-based format. According to these guidelines, l have written a 

general literature review as chapter 1. The next three chapters include results presented at 

the 34th Annual Scientific Meeting of International Society for Experimental Hematology 

(chapter 2), a second manuscript that will be summitted for publication later this year and 

will contain additional data using primary cell cultures (chapter 3), and a third manuscript 

(chapter 4) that will be presented at the 35th Annual Meeting of the International Society 

for Experimental Hematology. AlI three papers will be submitted once we get the 

permission from Celmed Biosciences Inc. The manuscripts are: 

1. Q. Y. Dai, J. Filep, D. El Kebir, P. Dubé, C. Scotto, D.C. Roy. Both apoptotic and 

necrotic cell death pathways are induced differentially using photodynamic therapy in 

EL4 cells. Experimental Hematology. 2005;33 (7)Supplement; 100 

2. Q. Y. Dai, L. Busque, C. Maldonado, A. Balassy, D. C. Roy. Elimination of multiple 

myeloma ce Ils in an ex vivo purging model using photodynamic therapy with the 

rhodamine-derived TH9402 photosensitizer. 

3. Q. Y. Dai, M Guérin, C. Maldonado, C., D. C. Roy. Specific antitumor effect of a 

dendritic cell-based vaccine loaded with photodynamically treated tumor cells. 

Chapters 2, 3, 4 are followed by a general discussion summarizing the data presented 

herein, but also primarily focusing on future directions. 
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Contributions to original knowledge 

Chapter 2 shows that both caspase-dependent and-independent pathways are involved in 

EL4 cell apoptosis. TH9402-mediated PDT evoked disruption of mitochondrial 

membrane potential, resulted in cytochrome c release, and induced a caspase-dependent 

apoptosis. However, TH9402 evoked the release of AIF and Endo G from the 

mitochondria, suggesting the involvement of a caspase-independent pathway. This is the 

first demonstration of the participation of Endo G in PDT-induced apoptosis. 

Chapter 3 presents the results concerning the use of TH9402 for ex vivo purging. The 

high selectivity of action of the photosensizer contributed to the elimination of myeloma 

ceUs, while preserving normal progenitor cells. Since there are very few reports of 

successful cancer cell purging with PDT in a clinical setting, these results indicate that 

TH9402 represents a very promising candidate for PDT -mediated tumor cell elimination 

in future clinical trials. 

In chapter 4, we are providing the first demonstration that DC maturation can be induced 

by a combination of TNFa, IFNy, IL-l~, and CD40L. A few reports show PDT can 

mediate an increase of immune responses. Two studies have described the use of vaccines 

based on PDT -treated cells for both preventive and therapeutic purposes. The data shown 

in chapter 4 indicate that PDT-treated cells can induce DC maturation and provide 

support to the hypothesis that DC-based PDT vaccines can successfully prevent tumor 

growth. This strategy could be beneficial to prevent disease recurrence in cancer patients. 

In addition, it may explain favorable results observed in patients receiving PDT-treated 

autologous stem cell grafts. 
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1.1 Introduction to photodynamic therapy. 

Photodynamic therapy (PDT) is a promising new modality for the treatment of cancers 

and sorne benign diseases. As currently practiced, it requires a sensitizer that lS 

selectively activated by light in an appropriate wavelength. This treatment results ln 

damage of the target cells/tissue through the release of molecular oxygen. 

Treatments using light and light-activated compounds can be traced back in ancient times 

and were used to treat a wide variety of disorders.! Finsen discovered that light treatment 

could control skin manifestations of tuberculosis, a very common disease at that time. 

Similarly light could successfully treat other significant medical conditions such as 

rickets and neonatal hyperbilirubinemia. The use of an added chemical photosensitizer, 

rather than a natural chromophore was developed progressively. In Raab's initial work, 

when the dyes were added to Petri dishes of paramecia, an unexplained death during 

daylight experiments occurred. This was not observed during evening experiments. 

Rather than ignoring these findings, Raab systemically proved the connection between 

light activation of these dyes and therapeutic outcome. Continued work revealed the basis 

for the oxygen- and light-dependent photodynamic reaction and resulted in the important 

term of POT. 2,3 

The current era of PDT research was initiated by Lipson and Schwartz at the Mayo Clinic, 

who reported in 1960 that injection of crude preparations of hematoporphyrin led to 

fluorescence of neoplastic lesions, visualized during surgery. Schwartz treated 

hematoporphyrin with acetic acid and sulfuric acid and obtained a porphyrin mixture that 

he termed "hematoporphyrin derivative" (HPD). Interestingly, HPD was employed first to 

try to render human tumors fluorescent for diagnostic purposes,4,5 but sorne difficulty 

arose due to the fact that illumination of the tissues sometimes caused destruction of the 
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tumors as well as substantial clinical skin photosensitization. This finding gave rise to the 

first intentional PDT on a patient by Lipson, who treated a recurrent breast cancer with 

HPD, achieving partial improvement. Successful PDT was reported in glioma cells.6 

Further studies indicated that HPD consisted of a complex of many products, representing 

a mixture of sorne inert and active components. It contains several porphyrin, monomers 

as well as dimers and 0ligomers.7 Dougherty analyzed and improved the HPD synthetic 

process to create a sensitizer which was more active and easy to produce. The less-active 

porphyrin monomers were removed and HPD was partially purified to form Photofrin.8 

Clinical research is directed toward usage of PDT for the treatment of neoplastic diseases 

which are otherwise difficult to control, including tumors of the skin, brain, head and 

neck, bladder and anywhere where light can be delivered either by surface irradiation or 

by fiber optics. Treatment of macular degeneration appears to be the major current 

clinical application. 

Recently, extracorporeal PDT has been developed in a purging procedure, which uses 

safe photosensitizers and innovative irradiation devices for the effective eradication of 

neoplastic cells from grafts in autologous stem cell transplantation or for the deletion of 

alloreactive T cells in the treatment of graft versus host disease (GvHD). 

1.2 Photosensitizer families. 

Only three photosensitizers have received approval by the Food and Drug Administration 

(FDA) to date: Photofrin (Porfimer sodium), ALA (5-aminolevulinic acid) and 

Verteporfin (BPD, benzo-porphyrin derivative). (Structures shown in Fig.l.l) 

Although Porfimer sodium is a complex mixture, it is now used widely and remains the 

most common photosensitizer for the treatment of non-dermatological tumors. The drug 
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has been approved for use in advanced and early stage lung cancers, superficial gastric 

cancer, oesophageal adenocarcinoma, cervical cancer, and bladder cancer.9
-
12 It destroys 

tumors effectively and is non-toxic in the absence of light. No long-term safety issues 

have been reported and it was used systemically by intravenous administration in 

thousands of patients for more than 20 years. Photofrin can be used repeatedly without 

limit, even combined with other radiotherapy or chemotherapy. The major adverse 

reaction is a persistent photosensitization of the skin,13 so that a patient has to remain 

away from bright light for several weeks after therapy. The initial selectivity between 

tumor tissue and healthy tissue can be 10W.
14 Moreover, the absorbance at 630nm, a 

wavelength to which tissues are moderately transparent, is very weak, therefore the depth 

of the effect is limited. This led to the development of other sensitizers. 

Another porphyrin, which has had clinical and commercial success, is Verteporfin. 

Verteporfin is a benzoporphyrin derivative, which is clinically active when formulated 

with liposomes. 15 It activates at a higher wavelength for increased depth of light 

penetration and eliminates quickly from the body so that skin photosensitization is 

minimal. 16 Most of the clinical responses from Verteporfin sensitization are based on 

vascular disruption and shutdown; therefore, it would seem ideal for lesions depending on 

neovasculature. This drug is one of the most useful ophthalmology drugs ever developed 

d . h h . l' . oC 17-19 an mlg t ave Imp lcatlOn lor cancer treatment. 

A notable element of 5- aminolevulinic acid (ALA) is a metabolic precursor of the 

photosensitizer protoporphyrin . ALA is the third sensitizer to be commercially available. 

It is a pro-drug that affects the biosynthesis of heme to create an excess of the natural 

porphyrin, protoporphyrin IX. While protoporphyrin eventually leaks into the circulation, 

it is sufficiently concentrated initially so that irradiation has a phototoxic effect.2o
,21 ALA-
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Table 1. Photosensitizer families. 

Porphyrin platform 

HPO (Photofi"in) 

BPO (Verteporfin) 

ALA (Levulan) 

Texaphyrins (Lutex) 

Chlorophyll platform 

Chlorins ( Temoporfrin, NPe6, LS11) 

Purpurins (Purlytin) 

Bacteriochlorins (SQN400) 

Oyes 

Phtalocyanine (Photosens) 

Napthalocyanine 
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based PDT is highly successful against basal cell and squamous cell cancers of the 

skin?2,23 Caution is to be observed as lesions approaching lcm will not usually be 

successfully treated by surface illumination and pain remains a common morbidity during 

therapy. 

ln clinical tests, photosensitizers arise from three families: porphyrins, chlorophylls, and 

dyes. (Shown in Tablel) Chlorophyll like substances termed chlorines have excellent 

photosensitizing properties, as expected. Multiple drugs have been created including 

modifications of chlorophyll and chemically synthesized compounds. The synthetic 

chlorine temoporfin is a very potent sensitizer with a quantum yield of singlet oxygen of 

about 0.87. It is activated at 652nm, with a residual photosensitivity of only 2 weeks. 

Phase lIb studies in head and neck cancers have been completed, and this photosensitizer 

has also been studied in bronchial and esophageal tumors and in sorne gynecological 

applications. A developmental bacteriochlorin product SQN400 (mTHPBC, 

metatetrahydroxyphenyl bacteriochlorin), which absorbs light at 740nm, has entered 

phase 1 studies for the treatment of colorectal liver metastasis. Purins, degradation 

products of chlorophyll, also are clinically relevant. Dyes remain a fertile ground for the 

development of successful photosensitizers. Several other drugs are under investigation, 

such as tinetiopurpurin and phtalocyanine.24 

1.3 Rhodamine derivative TH9402. 

Extensive chemical and biological research has been done over the past 20 years to 

identify new photosensitizers with improved properties. There are four properties that 

would make a sensitizer optimal for use in photochemical cytotoxicity. a) selective 

retenti on or uptake by tumor, b) high quantum yields of singlet oxygen, c) sufficient 
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tissue penetration, and d) photolability?5 Lipophilic cationic dyes, such as rhodamine 123, 

have been used as probes for membrane potentials in isolated mitochondria. These 

compounds penetrate plasma and mitochondrial membranes easily and can be 

concentrated up to 1000 fold in mitochondria. There is increased uptake or retention in 

malignant cells compared with normal epithelial cellS?6 Rhodamine dyes, because of 

their low toxicity and rapid elimination, are potentially useful reagents for PDT. However, 

the high quantum yields of fluorescence and consequently, low quantum yields of triplet 

formation limit their application. The specific objective was to design, synthesize and 

purify photoactive rhodamine derivatives, to enhance the formation of the triplet excited 

state from the singlet excited state. The addition of heavy-atoms could generate highly 

potent photosensitizers. lndeed, 4,5-dibromorhodamine 123 (TH9402) was selected 

because of its photophysical properties, low toxicity and stability. Singlet oxygen 

quantum yield is observed in brominated rhodamine 123. Calculated triplet quantum yield 

and singlet oxygen quantum yield values indicate that the energy transfer from the triplet 

state to singlet oxygen of dyes TH9402 and TH9402 but yI ester is almost 100%. Because 

of high quantum yields of singlet oxygen formation, this new photosensitizing molecule 

can be easily activated by light emission to affect tumor-cell killing.27 Observations with 

fluorescence spectra and fluorescence microscopy indicate that TH9402 is localized only 

in mitochondria. Two binding sites are present at the lipid membrane of mitochondria. 28 

1.4 Selective tumor uptake and retention of photosensitizer. 

Photosensitizers are selectively retained in tumor cells. The mechanisms involved in the 

preferential distribution of sensitizers in tumors are not fully understood. 
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In vivo, sorne photosensitizing drugs can reach higher concentrations in tumor tissue th an 

in surrounding healthy tissue. Properties of tumor tissue may contribute to this selective 

distribution. These include elevated numbers of low-density lipoprotein receptors, the 

presence of macrophages, and a decreased pH value. 

The association of the photosensitizer to low-density lipoprotein could result in selective 

or preferential release to neoplastic cells.29
-
31 It is thought that tumors may catabolize 

low-density lipoproteins at higher rates than normal cells via endocytosis, suggesting that 

there could be selectivity in the uptake of photosensitizer bound by low-density 

lipoproteins. Many types of tumor cells express a high number of membrane receptors for 

low-density prote in, which promote the intemalization of the low-density protein-bound 

photosensitizer. Moreover, tumor-associated macrophages play a role in the tumor­

selective uptake of aggregated sensitizers. In animal tumors, macrophages take up large 

amounts of HPD and Photofrin.32
-
34 Selective retention may also be related to the 

decreased pH in tumors. Sensitizers become more water soluble as pH is decreased and 

would therefore be selectively retained. The interstitial fluid is the fluid surrounding the 

cells and localized between their plasma membranes and vascular walls. The pH value of 

interstitial fluid is lower and the content of lactic acid is higher in tumors than in most 

normal tissues. Although porphyrins is a complex with different ionic species, generally 

the lipophilicity as well as the cell uptake increases with decreasing pH.35
-
37 In tumor­

bearing animaIs, selective uptake of Photofrin takes place in sorne tumors.38
,39 Other 

theories regarding the selective retention of sensitizer include the abnormal structure of 

tumor stroma, a leaky vasculature and poor lymphatic drainage.40 

Moreover, sorne, if not aH, cationic drugs are recognized by the multidrug transporter, 

which excludes many cationic agents from ceHs that express multidrug resistance (MDR). 
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The mitochondrial localizing drug rhodamine-I23 has been used to identify tumor cells 

expressing this phenotype by their low fluorescence. P-glycoprotein (Pgp), gene product 

of MDR, is associated with the efflux of cationic lipophilic compounds.41 In previous 

studies, we found that, in vitro, CD34+ cells accumulated lower amounts of TH9402 than 

B or T cells, and their corresponding myeloid and erythroid clonogenic progenitors were 

less sensitive to the PDT process. In addition, the lowest dye retention was observed in 

the more immature CD34+CD38- cells, and reflected preservation ofLTC-IC progenitors, 

which were least affected by the PDT process. Interestingly, immature progenitors are 

also known to retain less rhodamine and feature higher expression of P-glycoprotein (Pgp) 

compared to mature cells.42
,43 The addition of Cyclosporine A and verapamil, which are 

known for their ability to inhibit Pgp, will increase the intracellular concentration of 

TH9402 and drastically increase Pgp-expressing cell death.44 Therefore, differential Pgp 

expression profile in various cells could explain why long-term hematopoietic progenitors 

are less sensitive to PDT than tumor cells. TH9402 phototherapy eliminates various cell 

populations according to a hierarchy that primarily reflects the profile of expression of 

Pgp. However, Pgp is not the sole determinant of dye retention in leukemias.45
-
48 Indeed, 

PDT was found to be active against a large panel of tumor cell lines expressing high 

levels of Pgp, while doxorubicin, another known Pgp substrate, was effective only against 

a fraction of those lines.49 The existence of rhodamine efflux+/Pgp- cells or rhodamine 

efflux-/Pgp+ subtypes in acute myelocytic leukemic cells also indicate that other 

mechanisms are also involved in rhodamine transport and retention.50
,51 
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1.5 Intracellular photosensitizer localization and targets. 

The subcellular localization of the photosensitizer has been shown to be a key factor in 

the outcome of PDT and has a strong influence on whether and to what extent cells 

undergo apoptosis or necrosis in response to photo activation. Because of a short-life and a 

limited migration of singlet oxygen e02) from the site of its formation, initial cell 

damage ofPDT is closely related to the localization of the sensitizer.52 Many hydrophobie 

photosensitizers localize in the mitochondrial membranes and exert their primary action 

there, such as ALA and BPD.53 Usually these sensitizers are very rapid inducers of 

apoptosis, in contrast to photosensitizers localized in lysosomes or at the plasma 

membrane. Cationic dyes usually preferentially target the mitochondria, which are 

important sites of action. 54 For TH9402, over 98% of intracellular fluorescence could be 

visualized around the mitochondrial membrane by fluorescence microscopy. 

The most striking and immediate cellular in vitro response observed following HPD­

based PDT is damage to the plasma membrane. Membranes are good targets by virtue of 

the water-lipid partition coefficient. Porphyrin uptake starts with a clearly defined initial 

binding within the plasma membrane, followed by migration to internaI cellular regions. 55 

Sensitizers localized at the plasma membrane are likely to cause necrosis during light 

exposure. Several photosensitizers are localized in lysosomes and cause cell death via two 

different routes: the release of lysosomal enzymes in the cytosol, or relocalization of the 

photosensitizer after illumination to other non-Iysosomal targets.56 Apoptosis induction is 

a much slower process than that induced by mitochondrial based photosensitizers. 57 

Moreover, since most PDT sensitizers do not accumulate in cell nUclei, PDT has 

generally a low potential of causing DNA damage, mutations, and carcinogenesis. 58 
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1.6 Mechanisrn of PDT effect on turnor destruction. 

PDT requires exposure of cells to a photosensitizer followed by irradiation with visible 

light of an appropriate wavelength. It works only in the presence of oxygen. When 

oxygen is not present in the system or is present at levels of less than 2%, cells are 

resistant to PDT.59
,60 PDT cytotoxicity most likely occurs through photooxidative 

reactions. Upon absorption of a photon, the photosensitizer undergoes one or more energy 

transitions and usually emerges in its excited triplet state. There are two major reaction 

pathways open to the excited sensitizer. The triplet can participate in a one-electron 

oxido-reduction (Type l photochemistry) with a neighboring molecule, producing free 

radical intermediates that can react with oxygen to generate various reactive oxygen 

species (ROS). Alternatively, the triplet-state photosensitizer can transfer energy to 

ground state oxygen (Type II photochemistry), generating singlet molecular oxygen, a 

highly reactive form of oxygen that reacts with many biological molecules, including 

lipids, proteins, and nucleic acids.61
-
64 The dominant mechanism for PDT in most 

circumstances in cells and tissues is type II photochemistry, since most photosensitizers 

for PDT are efficient producers of singlet oxygen in simple chemical systems. The 

interaction between the excited photosensitizer and molecular oxygen produces singlet 

oxygen as weIl as other ROS to induce cell death. 

While PDT can result in direct killing of malignant cells, it was realized that there were 

other vital elements of the process. This included the partial or complete shut-down of the 

tumor vasculature.65 Vascular damage contributes to long-term tumor control. 

Microvascular collapse can be readily observed following PDT and can lead to severe and 

persistent post-PDT tumor hypoxia.66
,67 The mechanism underlying the vascular effect of 

PDT is involved in vessel obstruction. 
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1. 7 Immune mechanism and PDT. 

The positive results obtained with PDT in a clinical setting have stimulated much interest 

in the mechanisms responsible for determining the efficacy of this treatment modality. In 

particular, important advances have recently been made in the understanding of PDT­

elicited antitumor immune responses and their relevance to the therapeutic benefit of this 

approach.68 Briefly, at least three major factors appear to be involved in the induction of a 

strong immune response against PDT-treated cancers. PDT-mediated oxidative stress 

triggers a variety of cellular signal transduction pathways,69 that lead to increased 

expression of stress proteins and the induction of downstream early response genes, the 

products ofwhich are transcription factors regulating the expression ofvarious genes. Of 

particular importance, PDT has been shown to activate nuclear factor-nB and AP-l, which 

in turn control the expression of various cytokines and other immunologically important 

genes. Among the cytokines whose expression has been reported to be modulated by PDT 

are IL-6, IL-10, and tumor necrosis factor_il",70,71 whereas several others, including IL-lB, 

IL-2, and granulocyte-colony stimulating factor, may also be affected.72,73 PDT is also 

known to increase the expression of various genes involved in cell adhesion or antigen 

presentation and these may further contribute to the development of the 

inflammatory/immune response elicited bythis therapy. 

Another important factor that contributes to the induction of PDT -mediated Immune 

responses IS the proinflammatory damage generated in cellular membranes and the 

vasculature of treated tumor and normal tissues.74 These photooxidative lesions are 

responsible for the extensive release of various potent inflammatory mediators that 

provoke a prompt and strong inflammatory reaction at the PDT-treated site. A dominant 

event in such PDT-induced inflammation is a rapid and massive invasion of activated 
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inflammatory cells, including granulocytes, mast cells, and monocytes/macrophages, from 

the circulation to the PDT-treated site. These cells appear to be the main contributors to 

the inflammation-primed immune development process associated with PDT. 

The nature, rate, and extent of tumor cell death induced by PDT may also play a crucial 

role in determining. the generation of effective antitumor immune response. Large 

amounts of cellular debris are generated at a tumor site within a short time interval of PDT 

treatment. The particular nature of such material facilitates the uptake and presentation of 

putative tumor antigens by macrophages and dendritic cells recruited to the tumor site in 

response to PDT -induced inflammatory signais, ensuring the recognition of tumor-specific 

epitopes by T lymphocytes and their subsequent activation.75 

The initial photooxidative injury (inflicted during exposure of solid cancers to 

photodynamic light) triggers a variety of responses, sorne of which indirectly lead to 

tumor destruction. Rence, in addition to the direct killing of tumor cells, secondaryevents 

including ischemia (subsequent to vascular damage), ischemia-reperfusion injury, the 

antitumor activity of activated inflammatory cells and tumor-specific T lymphocytes may 

contribute to the eradication of PDT -treated lesions.76 Although the immune reaction may 

be less important than the other antitumor effects in the early stages of tumor ablation 

after PDT, its role can be decisive in attaining long-term tumor control. 

1.8 Regulation of cell death in PDT. 

Apoptosis has been found to be a prominent form of cell death in response to PDT. There 

are numerous examples in which the ability of PDT to initiate the apoptotic process 

differs depending on the cell line, the photosensitizer and its subcellular location, the 

overall dose and other conditions. 
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In aIl cases of death after PDT, outcome may depend on cellular mutations. Cells lacking 

critical components of the apoptotic /necrotic pathway may not display the full 

morphological characteristic of apoptosis. For example, the death response to ALA-PDT 

may depend on the particular cell type.77 In sorne cases, more than one mechanism may 

be demonstrated, or a shift from apoptosis to necrosis may occur, probably due to 

multiple targets. 

The subcellular location of a photosensitizer has a strong influence on whether and to 

what extent cells undergo apoptosis in response to photoactivation. Sensitizers that 

localize in mitochondria are likely to induce apoptosis, while sensitizers localized in the 

plasma membrane are likely to cause necrosis during light exposure. Dellinger78 found 

apoptosis in CV -1 cells if they were photoirradiated 24 hours after introduction of 

Photofrin when the photosensitizer was intemalized, whereas after only 1 hour, when 

Photofrin was primarily in the plasma membrane, necrosis was the predominant form of 

cell death. Kessel and Luo 79 studied a series of photosensitizers in L 121 0 leukemia and 

other cells and demonstrated that photosensitizers that bind to mitochondria induce 

apoptosis upon photoirradiation, whereas those that bind to the plasma membrane or 

lysosomes, but not to mitochondria, kill cells less efficiently and by a non-apoptotic 

mechanism. 

The cellular response to PDT vanes with its overall dosage. The photosensitizer 

methylene blue derivative (MBD) localizes in mitochondria of V79 cells. When MBD 

was present at concentrations above 0.05 Ilg/ml, photoactivation of the cells caused early 

(within 3 hours) apoptosis as the dominant mechanism of cell death. At 0.05 Ilg/ml, the 

process was much slower, and apoptotic cells appeared only after 1 day.80 When different 

pathways of energy production are inhibited by high (glycolysis) or low (oxidative 
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phosphorylation) concentrations of Methylene Blue derivative, immediate or delayed 

apoptosis, respectively, are induced, whereas inhibition of both leads to necrosis. lt 

appears that high photodynamic doses can cause a switch from apoptosis to necrosis 

when energy sources are highly depleted, because the former has a requirement for ATP. 

To further evaluate the role of the subcellular localization of photosensitizers in the 

killing of V79 cells by PDT, Noodt et al. 81compared two lipophilic porphyrins (3THPP 

and Photofrin) that localize to intraceUular membranes, including mitochondria, and two 

relatively hydrophilic sulfonated porphines (TPPS2a and TPPS4), that are taken up into 

lysosomes by endocytosis. PDT with either of the membrane-Iocalizing photosensitizers 

resulted in increasing numbers of ceUs becoming apoptotic (TUNEL positive) during the 

first 12 hours, but apoptotic bodies were not observed. In contrast, after photoactivation 

of the lysosome-Iocalized photosensitizers, apoptotic ceUs were not detected until after 12 

hours but extensive fragmentation of the ceUs into apoptotic bodies was found. These data 

provide evidence for at least two distinct pathways by which PDT can induce apoptosis. 

Although PDT can produce apoptosis or necrosis, or evoke a combination of the two 

outcomes, in many cases PDT is highly efficient in inducing apoptosis.82 Thus, lower 

doses than those needed to pro duce necrosis may be very effective in eliciting ceU kiUing. 

Furthermore, the efficient induction of apoptosis by PDT implies that PDT may be able to 

bypass mechanisms that make ceUs resistant to apoptosis in response to chemotherapeutic 

drugs and ionizing radiation. 

1.9 Measurement of apoptosis. 

Quantification of the precise extent of apoptosis vs. necrosis and total ceU death in 

cultured ceUs is difficult and several issues need to be considered. Apoptosis is a 
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biochemical process that passes through several stages each with its own hall marks and 

timing. The kinetics of the PDT-mediated apoptotic process depends upon a variety of 

factors, including the dose of the inducing agent, post irradiation time, light intensity and 

the ability of different cell types to carry out steps in the process. Thus, the percentage of 

cells in apoptosis will vary with time after initiation. Cells treated with doses higher than 

those needed to cause apoptosis may die without exhibiting the usual characteristics of 

apoptosis, and are generally regarded as undergoing necrosis. Late apoptotic cells or 

bodies can eventually lose the ability to maintain their membrane pumps and as a result 

may be unable to exclude vital dyes, such as trypan blue. Such apoptotic cells or bodies 

would then appear as necrotic cells. Therefore, one cannot conclude that a particular cell 

type or treatment does not pro duce an apoptotic response without studying a range of 

doses of the initiating agent and assaying for apoptotic markers over a wide range of 

times. 

There are numerous assays for apoptosis. The two most common endpoints of apoptosis 

are morphological changes (cell shrinkage, condensation of nuclear chromatin, formation 

of apoptotic bodies) and DNA fragmentation into large fragments (300 bp and 50 kbp) 

and then to oligonucleosome-sized fragments (multiples of ~200 bp) that appear as a" 

ladder" of DNA bands upon agarose gel electrophoresis. Although observation of these 

endpoints is an indicator of apoptosis, quantification of the percentage of cells in a 

population that are in apoptosis is difficult or impossible. For this purpose, many 

investigators use the TUNEL assay during which fluorescent-Iabeled biotinylated 

nucleotides are added to the ends of DNA fragments within fixed cells. The cells are then 

stained in their DNA with propidium iodide and can be viewed on a microscope stage, or 

they can be quantified by flow cytometry to indicate the presence of viable, apoptotic, 
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necrotic, and late apoptotic cells. Apoptotic cells can also be detected with the prote in 

Annexin V, which binds in a highly selective manner to phosphatidyl serine; this 

phospholipid flips from the inner to the outer leaflet of the plasma membrane during 

apoptosis.83 This assay is also adaptable to quantification by flow cytometry or to imaging. 

Since many of the enzymatic steps in apoptosis are known, it is often desirable to follow 

the pro cess by monitoring those steps. Antibodies are available commercially for aIl of 

the common caspases, so that procaspase levels and their proteolytic processing can be 

monitored by western blot analysis. In addition, model peptide substrates can also be 

purchased for many of the caspases in fluorogenic or chromogenic forms, permitting 

assay of cell extracts for the presence and level of individual active caspases. Inhibitors 

based on active site peptide motifs can be used to test the participation of suspected 

caspases. However, because caspases are not completely specific for the amino acid 

motifs, the model substrates and inhibitors cannot provide absolute identification of the 

involved caspase. Caspase action can also be monitored by assessing the cleavage of 

intracellular protein substrates; e.g., cleavage of P ARP or lamin B is a common indicator 

ofthe action of caspase-3 or -7 in apoptosis. 

With any of these or other assays, it is advisable to study sufficient doses and post­

treatment times so that the progress of cell death may be observed. In addition, it is 

necessary to use more than one assay to confirm results. Finally, if sorne or all of the cells 

do not undergo apoptosis, one cannot conclude that the cells remain alive, without 

conducting an assay for total cell death. The best assay for this purpose is a clonogenic 

assay, which measures the ability of each cell in a population to grow, replicate, and form 

a colony. Unlike assays for apoptosis or for viability, such as dye exclusion or tetrazolium 

reduction, clonogenic assays register all cell death events integrated over time. 84 
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1.10 The role of mitochondria in apoptosis. 

As numerous candidate photosensitizers have been developed and evaluated, one of the 

most prominent features of successful agents is targeting of mitochondria. Mitochondrial 

damage is a major cause of phototoxicity. Observations of mitochondrial damage after 

photosensitization have been made since early days of experimentation with PDT. This 

has been demonstrated by enzyme assays, electron microscopy of treated cells and tumors 

and fluorescence mlcroscopy showing depolarization of mitochondria. That 

mitochondrial damage is responsible for cell death has been postulated for many years,85 

but the cause and effect relationship of mitochondrial damage and cell death was difficult 

to resolve. Many of the early experiments were performed at one to several hours after 

irradiation, and thus provided evidence of damage a long time after triggering events. 

Information showing that mitochondrial depolarization was an early step leading to cell 

death,86 and that release of cytochrome c from mitochondria activated cytotoxic caspases 

gave indications that mitochondria were central in effecting death signaIs from upstream 

events.87,88 Correlations were found between phototoxic cell death and very rapid 

mitochondrial depolarization, cytochrome c-release and activation of caspases within 

minutes after PDT.89
,9o Additionally, photosensitizers thought to be localized to non­

mitochondrial organelles also caused depolarization of mitochondria,91,92 suggesting a 

common pathway or low levels of highly active photosensitizer in mitochondria. It should 

be noted that although many of these events resulted in apoptosis, mitochondrial 

depolarization may also be an early event associated with necrosis.93 
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1.11 Apoptotic pathways. 

The mitochondrial apoptotic pathway is triggered by diverse extracellular and 

intracellular stresses and developmental cues and requires the permeabilization of the 

outer mitochondrial membrane leading to the release of apoptogenic molecules, including 

cytochrome c, into the cytosol. Cytosolic cytochrome c binds to Apaf-l which, in the 

presence of dA TP or A TP, leads to pro-caspase-9 activation in the oligomeric complex 

called the apoptosome. Caspase-9 cleaves and activates downstream caspases including 

pro-caspase-3, precipitating apoptosis.94 Concurrent with cytochrome c, other 

mitochondrial intermembrane proteins have been shown to be released as weIl into the 

cytosol. Apoptosis inducing factor (AlF) and endonuclease G (Endo G), once released 

into the cytosol, rapidly translocate to the nucleus where they promote nuclear DNA 

breakdown in a caspase-independent fashion.95 

Chiefly two models have been proposed to explain how mitochondrial intermembrane 

proteins, including cytochrome c, are released from the mitochondria during apoptosis. A 

first model evokes the participation of the mitochondrial permeability transition (MPT), 

which has been defined as a sudden increase of the mitochondrial inner membrane 

permeability.96 The MPT is thought to be due to opening of a regulated proteinaceous 

pore, which is a dynamic multimeric complex located at the contact site between the inner 

and the outer mitochondrial membranes. MPT pore openers cause permeabilization of the 

inner membrane thus dissipating the K gradient and causing a membrane potential 10ss 

which uncouples the respiratory chain. This model predicts osmotic matrix swelling and 

outer membrane rupture allowing cytochrome c and other intermembrane proteins to 

escape from mitochondria. 
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A second model predicts that the structural integrity of mitochondrial membrane would 

be maintained and that the formation of a specific outer membrane pore of the appropriate 

size would allow the passage of cytochrome c from the intermembrane space to the 

cytosol. Although the molecular nature of such pore is still elusive, a good candidate is 

the pro-apoptotic Bcl-2 family member Bax. Upon a death signal, cytosolic pro-apoptotic 

members relocalize to membranes, espeeially the mitochondrial outer membrane and 

exert their pro-apoptotie funetion by promoting the efflux of cytoehrome e to the 

eytosol.97,98 

1.12 Models of PDT in the clinic. 

Regularly, PDT is used in a light directed manner. Photosensitizer is injeeted into patients 

intravenously or topieally. The sensitizer will be aeeumulated at turnor sites. When the 

light is delivered through a fiber-optie deviee, the activated photosensitizer will release 

the singlet oxygen and reaetive oxygen species (ROS) to induce cell death. Meanwhile, 

numerous preclinical studies have shown PDT in vivo enhances the host antitumor 

immune response. This immunologic effect could involve PDT -indueed alterations in 

tumor microenvironment via indirect stimulation of proinflammatory cytokines, including 

tumor necrosis factor a (TNFa) , IL-6 and IL_1.99
,l00 The primary role of light directed 

PDT is to kill the tumor cells and this occurs through two major pathways: a direct killing, 

either by apoptosis and/or necrosis, lOI and an indirect pathway that will cause the 

recruitment of inflammatory cells (neutrophils, macrophages, etc) and the nonspeeific 

activation of the immune system. 102
,l03 
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Fig.1.2 Purging procedure ex vivo 
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In addition to the above oncology trials, in vitro PDT has been tested for the purification 

of malignant hematologic components for autologous transplantation or elimination of 

alloreactive T cells in GvHD. 104
,I05 The whole procedure includes the incubation of 

cells with photosensitizer, extrusion of dye from the cells and exposure under the light 

(Fig 1.2). In many aspects, extracorporeal PDT harbors a greater flexibility than in vivo 

PDT. There is less stringent requirement for photosensitizer absorption spectra, as the 

target cells can be treated in a controlled environment where they can be photosensitized 

homogeneously using appropriate media, container, cell concentration and thickness of 

target area. The light source can easily be positioned directly adjacent to the target cells, 

allowing for the utilization of fairly simple set ups of irradiation devices. 

1.13 Tumor cell purging. 

Autologous bone marrow and stem cells are able to reconstitute hematopoiesis after 

myeloablative therapy for malignant diseases, resulting in cure in a substantial proportion 

of patients. I06 Disease relapse, however, is a common occurrence, and it has been 

hypothesized that, in sorne cases, this is due to reinfusion of small numbers of viable 

clonogenic tumor cells contaminating the stem cell inoculum. I07 Effective techniques for 

removal, or purging, of viable tumor cells from autologous harvests would theoretically 

circumvent this problem. 108 

For this strategy to be successful in practice, several problems must be overcome. As with 

aIl forms of autologous hematopoietic stem ceil (HSC) transplantation, effective 

conditioning regimens must be available to eradicate residual disease before the 

transplant. Second, it is necessary to have access to relatively normal autologous HSC 
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with the least possible contamination with malignant cells. Finally, a highly selective 

purging process must be devised, capable of removing clonogenic tumor cells while 

sparing normal hematopoietic cells required for marrow engraftment. Because the cellular 

properties of the tumor cells in bone-marrow-derived diseases closely resemble those of 

normal stem cells, the selectivity of the purging process is a difficult and critical issue. 

A variety of ingenious techniques have been devised for this purpose. First, the utilization 

of immunologic antibodies which bind preferentially to antigens expressed on the tumor 

cells but not on normal marrow stem cells. The removal of antibody-coated cells can be 

achieved by direct killing, using complement-mediated cytotoxicity or specifically 

constructed immunotoxins, or, alternatively, by coupling monoclonal antibodies to 

magnetic micropheres. Antibody-coated cells can be physically removed from marrow 

. b 1· . fi Id 109 suspensIOns y p acement III a strong magnetIc le . 

The other major purging approach has been the use of pharmacological agents to treat 

marrow ex vivo. Pharmacologic purging is less selective than immunologic methods and 

relies upon the relative insensibility of resting marrow stem cells to those cytotoxic drugs 

that are capable of eliminating clonogenic tumor cells. 110 

Purging has also been attempted by positive selection of CD34+ stem and progenitor cells, 

as opposed to negative selection of tumor cells. Advantages and disadvantages can be 

identified for either positive or negative selection strategies, but it has been difficult, if 

not impossible, to clearly compare these approaches, primarily because of limited 

accessibility and the emphasis given to optimize individual methodologies. 
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1.14 PDT bone marrow purging. 

Despite an previously described research efforts, methods for bone marrow purgIllg 

require significant improvements. An ideal agent for bone marrow purging would be 

characterized by high selectivity for malignant cens, with minimal toxicity to committed 

progenitor cens and stem cells. The procedure should be practical for clinical use and cost 

effective. Finally, it should be effective against drug-resistant tumor cells. Several other 

interesting approaches to marrow purging have been investigated at the preclinicallevel, 

with autografts also being performed in pilot studies in sorne instances. The sensitivity of 

sorne tumor cells, including leukemia, to light exposure after photosensitization with 

agents such as merocyanine 540 has been exploited for marrow purging, in view of the 

resistance of normal marrow cells to photolysis. lll
,112 lndeed, photodynamic therapy has 

been successful in the selective elimination of alloreactive T cells l13and treatment of graft 

rejection and graft-versus-host disease (GVHD). These results have revealed the interest 

. h' h 114115 Ph . . b 1 dl' . . T III t IS approac.' otosens111zers can e accumu ate not on y III Immunoreactlve 

cells but also in malignant cells. There is now considerable evidence to suggest that it will 

be useful as a bone marrow purging technique in autologous bone marrow transplantation. 

1.15 TH9402 in purging strategy 

In a previous study from our laboratory, a successful purging of chronic myelocytic 

leukemia was achieved. Mixtures of apheresis product from healthy donors and leukemia 

cens K562 were treated by extracorporeal PDT using TH9402. This process resulted in 

the significant reduction or complete elimination of leukemic cens and sparing of normal 

progenitors. Four samples from patients were purged with conditions known to eradicate 

the cenline and yielded negative RT-PCR for ber/ab!. Normal progenitors were detected 
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with an average recovery of more than 80% of colony forming unit-granulocyte 

macrophages (CFU-GM).116 These results demonstrated the efficacy of the purging 

procedure and encouraged us to develop this approach in various hematopoietic 

malignancies, such as non-Hodgkin's lymphoma (NHL) or multiple myeloma (MM). The 

whole procedure includes: 1) cells suspension at certain concentration and incubation with 

TH9402 for 40 minutes. 2) dye efflux of cells in serum free medium for 50 minutes. 3) 

exposure under the light at 540 nm wavelength. 

1.16 Cellular immunotherapy for cancer. 

The importance of the interaction between the immune system and cancer cells was 

recognized in the 1890s when William Coley used streptococcal cultures to treat patients 

with advanced sarcoma. Numerous subsequent clinical trials have been conducted, 

particularly using irradiated whole tumor cells mixed with bacterial adjuvants. These 

attempts to activate general immunity led to clinical responses. More recently, antibodies 

and T cells that identify tumor antigens have been isolated from patients. Tumor and 

dendritic cell vaccines stimulate antitumor activity in the patient. The aim is to harness 

potent immunological weapons to destroy cancer cells. ll7 

A potential target for cancer immunotherapy is the tumor associated antigen (TAA). It is 

immunogenic and expressed on tumor cells, but not on normal cells. Identification of 

tumor-specific antigens has been an important goal in the field of cancer therapy. 

Unfortunately, most tumor antigens are not sufficiently immunogenic to induce an 

effective immune response, and tumor specific antigens may vary between individuals 

with the same tumor type. Despite recent advances in the identification of an array of 

tumor antigens, it is still unclear which antigens are clinically relevant for the majority of 
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tumors. For this reason, interest developed in the use of whole tumor cells as vaccines, 

based on the concept that tumor antigens will be more immunogenic than more 

ubiquitously expressed antigens. Whole tumor cells carry all the potential T AA, that will 

be processed and presented on the DC surface MHC class land class II molecules 

resulting in a polyclonal expansion ofboth CD4+ and CD8+ T cells. 

1.17 Whole cell vaccines. 

One of the earliest forms of cellular therapy consisted of whole tumor cells rendered safe 

by irradiation and mixed with an immunological adjuvant in sorne mouse strains. Mice 

could be partially protected from subsequent tumor challenge by a vaccination of tumour 

cells mixed with adjuvants. 1l8 Initial clinical studies showed the safety of this approach. 

An autologous irradiated vaccine with BCG as an adjuvant was used to treat 40 melanoma 

patients. There were five positive responses: four complete and one partial remission. 119 

In patients with colorectal cancer vaccinated with autologous tumor cells vaccines mixed 

with BCG, although there was no difference in overall survival, significant improvements 

were seen in recurrence free survival, with the most benefit seen in patients with the 

lowest tumor burden. 

With the increasing realization that immune responses against tumors are relevant, 

administration of cytokines is a non-specific way to activate the immune system on tumor 

regression. Peritumoral injection of low doses of cytokines could enhance the anti-tumor 

immune response without the si de effects associated with systemic treatment. 120 A more 

recent approach is the use of vaccines containing genetically modified cells-gene 

modified vaccines, in which genes encoding key components of the immune response can 

be introduced into the tumor cells in vitro to increase the immunogenecity of the vaccine. 
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The most common gene modified vaccines use cytokines. The cytokine is produced in 

high concentration in the vicinity of the tumor cells, where it alters the local 

immunological environment and enhances the activities of antigen presenting cells and 

the activation of tumor specifie T cells. This approach avoids the side effects associated 

with systemic treatment with cytokines. A number of cytokines have been used, with 

varying degrees of success. One murine study compared a number of different cytokines, 

using a number of poorly and moderately immunogenic tumor models, and demonstrated 

that of the cytokines used, tumors transduced with granulocyte macrophage colony 

stimulating factor (GM-CSF) produced the greatest degree of systemic immunity. 

Importantly, tumors genetically modified to express GM-CSF were able to cure pre­

established tumors. 12
1,122 

1.18 Role of T cells in antitumor activity. 

Several preclinical studies have demonstrated that activation of both CD4+ and CDS+ T 

cells is critical for generating the most potent antitumor immune responses. 123
,124 These 

antigen-specific T-cell responses are initiated by professional antigen-presenting cells 

(APCs) (Fig.4). Any protein in the tumor cell is a potential tumor antigen. These antigens 

are released by secretion, shedding, or tumor lysis and captured by APCs. Uptaken 

antigens are processed and presented by major histocompatibility complex (MHC) class l 

and MHC class II molecules for priming and activation of CDS+ and CD4+ T cells, 

respectively. Eight- to 10-amino acid peptide fragments are presented on MHC class l 

molecules, whereas peptides presented on class II molecules are between 12 and 20 amino 

acids 10ng. 125 Activated CD4+ T cells provide important costimulation via cytokine 

secretion, which can initiate and also amplify the CDS+ T -cell response. In addition, 
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memory CD4+ T cells play a critical role in maintaining the protective immunity.126_127 

Ultimately, activated antigen-specific CD8+ T cells become cytotoxic and lyse tumor 

cells. 128 

1.19 De and tumor vaccines. 

To date, tumor immunotherapy has only limited success. This can be explained by the 

limited availability of tumor-associated antigens and the inability to deliver such antigens 

in a manner that renders them immunogenic in patients with cancer. However, recent 

insights into the role of dendritic cells (DC) as the pivotaI APC that initiate immune 

responses may provide the basis for generating more effective antitumor immune 

responses. 129 

The ability of DCs to generate antitumor immune responses in vivo has been documented 

in many animal models. Most of the se experiments have involved in vitro isolation of 

DCs, followed by loading of the DCs with tumor antigen and injection of the antigen­

bearing DCs into syngeneic animaIs as a cancer vaccine. Immunity produced by vaccines 

depends largely on the efficiency of antigen presentation. DCs are probably the means by 

which most vaccines work. They possess an extraordinary capacity to capture and process 

antigen and contain all that is needed to stimulate T cell immunity, including high levels 

of major histocompatibility complex (MHC), costimulatory molecules and adhesion 

molecules. These properties, coupled with the fact that it is now possible to generate, ex 

vivo, large numbers of functional DCs, have led to considerable interest in the use of De 

vaccines as a mean to induce antitumor effect. 
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1.20 Defining Des. 

DCs have a distinct morphology characterized by irregular shape with the presence of 

numerous membrane processes that can extend for up to hundreds of micrometers. These 

processes can take the form of dendrites, pseudopods, or veils. Additional morphologie 

features of DCs include high concentrations of intracelIular structures related to antigen 

processing such as endosomes, lysosomes, and the Birbeck granules of Langerhans cells. 

DCs are also characterized by the presence on their surface of large amounts of MHC 

class II molecules and the absence of lineage-specific markers including CD 14 

(monocyte), CD3 (T cell), CD19,20,24 (B cell), CD56 (natural killer celI), and CD66b 

(granulocyte)Yo Not surprisingly, in light oftheir antigen-presenting functions, DCs also 

express various adhesion and costimulatory molecules. Examples of the former include 

CDlla (LFA-1), CDllc, CD50 (lCAM-2), CD54 (lCAM-l), CD58 (LFA-3), and CD102 

(lCAM-3), although an ofthese markers can be found on monocytes and macrophages.!3! 

Costimulatory molecules such as CD80 (B7.1) and CD86 (B7.2), and moleeules 

regulating costimulation such as CD40 are also expressed on mature myeloid DCS.!32.133 

DC phenotypes vary with different stages of maturation and activation. Human DC 

precursors circulating in the blood initially can express CD2, 4, 13, 16, 32, and 33, but 

they gradually lose their expression of these antigens with maturation. In contrast, 

adhesion molecules, costimulatory molecules, and MHC antigens increase with 

maturation. CD80 and 86 are upregulated with activation, particularly with CD40 ligation. 

CD86 tends to appear earlier in maturation, while CD80, which is almost unmeasurable in 

blood precursors, appears later. 134 

Several antibodies have been described that preferentialIy but not exclusive1y stain 

mature DCs. Antibodies reactive against human DCs include anti-CD83 and CMRF-44. 
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Antibodies to CD83 stain mature activated DCs, but not DC precursors, and also cross­

react with activated B cells. 135 CMRF-44 can stain circulating blood DCs as weil as 

activated DCs, but it also cross-reacts with macrophages and monocytes. 136 Antibodies 

directed at mouse DC include 33Dl, N418 (antiCDllc), and DEC-205, although these 

antibodies also stain monocytes to varying degrees. 137
-!39 

With DC activation and migration from the tissues, antigen uptake activity and the 

associated antigen receptors are downregulated, resulting in a switch in APC function 

from antigen uptake to antigen presentation. 140 DCs are capable of processing antigen via 

classical pathways: endogenous antigens via the proteasome into the MHC class 1 

compartment, and exogenous antigens via endocytic lysosomes into the MHC class II 

compartment. 141 DCs also possess alternative pathways of antigen processing and can 

route exogenous antigen into the MHC class 1 pathway through a mechanism known as 

cross-priming.142 DC may also utilize molecular chaperones such as heat shock protein 

HSP96 to deliver antigens via the class 1 pathway.143 

Sensitizing the immune system to specific antigens 1S certainly the most pertinent 

function for DCs, and this has been examined both in vitro and in vivo. Early studies in 

mice demonstrated that DCs exposed to infectious influenza virus or influenza 

nucleoprotein peptide, in vitro, induce a primary proliferative and antiviral CTL 

response.144 In vivo priming of CD4+ helper and CD8+ cytotoxic T cells with antigen­

loaded DCs has been demonstrated in several animal models. DCs can also prime 

immune responses to antigens in vivo in humans. 145,146 Moreover, administration of DCs 

loaded with tumor-associated peptides or proteins can lead not only to specifie 

proliferative responses and CTL, but also to tumor protection in animal models.147-150 
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These observations provide a compelling rationale for pursumg DC-based 

immunotherapy for cancer. 

1.21 Isolation of Dendritic ceUs. 

Dendritic cells (DCs) are a trace but highly specialized subset of antigen-presenting cells 

(APC). Because no dendritic cell line exists, these cells must be freshly isolated from 

tissue before each experiment. Two methods are established for preparing dendritic cells. 

The first method involves the isolation of DCs from mouse spleen, resulting in a cell 

population that is highly enriched in accessory cell and APC function. 151 The isolation 

relies upon a transient exposure of the cells to tissue culture plates, which allows for the 

depletion of adherent monocytes. Lymphocytes are then depleted by passage over a 

bovine serum albumin (BSA) gradient to isolate low-density DCs. Collagenase digestion 

of splenocyte suspensions can be used to increase the yield of dendritic cells. But, in 

general, these techniques yield low numbers of DCs, making experiments difficult to 

perform. The second method involves generating large numbers of DCs from mouse bone 

marrow progenitor ceIlS. 152 Bone marrow progenitor cells are cultured in the presence of 

granulocyte/macrophage colony-stimulating factor (GM-CSF) to stimulate proliferation 

and maturation of DCs. Once generated, the large numbers of DCs can be used for cell 

biology studies, genetic modification, and in vivo immunization. In our study, we used a 

novel bulk-culture method for generating mature dendritic cells from mouse bone marrow 

ceIls, as described before. 153 There are several advantages: First, it is easy and less time­

consuming to establish the culture, since unseparated bulk BM cells were taken as DC 

source. Second, yield and purity of bulk-DC are higher than those obtained by the 

conventional method when compared on the same day of culture. Third, bulk-DCs are 
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more potent in stimulating DCs. Fourth, bulk-DCs are more potent in stimulating 

allogeneic T cells and presenting peptide antigens to T cells, compatible with their more 

matured phenotypes. Finally, the bulk-culture method potentially costs less, since no Abs 

and complement are needed for the depletion ofT-and B-lineage cells. 

As with the animal models, more recent approaches for generating DC from human bone 

marrow precursors utilize CD34+ cells cultured in the presence of exogenous GM-CSF, 

usually in combination with IL-4 and/or TNF_a.154-157 Stern cell factor (SCF) and/or Flt3-

ligand (FL) are often added to increase DC yields by inducing the proliferation of De 

progenitors. 158,159 Sources for human CD34+ precursors include bone marrow, cord blood, 

and G-CSF-mobilized peripheral blood. 

Many groups have generated DC-like cells by culturing CD14+ monocyte enriched 

PBMC in vitro. When cultured for 1-2 weeks with media supplemented with GM-CSF 

and IL-4, monocytes give rise to large numbers of cells that are morphologically and 

phenotypically similar to the "classical" density purified DCs. These cytokine-generated 

DCs require additional maturation in vitro with TNF -a or monocyte-conditioned media in 

order to fully stimulate in an allogeneic MLR or prime antigen-specific T cell responses 

in vitro and in vivo. Moreover, without this additional maturation step, the DC phenotype 

can revert to that of a monocyte. Nonetheless, these "monocyte-derived DCs" are capable 

of inducing strong antitumor responses in vivo, in mice. 160,l61 Recently, clinical trials 

using these cells in patients with melanoma and renal cell carcinoma have demonstrated 

. d . f 'fi' Il . 162 163 0 d III uchon 0 speCI IC Immune responses as we as tumor regresslOn.' ne avantage 

of this approach includes easy access to CD 14+ monocytes, but it requires ar least one 

week of culture in vitro. 
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It is now possible to generate large numbers of DCs from mobilized CD34+ 

haematopoeitic stem cells or from peripheral blood monocytes, and to define them 

phenotypically by a panel of surface markers. There is still no single marker that 1S 

specific for DCs. 

1.22 Interaction of T cells and Dendritic Cells. 

For an effective T-cell mediated immune response, T-cells reqmre antigens to be 

presented to them to sensitize naive T -cells and to re-stimulate primed T -cells. Antigen 

presentation is therefore a crucial step in the initiation of an effective immune response. 

To initiate T-cell immunity, peptides from infected cells located anywhere in the body 

must be recognized by circulating T -cells. Tumors have few MHC molecules on their 

surface and usually lack co-stimulatory molecules. DCs enable the immune system to 

tackle these difficulties and this property has led to an interest in the development of DC 

vaccines. The unique capacity of these "mature" DCs to activate T-cells is probably 

related to the presence of an exceptionally high number of MHC, co-stimulatory and 

adhesion molecules. DCs generated ex vivo and loaded with tumour antigen prior to re­

infusion are now entering clinical trials. 

ln order to effectively exploit DC function, the different stages of DC maturation must be 

understood. DC precursors migrate from bone marrow and circulate in the blood to 

specific sites in the body where they mature and act as sentinels for the immune 

system. 164 Tissue-resident DCs process and present antigens in the context of MHC class 

1 and II molecules. Sources of antigen can include viral proteins, bacterial proteins, or 

apoptotic bodies. 165
,166 
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In addition to encountering antigen, DCs are thought to require an antigen-independent 

danger signal in order to become activated. These signais can inc1ude LPS, interferon 

(IFN) a and y, IL-I~, and potentially direct signaIs from viruses and bacteria. With 

activation, DCs downregulate their antigen uptake and processing functions, shift to 

antigen presentation and upregulate their expression of MHC, costimulatory, and 

adhesion molecules as described earlier. With maturation during in vitro culture, MHC 

c1ass 1 and II densities on the cell surface increases IO-IOO-fold, while MHC synthesis is 

reduced. Class II peptide-MHC complex turnover falls dramaticaIly, as reflected by the 

change in surface halflife of these complexes from a few hours on immature DCs to 2 

days on mature DCs, providing a stable source of processed antigen when danger signais 

. d 167 are recelve . 

Once activated, DCs leave the tissues and migrate via the afferent lymphatics to the T 

cell-rich paracortex of the draining lymph nodes. Within the secondary lymphoid organs, 

activated DC attracts naive and memory T cells for priming. Activated DCs also secrete 

cytokines inc1uding IL-7 and IL-12, which contribute to their unique functions. IL-7 can 

induce CD4 and CD8 T cell proliferation and B cell differentiation. 168
,169 IL-12 biases T 

helper responses toward a Thl pattern. l70
,1?1 This combination of cytokines will typically 

bias T helper responses to Th2 or antibody generation. This stimulatory milieu produced 

by activated DCs, combined with the presentation of epitopes in MHC c1ass 1 and c1ass II 

and the expression of costimulatory molecules, contributes to the generation of potent 

antigen-specific immune responses. 172 Within the secondary lymphoid tissues, activated 

CD4+ T cells can further activate DCs through CD40/ 40L interactions, and this also 

provides a survival signal to DCS. 173
-
1
?5 Furthermore, CD40 ligation allows DCs to prime 

CTL, ev en in the absence of immediate CD4+ T cells help. 
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1.23 PDT -generated vaccines. 

The PDT generated vaccines belong to the category of target tumor-derived whole cancer 

cell-based vaccines. Antigenic repertoire contained in whole tumor cell derived vaccines 

allows for circumventing the problems associated with shedding or downregulation of 

specific antigens as weIl as with MHC-restricted epitope identification for individual 

patients. Moreover, targeting tumor antigens unique to individual patients generated by 

random mutation in cancer cells may be important for securing an effective therapeutic 

response. 176,m In PDT, cells can be induced through apoptosis and necrosis. Secondary 

necrosis is readily formed over time. Such a dynamic and viable process may be used as a 

source of TAAs for a vaccine strategy. Two elements seem relevant for the unique 

capacity of PDT for cancer vaccine generation: surface expression of HSP70 and binding 

of complement proteins on PDT -treated cells. There are reports on the induction by PDT 

of HSP70 expression on the surface of treated ceIls,178 as weIl as on the fixation of 

complement proteins on these ceIls. 179 Both HSP70 and complement proteins are 

expressed in high levels on the surface of PDT-vaccine cells retrieved from the 

vaccination site after their tumor-Iocalized administration. The surface exposure of 

HSP70 facilitates the opsonization of C3 or its fragments on PDT -treated cells. This 

statement is supported by results showing that binding of C3/C3 fragments on vaccine 

cells was inhibited by the co-administration of HSP70-blocking antibodies at the time of 

vaccination. Complement proteins may be opsonizing peptides associated with surface­

expressed HSP70, recognized as altered self-targets by the complement system. 

Alternatively, they could directly bind HSP70 directly.180 Relevance of complement in 

the efficacy of PDT-vaccine is demonstrated by the lack of therapeutic benefit against 

tumors growing in C3-deficient mice. 
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Generation of antitumor vaccines has be exploited in both preventive and therapeutic 

treaments. Gollnick et aI181 were successfui in providing protection against EMT6 tumor 

challenge by vaccinating naïve mice with supernatants of PDT -treated EMT6 ceIls. They 

showed that PDT -generated tumor ceIl Iysates have the capacity to stimulate both the 

phenotypic and functionai maturation of Des, and to induce a cytotoxic T cell response. 

Korbelik et aI182 developed a PDT-generated therapeutic cancer vaccine. They found that 

the growth of established subcutaneous, poorly immunogenic mouse tumors could be 

retarded by lesion-Iocalized injection of tumor ceIls of the same origin, which were 

previously treated in vitro by PDT. In the present study, we describe the development of 

tumor vaccine using photosensitizer TH9402. 
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Specifie aims and preface to chapter 2. 

Photodynamic therapy (PDT) is a cancer treatment showing dramatic antitumor activity. 

The novel photosensitizer TH9402 is a rhodamine derivative with favorable 

photophysical properties, low intrinsic toxicity and high stability. While the cytotoxic 

effect ofTH9402 has been described previously, the induction of cell death pathways has 

not been investigated. 

PDT may generate either apoptosis, necrosis, or both. The goal at the start of this project 

was to modulate the different conditions of PDT to induce EL4 cell death. Investigation 

of the potential mechanism in EL4 cell death pathways will be helpful to test the 

advantage of PDT to overcome tumor ceIl resistance during the treatment. The 

establishment of the best conditions inducing EL4 cell death is a prerequisite for 

subsequent evaluation of the different whole tumor cell vaccines in vitro and to identify 

optimal sources for antigenic stimulation. 
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CHAPTER2 

Both apoptotic and necrotic cell death pathways are induced differentially 
using photodynamic therapy. 
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2.1 Abstract 

Purpose: Photodynamic therapy (PDT) is a powerful strategy to eliminate a variety of 

tumor cells and alloreactive T lymphocytes. While the cytotoxic etIect of the novel 

rhodamine-derived TH9402 photosensitizer has been attributed to the generation of 

reactive oxygen species and singlet oxygen, the cell death pathways involved have not 

been fully elucidated. In this study, we evaluated the ability of PDT to induce apoptosis 

and necrosis, and assessed underlying molecular mechanisms. 

Results: We found a direct correlation between TH9402 concentration (0-10}.lM) and 

intensity of light exposure (0-10J/cm2
) with the extent and rapidity of elimination of 

mouse lymphoma EL-4 cells. Increasing the intensity of PDT shifted the ratio from 

predominantly apoptotic to necrotic cell death as measured by Annexin-VI7AAD at 2 to 

4h post-PDT. PDT (lO}.lM and 5J/cm2
) evoked marked decreases in mitochondrial 

transmembrane potential (assessed with DiOC6(3)) as early as 2h after PDT. These were 

associated with decreased presence of Bax in the cytosol. PDT also resulted in activation 

of caspase-9 and caspase-3 as early as 15 minutes after PDT through the release of 

cytochrome C from the mitochondria. However, pan-caspase blockade with ZVAD-FMK 

or a specific caspase-3 inhibitor DEVD-CHO failed to alter the percentage of PDT­

induced AnnV+I7AAD- cells and did not produce detectable changes in DNA 

fragmentation, indicating involvement of a caspase-independent death pathway. Indeed, 

TH9402 also evoked the release of AIF and endonuclease G from the mitochondria, 

suggesting involvement of a caspase-independent pathway. 

Conclusion: Under conditions that induce apoptosis, PDT with the TH9402 

photosensitizer activates both caspase-dependent and -independent death pathways. 
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,~--
TH4902 activation of multiple death pathways suggests that TH9402 could effectively 

limit the capacity of tumor cells to become resistant to this compound. 
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2.2 Introduction: 

Photodynamic therapy (PDT) has the potential to become a useful anti-cancer strategy.\ 

Compared with other irradiation techniques and chemotherapy, PDT is associated with 

low toxicity that allows its repeated usage.2
,3 It has been shown active against locally 

advanced malignant disease in a context of palliation, and for long-term control of early 

stage cancer.4
-
7 Interestingly, other agents with chemotherapeutic effects or oxygen 

carrier properties can be combined with PDT to enhance its effect and accelerate tumor 

cell death.8
,9 

The procedure requires exposure of cells or tissues to a photosensitizing drug followed by 

irradiation with visible light of the appropriate wavelength, usually in the red or infrared 

region, as compatible with the absorption spectrum of the dye. Once activated by the light, 

the photosensitizer absorbs energy directly and interacts with molecular oxygen to yield 

an excited form called singlet oxygen. This highly reactive form with direct cytotoxic 

activity contributes to the destruction of tumor cells. JO A few products with 

photosensitizing ability have been used in clinical trials for a wide variety of cancer 

treatment indications. IJ
-
J5 However, limitations often include persistent photosensitization 

of the skin and poor tissue penetration, associated with red light usage. Such limitations 

have motivated the development of molecules with improved pharmacokinetics and 

photochemical characteristics. 

Rhodamine-l23 is a potentially appealing molecule because of its high penetration 111 

tissue membranes and preferential retenti on in malignant cells. 16 Among a large number 

of rhodamine derivatives, 4,5-dibromorhodamine 123 (TH9402) was selected because of 

its favorable photophysical properties, low toxicity and stability. Because of high 
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quantum yields of singlet oxygen formation, this photosensitizing molecule can be easily 

activated by light emission to induce cell death. 17 

The biological effect of PDT depends on either apoptosis or necrosis, or a combination of 

h b · . d· 1 1 1 18-20 R t e two outcomes y reactlve oxygen specles an smg et mo ecu ar oxygen. ecent 

studies have explained the mechanism of apoptosis after PDT in relation to mitochondrial 

photodamage. Photosensitizers are known to induce apoptosis rapidly through activation 

of the mitochondrial pathway. This includes cytochrome c and other apoptotic factors 

release, caspase activation, PARP cleavage, chromatin condensation and DNA 

fragmentation. 21
-
25 

ln this study, we investigated the ability of TH9402 PDT to evoke apoptosis and the 

impact oftreatment conditions on modulation of cell death pathways. We also studied the 

apoptotic pathways involved. 

2.3 Materials and methods: 

Cell culture. Mouse T lymphoma cell line EL4 was obtained from the American Type 

Culture Collection (ATCC). Cells were cultured in Dulbecco's modified Eagle's medium 

supplemented with 10% horse serum, 100 U/mL peniciIlin, 100 )..tg/mL streptomycin (ail 

from Invitrogen) in a humidified atmosphere at 37°C with 5% CO2 . 

Kinetic of PDT-mediated cytotoxicity. Cells were incubated at a concentration of 106/ml 

for up to 90 min in 10ml DMEM phenol red-free medium (Invitrogen, Grand Island, NY) 

containing 2.5% serum or without serum in different concentrations of TH9402 (2.5, 5 or 

10)..tM). After 40 min incubation, cells were centrifuged and resuspended in 
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photosensitizer-free medium with 10% serum. The cells were taken at different time 

points during the incorporation and clearance periods and TH9402 content was 

determined immediately using flow cytometry. 

Photodynamic therapy. Cells were incubated with 2.5, 5 or 10flM TH9402 (Celmed 

BioSciences, Montreal, Canada) for 40 minutes in medium containing 2.5% serum, 

centrifuged and resuspended in a dye-free medium with 10% serum for 50 minutes 

extrusion (dye efflux), and subsequently exposed to 5 or 10 J/cm2 light at 540nm 

wavelength using a light scanning device (Theralux, Celmed Biosciences). Cells in 

medium without dye during incubation were used as controls. In apoptosis studies, cells 

were preincubated with Z-V AD-FMK (BD-Pharmingen, San Diego, CA), a pan-caspase 

inhibitor, DEVD-CHO (Calbiochem, San Diego, CA), a specifie caspase-3 inhibitor; 

aurintricarboxylic acid (ATA), a general DNase inhibitor, (Sigma, Canada) or 3-

aminobenzamide (3ABA) (Sigma), a Poly(ADP-ribose) polymerase (PARP) inhibitor for 

1 hour before PDT treatment. 

Assessment of cell death. To assess apoptosis and necrosis in the same cell population, 

cells in exponential growth phase were seeded at a final concentration of 106 cells/mi 

either in a six-weIl plates, sample thickness 3mm, or in a flask, sample thickness 10mm. 

After PDT, cells were stained with Annexin V-CY5 and 7AAD (BD-Pharmingen) 

according to manufacturer's protocol and fluorescence evaluated by flow cytometry 

(Becton Dickinson). 
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Measurement of mitochondrial membrane potential (~\}'111)' Changes in ~\}'111 were 

monitored by the uptake of DiOC6(3). DiOC6(3) (Molecular Probes, Eugene, OR) was 

dissolved in ethanol at 0.5mM. After PDT, cells were centrifuged and resuspended in 

culture medium containing 25nM DiOC6(3), and then incubated at 37°C. Cell aliquots 

were obtained at 2, 4, and 6 hours and fluorescence determined by flow cytometry. 

Caspase activity assay. After PDT, cells were centrifuged and resuspended in culture 

medium. Caspase-9 and caspase-3 activities were measured at 15, 30 and 45 minutes 

post-PDT using colorimetric assay kits (Chemicon International, Temecula, CA) 

following manufacturer's instructions. 

Western Blot analysis. Total cellular prote in extracts were prepared in lysis buffer (20 

mM Tris, 1 mM EGTA, 2 mM Na3V04, 25 mM NaF, 0.5% (vol/vol) Triton X-100, 2 mM 

PMSF, 40 Ilg/ml aprotinin, and 10 Ilg/ml each of chymostatin, leupeptin, and pepstatin A). 

The extraction of proteins in mitochondria and nuclei were performed using 

corresponding kits (Pierce, Rockford, IL) according to the manufacturer's instructions. 

The protein content was measured using Bio-Rad (Hercules, CA) prote in assay reagents 

and aliquots were analyzed on 12.5% SDS-PAGE gels. After transferring protein onto 

PVDF membrane, the proteins were probed with monoclonal anti-Bax, anti-cytochrome c. 

anti-AIF (Santa Cruz), anti-endonuclease G (EndoG, Chemicon), anti-actin (NeoMakers. 

Fremont, CA) and anti-histone Hl antibodies (Upstate, Lake Placid, NY). The immune 

complexes were detected by a chemiluminescence system (Amersham). 
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Analysis of DNA fragmentation. DNA fragmentation was assayed by gel electrophoresis 

as described?6 Briefly, following cell lysis, low molecular weight DNA was precipitated, 

resuspended in Tris-EDTA buffer, treated with 25 flg/ml RNase A (Roche, Switzerland) 

for 15 min, denaturated for 5 minutes at 65°C, and then subjected to electrophoresis on 

1.5% agarose. After staining with ethidium bromide, DNA was visualized by UV 

examination for image analysis. 

Statistical analysis. Data are expressed as mean ± S.E from a mInImUm of three 

experiments, unless otherwise indicated. The significance of differences between 

experimental conditions was examined using Student's t-test. 

2.4 Results: 

Kinetics of TH9402 retention in EL4 cells. 

As a rhodamine derivative, fluorescent emission of TH9402 can easily be detected using 

flow cytometry, and fluorescence intensity corresponds to the actual intracellular 

concentration of the dye.27 Cell samples were taken at different time points during the 

incorporation and clearance periods. Initial experiments showed that maximum dye 

incorporation occurred within 40 minutes for all groups exposed to 2.5,5, 10 flM TH9402 

and that intracellular clearance reached a stable level in 50 minutes (Fig.2.1). Therefore, 

40 minutes incubation, 50 minutes extrusion was chosen for the dye accumulation and 

retention during the PDT treatment. 

Uptake of TH9402 in EL4 cells in the medium with or without serum. 
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Cells incubated without serum were induced more rapidly into death with a lower 

concentration of TH9402 (1 and 2.5~lM) than cells exposed to TH9402 in presence of 

serum (data not shown). ln order to determine if this ditference was attributable to 

different levels of TH9402 intracellular content, TH9402 retention was measured using 

flow cytometry (Fig.2.2). Incorporation of TH9402 was greater in samples without serum 

than in those with serum. In serum-tree conditions, even the lowest concentration (2.5 

~M) led to intracellular saturation of TH9402, while much higher dye concentrations 

were required to achieve similar levels in presence of serum. 

Cell killing induced by PDT is dose dependent. 

A direct correlation was detected between TH9402 concentration (0-1 O~M) or intensity 

of light exposure (0-1 OJ/cm2
) and the extent of elimination of EL-4 cells. TH9402 at 5 ~lM 

and 1 0 ~M in the presence of serum evoked cell death. Increases in light intensity 

enhanced the cell death process. These results indicate that both TH9402 concentration 

and light intensity have an impact on the induction of EL4 cell death (Fig.2.3). Similar 

results were obtained at 24h post-PDT (data not shown). 

PDT induces both apoptosis and necrosis. 

Cells treated under different conditions of PDT revealed different profiles of cell death. 

At 2h post-PDT using 1 O~M TH9402 and 10J/cm2 illumination, the majority of cells 

were 7 AAD positive (Fig.2.4A). Necrosis was evident soon after PDT. However, 

decreasing light intensity by decreasing energy delivery (5J/cm2
) and increasing sample 
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thickness shifted the ratio from predominantly necrotic to apoptotic cell death (Fig.2.4B). 

Apoptotic cells progressed to a 7 AAD+ status and necrosis at 4h and 24h post-PDT. 

Disruption ofmitochondrial membrane potential in PDT. 

To study the induction of apoptosis, we measured the impact of PDT on mitochondrial 

transmembrane potential using the fluorochrome DiOC6(3) and f10w cytometry28. PDT 

induced a rapid loss of ~\.fIm. At 2h post-PDT, cells retained less DiOC6 because of the 

collapse of membrane potential. At 6h post- PDT, a marked decrease as represented by 

the dramatic shift to left of fluorescence intensity was detected (Fig.2.5). Most cells had 

lost their membrane integrity. In contrast, no change in ~ \.fi m was observed in untreated 

cells. Thus, these results indicate that TH9402 is involved in mitochondrial damage. 

Involvement of a caspase-dependent pathway in apoptosis. 

Since PDT -mediated disruption of the mitochondrial membrane would be expected to 

induce sequential activation of caspase-9 and caspase-3, their enzymatic activity was 

measured after PDT. Caspase-9 and caspase-3 activity was barely detectable in non­

treated EL4 cells. PDT using TH9402 at 10f.lM, 5J/cm2 resulted in marked increases in 

caspase activity as early as 15 minutes after PDT (Fig.2.6). The maximum level of 

enzyme activity for caspase-3 was maintained until 2h post-PDT (data not shown). These 

results indicate that TH9402 induced cell apoptosis via a caspase-dependent mechanism. 

To investigate whether TH9402 activates the intrinsic or mitochondrial pathway of 

apoptosis, Western blot analysis was performed to examine the presence of AIF and 

cytochrome c in mitochondria. The level of AIF in the mitochondrial fraction 

66 



significantly decreased within 30 minutes of PDT. Cytochrome c also decreased 60 min 

post-PDT. While Bax levels in whole cell extracts remained stable throughout the 60 min 

time period after PDT, cytosolic Bax level decreased with time and was barely detectable 

at 60 min post-PDT (Fig.2. 7 A). AIF was not detectable in the cytoplasm of untreated 

cells. However, steadily increasing amounts of AIF were detected in the cytosolic fraction 

up to lh post-PDT (Fig.2.7B). 

TH9402-induced apoptosis in EL4 cells is also caspase-independent. 

To assess the role of caspases in TH9402-induced cell death, EL4 cells were preincubated 

with the pan-caspase inhibitor Z-V AD-FMK at 20llM or with the caspase-3 specifie 

inhibitor DEVD-CHO at 10~lM before PDT. DEVD-CHO completely inhibited caspase-3 

activity (Fig.2.8A). Surprisingly, Z-V AD-FMK had little effect on caspase-3 activity in 

EL4 cells compared with that observed in human neutrophil granulocytes (data not 

shown). Caspase-3 inhibition did not result in changes in the percentage of apoptotic cells. 

indicating involvement of pathway(s) other than caspases in TH9402-induced apoptosis 

(Fig.2.8B). 

DNA fragmentation was also examined after PDT. In the absence of PDT, there was no 

DNA fragmentation in a control sam pIe. However, marked DNA fragmentation was 

detected in cells at 2h post-PDT, and the intensity of the bands seems increased at 4h 

post-PDT (Fig.2.9B). The endonuclease G inhibitor, A TA, with DEVD-CHO partially 

inhibited DNA fragmentation, whereas blockade of caspase-3 or PARP alone produced 

no detectable effects (Fig.2.9A). Nuclear content of EndoG in TH9402 treated cells was 

consistently higher than that observed in nuclei of untreated cells (Fig.2.7C). 
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2.5 Discussion: 

PDT using a single reagent TH9402, a novel rhodamine derivative photosensitizer, 

combined with a photoilluminator, offers a platform which could be easily applied in 

extracorporeal purging for the deletion of immunoreactive T cells in GvHD or neoplastic 

cells in autologous bone marrow transplantation?9-32 The cytotoxic effect of TH9402 has 

been attributed to the generation of reactive oxygen species, in particular to the formation 

of singlet oxygen. In this study, we evaluated the ability of PDT to induce apoptosis and 

necrosis in EL4 cells, and assessed the underlying molecular mechanisms. 

We found complete dye saturation in cells treated with 10~lM TH9402 In serum­

supplemented medium. Similar results were obtained with a lower concentration (2.5 ~lM) 

in serum free conditions. The most likely explanation for this phenomenon is that the 

presence of serum facilitates dye efflux. The extent of photodynamic activity depends not 

only on the efficacy of singlet oxygen production or free radical generation, but also on 

the kinetics of the dye-binding sites, cellular retention and extrusion. Thus, our results 

indicate that the augmented intracellular retention of lower concentrations of TH9402 in 

serum-free conditions could result in em~cts similar to those detected with higher 

concentrations of TH9402 in the presence of serum. This phenomenon will need to be 

investigated further since it could promote enhanced tumor cell elimination and facilitatc 

the purging procedure in clinical applications. 

Although PDT can induce apoptosis, necrosis, or both, in most cases PDT with agents 

other than TH9402 was found to be highly efficient in inducing apoptosis.33
-
36 

Quantification of the precise extent of apoptosis versus necrosis was done by t10w 

cytometry monitoring.37 The ratio between necrosis and apoptosis could depend on the 
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concentration of photosensitizer and for the light dose.38
,39 PDT with TH9402 was found 

to induce high levels of cell death. Decreased light intensity and/or increased sample 

thickness, which also lowers energy delivery, resulted III a switch from necrosis to 

apoptosis. Since TH9402 is a photosensitizer localized III mitochondria, induction of 

necrotic and apoptotic pathways might be attributed to photodynamic damage of different 

mitochondrial targets. High photodynamic doses can cause a shift from apoptosis to 

necrosis when energy sources are depleted, because the former has a requirement for 

ATP.40
-
42 Photodynamic modulation of target cell death pathways could be used for 

whole cell vaccine preparation, since apoptotic or necrotic mortality may induce different 

effects on the presentation of tumor antigens to dendritic cells. 

The mitochondrial apoptotic pathway is triggered by oxidative stress and requires the 

permeabilization of the outer mitochondrial membrane. This leads to the release of pro­

apoptotic molecules, including cytochrome c and AIF, into the cytosol. Cytosolic 

cytochrome c together with Apaf-l and pro-caspase-9 form the apoptosome, leading to 

activation of caspase-9. Caspase-9 cleaves and activates downstream caspase including 

pro-caspase-3, precipitating apoptosis.43 In our study, PDT resulted in immediate 

decreases in mitochondrial content in both cytochrome c and AIF and marked increases in 

the activity of caspase-9 and caspase-3. 

It has been proposed that permeabilization of the inner mitochondrial membrane and 

subsequent loss of f',,\}lm triggers the release of intermembrane proteins.44 Our results 

showed that DiOC6(3) fluorescence was decreased by 40% at 2h after PDT, suggesting 

that TH9402 induced the collapse of f'" \}lm through the induction of mitochondrial inner 

membrane permeabilization. 
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Furthermore, another model involving the mitochondrial pathway of apoptosis is related 

to Bax, a cytosolic pro-apoptotic Bcl-2 family member. Upon a death signal, it relocalizes 

to the mitochondrial outer membrane and exerts its pro-apoptotic function by promoting 

the efflux of cytochrome c to the cytosol. 45,46 In the current study, we found cellular 

redistribution of Bax from the cytosolic to a membrane-bound form taking place within 

1h after PDT. Although it is not clear whether Bax is the primary stimulus for initiating 

cytochrome c release, this finding is consistent with earlier reports on Bax involvement in 

mitochondria-mediated apoptosis. 47
-
50 

However, 35% of EL4 cells incubated with the caspase-3 inhibitor DEVD-CHO before 

PDT underwent apoptosis after treatment with TH9402. Furthermore, caspase-3 

inhibition did not block DNA fragmentation, a characteristic feature of apoptosis. 

Likewise, in ALA-based PDT of HL60 leukemia cells, blockade of caspase-3 with 

DEVD-FMK did not lead to a concomitant inhibition of apoptosis. 51 Other studies have 

also proposed involvement of caspase-independent mechanisms in cell demise following 

PDT.52 

The present results reveal that PDT evokes AIF release from mitochondria to cytosol. 

AIF then can translocate, presumable by a poly(ADP-ribose) polymerase-dependent 

mechanism, to nuclei and stimulate chromatin condensation and fragmentation. However. 

the poly(ADP-ribose) polymerase inhibitor 3ABA failed to affect DNA fragmentation 

induced by PDT. Interestingly, DNA fragmentation was partially reduced by treatment 

with AT A, a putative inhibitor of endonuclease G. In addition, we detected enhanced 

nuclear accumulation of endonuclease G 1 h post-PDT. These observations are consistent 

with those of Ishihara et al, who reported the involvement of endonuclease G in 

nucleosomal DNA fragmentation under sustained oxidative stress. 53 Mitochondria are the 
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target of TH9402, where it pro duces singlet oxygen and ROS. This, in tum, may mediate 

release of pro-apoptotic proteins through changes in mitochondrial permeability transition. 

Our results provide further evidence for caspase-independent induction of apoptosis by 

PDT. The present results imply for the first time a role for EndoG in PDT-induced 

apoptosis, although we can not exclude the possibility of the involvement of other 

DNases. 

In conclusion, TH9402 PDT can be modulated in order to predominantly induce apoptotic 

cell death. Our results indicate that PDT evokes mitochondrial penneability transition and 

Bax translocation to the mitochondria, leading to the release of pro-apoptotic proteins, 

cytochrome c, AIF and EndoG. Using conditions that induce apoptosis, PDT causes 

activation of both caspase-dependent and -independent death pathways. Furthermore, the 

observations that the TH9402 photosensitizer mediates cytotoxicity through activation of 

a number of death pathways suggest that it may effectively limit the capacity of tumor 

cells to become resistant to PDT. 
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2.6 Figures: 
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Figure 2.1: Uptake of TH9402 by EL4 cells. Cells (106/ml) were incubated for 40 

minutes in a medium containing 2.5% serum and various concentrations of TH9402 

followed by a 70 minutes washout period. Values are the mean ± SE of 3 experiments in 

duplicate. 
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Figure 2.2: Cellular retention of TH9402 after 50 minutes of dye ef'flux in medium 

supplemented or not with serum. After 40 minutes incubation with 2.5, 5 and 1 0 ~lM 

TH9402, dye eftlux was favored by resuspending in medium with or without serum. 

TH9402 t1uorescent intensity was measured in intact cells using t10w cytometry (FLl). (0 

serum+, _ serum-). CTL=Untreated ceUs. These results are representative for 3 

independent experiments. 
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Figure 2.3: Dose-dependent death of PDT -treated EL4 eeIls. The eells were treated with 

TH9402 at 0,2.5,5, or 10~lM and exposed to light at 2.5,5, 10 J/em2
. Cell viability was 

assessed at 2h post-PDT following staining with Annexin V and 7 AAD. Viable eells were 

defined as both Annexin V and 7 AAD negative eells. Values are the mean±SE of 3 

experiments. ** P<O.Ol, *** P<O.OOl. 
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Figure 2.4: Cell necrosis or apoptosis after PDT. A) Cells were treated with TH9402 at 

1 O~M and exposed to light at 10 J/cm2 under sample thickness of 1.7 mm. Cell viability 

(staining with 7 AAD) was assessed at 2, 4, and 24h post-PDT. Numbers show the 

percentage of dead cells. B) Cells were treated with TH9402 at 1 O~M and exposed to 

light at 5 J/cm2 under sample thickness of 3 mm. The development of apoptosis (Annexin 

V binding) was assessed at 2, 4, and 24h post-PDT. Numbers show the percentage of 

apoptotic cells. These results are representative for 3 independent experiments. 
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Figure 2.5: Changes in mitochondrial transmembrane potential following PDT, 

Apoptosis was induced in EL4 cells using TH9402 at 10 !lM , 5J/cm2
.!. After PDT, cells 

were loaded with DiOC6(3) and fluorescence intensity measured by flow cytometry at 2, 

4 and 6 hours post-PDT. Numbers show the percentage of intact cells. Results are 

representative for 3 independent experiments. 
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Figure 2.6: Activation of caspase-9 and caspase-3 in PDT-treated EL4 cells. Cells were 

exposed to PDT at lO~M TH9402, 5J/cm2
• Cells were collected and lysed at the indicated 

times after PDT. Caspase activity was determined using a colorimetrie assay. Values 

represent mean ± SE of 3 experiments in duplicate. * P<O.05, ** P<O.Ol. (vs untreated 

cells in same time periods) 
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Figure 2.7: Expression and localization of apoptosis-related proteins. Western blot 

analysis was used to determine Bax, Cytochrome C, AIF and EndoG in different 

organelles. Cells were induced to apoptosis with PDT at lO/-lM TH9402, 5J/cm2
. Cells 

were lyzed and fractionated at 30, 60 minutes post-PDT. A) Total cell and cytosolic 

prote in extracts were analysed for Bax. p-actin served as control for equal protein loading. 

B) Mitochondrial prote in extracts were immunoblotted to determine the expression of 

cytochrome C and AIF. Actin served as an internaI control. C) Expression of EndoG in 

the nuclear prote in fraction. Histone Hl served as control for equal protein loading. 

Similar results were observed in at least two independent experiments. 
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Figure 2.8: Effect of caspase inhibition on EL4 cell apoptosis. Cells were preincubated 

with Z-VAD-FMK or DEVD-CHO at lO/-lM for 1 hour, followed by PDT at lO/-lM, 

5J/cm2
. Aliquots ofEL4 cells were stained with Annexin VI7AAD and caspase 3 activity 

was measured. Results are the mean ± SE of3 experiments. ** P<O.Ol, # P>O.05 
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Figure 2.9: DNA fragmentation induced by TH9402 at lOJlM, 5J/cm2
• After PDT, cens 

were lysed, and low molecular weight DNA was isolated and subjected to agarose gel 

electrophoresis. A) Effects of caspase and endonuc1ease G inhibition. cens were 

preincubated with DEVD-CHO (1 o JlM), 3ABA (2mM) , AT A (100JlM) alone or in 

combination as indicated for 1 hour before PDT. cens were processed at 2h post-PDT. B) 

inhibitors inc1ude DEVD-CHO, 3ABA, and ATA together. 
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Preface to chapter 3 

High-dose chemotherapy followed by autologous transplantation using peripheral blood 

stem cells (PBSe) represents a very potent cancer treatment. However, malignant cells 

can persist in patients undergoing autologous transplantation and are also mobilized 

during peripheral stem cell collection. A purging strategy would be most useful to 

eliminate turnor cells contaminating autografts. In this chapter, the selective cytotoxicity 

of PDT towards cancer cells will be evaluated. 

In chapter 2, it was found that PDT induced cell death in a time- and dose- dependent 

manner. We have also found that there is highly selective ablation ofB cells in PDT. This 

prompted us to investigate the purging effect of PDT toward human multiple myeloma 

cens. To mimic the clinical situation in myeloma patients, RPMI8226 myeloma cens 

were mixed with cells from healthy apheresis products. The purpose of this chapter is to 

prove the efficacy of TH9402 mediated cell death by PDT in clinical conditions where 

tumor cens are admixed with normal progenitors and evaluate the possible application of 

PDT for the purging of myeloma cells from stem cell grafts. 
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CHAPTER3 

Elimination of multiple myeloma cells in an ex vivo purging model using 

photodynamic therapy with a novel photosensitizer TH9402 
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3.1 Abstract: 

Purpose: High-dose chemotherapy followed by autologous transplantation usmg 

peripheral blood stem cells (PBSC) is considered as the standard treatment for multiple 

myeloma patients. However, most patients will eventually relapse after transplantation. 

This is attributable either to malignant cells in the patients that escape eradication by the 

preparative regimen, or to the reinfusion of viable clonogenic tumor cells within the 

autograft. Cell purging strategies are being developed to address the later possibility. 

Photodynamic purging with TH9402 has been considered as a potential approach to 

eliminate tumor cells in autologous stem cell transplantation, particularly because of its 

selectivity for malignant cells, with sparing of normal immune cells such as resting T 

cells. In addition, the rhodamine derivative TH9402 has demonstrated most favorable 

induction of cell death pathways and the ability to cause rapid and potent phototoxicity. 

Results: TH9402-mediated photodynamic therapy (PDT) induces human multiple 

myeloma RPMI8226 cell death in a time- and dose-dependent manner. RPMI8226 cens 

treated by photodynamic therapy (PDT) using 5/lM TH9402 and 10J/cm2 light exposure 

were efficiently destroyed as measured by flow cytometry. Moreover, a tumor clonogenic 

assay showed that PDT can eradicate up to 5 logs (99.999%) ofmyeloma cens compared 

with non-treated cens. To mimic clinical conditions, human aphereses products from 

healthy donors were mixed with 10% RPMI8226 cens and PDT treated under conditions 

which have been shown to preserve more than 50% of hematopoietic progenitor cens, 

including the more primitive immature progenitors. At 4 h post-PDT, RPMI8226 cens 

were eliminated from the apheresis product mixture, as shown by flow cytometry. 

Furthermore, the purging process eliminated residual myeloma cens below detectable 

thresholds of a sensitive PCR methology. 
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Conclusion: These results strongly suggest that TH9402 represents an appealing reagent 

to optimize graft composition in multiple myeloma patients undergoing autologous PBSC 

transplantation. 
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3.2 Introduction: 

Multiple myeloma (MM) is a neoplastic disorder of plasma cells which accounts for 

approximately 10% of malignant hematologic diseases. 1 Autologous transplantation is 

considered as the standard treatment for multiple myeloma patients, particularly for those 

individuals younger than age 55.2
,3 The effectiveness of this treatment modality is 

superior to conventional chemotherapy in terms ofboth event-free and overall surviva1.4,s 

However, most patients eventually relapse after treatment either because (i) these ce Ils 

have developed resistance mechanism to circumvent high-dose chemotherapeutic damage, 

or (ii) small numbers of viable clonogenic tumor cells are reinfused along with normal 

progenitor cells in the autograft.6 

To eradicate the contaminating tumor celIs, effective techniques for removal of viable 

tumor cells from autologous harvests have been developed. Methods to reduce tumor cell 

contamination include exposure to chemical agents, tumor targeting monoclonal 

antibodies, long-term marrow culture or hyperthermia.7
-
11 Only CD34+ selection, a 

strategy able to significantly reduce myeloma cell contamination in PBSC collections, has 

been evaluated clinically in a Phase III study with patients receiving an Uflffianipulated 

graft in the control arm. Although malignant cell levels decreased with the CD34 

selection, no improvement in disease-free or overall survival was achieved. 12 Interestingly, 

patients infused with CD34 purified progenitor cells also developed greater numbers of 

infectious complications. This may reflect the simultaneous elimination of immune cell 

populations, such as T celIs, with their anti-infection and anti-tumor potential, that occurs 

during the selection process. More recently, photodynamic purging processes have been 

reported as cytotoxic against a variety of cancer celIlines. 13
,14 In addition, PDT has been 

shown to spare resting T cells that could react toward infectious organisms and malignant 
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cells. 15
,16 This peculiar ability to exert selective and extensive anti-tumor effects while 

preserving hematopoietic stem and T cells prompted us to evaluate its use as a purging 

strategy. 

The phototosensitizer 4,5-dibromorhodamine methyl ester (TH9402) is a rhodamine 

derivative with favorable photophysical properties, low toxicity and stability. Because of 

high quantrum yields of singlet-oxygen formation, this photosensitizing molecule can be 

easily activated by light emission to induce tumor-cell death. Previous reports have 

shown that rhodaminel23 (RI23) is specially retained by mitochondria of various 

carcinoma cells. 17
-
19 The observation that early hematopoietic progenitors fail to 

accumulate native rhodamine-l23 in significant amounts20
-
22 suggested that this 

rhodamine derivative would induce limited hematologic toxicity. Indeed, the preferential 

accumulation of TH9402 resulted in the eradication of 3 to 6 logs of non-Hodgkin's 

lymphoma (NHL) and chronic myeloid leukemia (CML) cells with preservation of 

normal hematopoietic progenitors for engraftment of autologous purged stem ce11.23
,24 In 

this study we investigated the tumoricidal action of TH9402 as an ex vivo photodynamic 

agent against the human multiple myeloma. 

3.3 Materials and methods: 

Photosensitizer. TH9402 was supplied by Celmed Biosciences Inc. (Montreal, Canada). 

The stock solution (858/-lM) was freshly prepared by dissolving 2 mg of the lyophilized 

dye in 4 ml of sterile water. 

Human cell line. The myeloma cell line RPMI8226, established from a male myeloma 

patient, was obtained from the American Type Culture collection (ATCC, V A) and 
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maintained in complete medium consisting of RPMI1640, 2mML-glutamine, 50 units/ml 

penicillin, 50/-1g/ml streptomycin, and 10% fetal bovine serum (FBS) (all from Invitrogen, 

Grand Island, NY). 

Apheresis product (AP). AlI aphereses products originated from healthy female donors 

after obtaining informed consent. Before collection, the donors were given 10 /-1g/kg 

granulocyte colony-stimulating factor (G-CSF) for 5 consecutive days to mobilize PBSCs. 

AP cells were washed in phosphate buffered saline (PBS) twice and then mixed with 

myeloma cells. 

Effect of PDT on myeloma cells. Cells in exponential growth phase were seeded in six­

well plates at 1 x 1 06 cells/ml and a liquid thickness of 3mm. After 40 minutes of 

incubation in X-Vivo15 (Bio-Whittaker, Walkersville, MD) medium of containing 2,5% 

FBS and 5 or 10/-1M TH9402, cells were centrifuged and resuspended in dye-free medium 

with 10% FBS. After 50 minutes of dye efflux in a humidified atmosphere at 37°C and 

5% CO2, cells were exposed to 10 Joules/cm2 using a light scanning device. Control cells 

(incubated in medium without dye) were exposed to the light as weIl. After PDT, the 

treated cells were evaluated by flow cytometry staining with Annexin V and 7 AAD. 

Limiting Dilution Assay (LDA). After treatment with PDT, control and treated cells were 

washed twice and plated in a limiting dilution assay, as described previously?S Briefly, 

each treatment sample was serially diluted from 2x10s to 0.25 cells per 125/-11 in 

RPMI1640 complete culture medium. Then, 24 aliquots of each dilution were plated in 
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flat-bottom 96-multiwell plates (Nunc1on, Nunc, Roskilde, Denmark). Cells were 

incubated at 37°C for 10 days and fed every 3 days. Growth at each seriaI dilution was 

assessed in an "all-or-nothing" (positive or negative) fashion under an inverted phase 

microscope. The frequency of c1onogenic cells within the test population was estimated 

using chi-square minimization.26 

Cell culture for hematopoietic progenitors. Hematopoietic progenitors were evaluated by 

plating in semi-solid methy1cellulose medium (MethoCult H4434; StemCell Technologies) 

in 35-mm plastic suspension culture dishes, according to the manufacturer's instructions. 

Colonies were enumerated after 13 to 16 days of culture at 3rc in a fully humidified 5% 

C02 atmosphere?7 Assays were at least in duplicate. Non-treated cells were plated as 

controls. 

The number of long-term culture-initiating cells (LTC-ICs) was determined after 

plating on irradiated M2-10B4 (ATCC) stromal feeder cells established in collagen­

coated 96-well flat-bottom plates (Becton Dickinson Labware, Bedford, MA). Cells 

were seeded in limiting dilution conditions and maintained for 5 weeks with weekly 

half-medium changes using Myelocult medium (StemCell Technologies Inc.) 

containing 10-6M of hydrocortisone sodium succinate (Abbot Laboratories, Montreal, 

Canada). At the end of this period, individual wells were evaluated for the presence or 

absence of cobblestone area forming cells (CAFCs). This score was confirmed by 

overlaying wells with 100 fll MethoCult (StemCell Technologies Inc.). Wells were 

assessed for the presence or absence of secondary colony forming cells after 14 days of 

incubation at 37°C in humidified 5% CO2 atmosphere.28 
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PDT purging of myeloma cells contaminating apheresis product. AP and RPMI8226 cells 

were immunophenotyped by flow cytometry with monoclonal antibodies anti-CD38 and 

anti-CD138 (BD Biosciences, Mississauga, ON), conjugated with APC or PerCP, to 

identify markers for detection of efficacy before and after purging procedure. AP cells 

were mixed with myeloma cells to simulate 10% contamination. Cell mixtures were 

incubated in medium containing 5!-lM TH9402 for 40 minutes, followed by extrusion for 

50 minutes and finally exposed to 10 Joules/cm2 Iight. To mimic clinical applications, cell 

mixtures were seeded at a concentration of 20x 1 06 cells/mi and thickness of 10 mm, and 

treated under the above PDT conditions. 

Molecular detection of residual myeloma ceUs. 

Genomic DNA was extracted by DNAzol (Invitrogen) according to the instructions of the 

manufacturer. Genomic DNA (50ng) was amplified using a consensus primer 

(ATGCCTTCATCAGGATGCTA) and an antisense primer (GCTAGTATTTTGTTATGGACTTT) 

derived from human Y chromosome. The reaction was carried out for 35 cycles 

(denaturation 94 Oc for 30s, annealing 53 Oc for 30s, extension 72 Oc for 60s) with a final 

extension of 7 min to generate a 734pb fragment. PCR products were visualized on a 

1.5% agarose gel stained with ethidium bromide. 

3.4 Results: 

Induction of RPMI8226 ceU death after PDT treatment. 

Multiple myeloma RPMI8226 ceUs were exposed to 5 and 10 !-lM TH9402 based on 

preliminary experiments indicating that 5!-lM was the dose required to eliminate myeloma 
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cells (data not shown). Most cells exposed to light alone without dye were viable ev en 

after 24h of culture (Fig.3.1). In contrast, treatment of cells with TH9402 resulted in a 

time-dependent decrease in cell viability. Cell death was accelerated by increasing the 

concentration of TH9402. Nevertheless, the condition using 5 f.lM TH9402 and 10J/cm2 

ultimately resulted in a degree of cell death similar to 10f.lM and 10J/cm2
. In both cases, 

cells were almost completely killed 24h post-PDT. 

Depletion ofRPMI8226 cells after PDT as assessed in a LDA. 

To determine the extent of the effectiveness of PDT, RPMI8226 cells were exposed to 5 

and 10f.lM TH9402 PDT and plated in a limiting dilution fashion in 96-well plates and 

cultured for 10 days. TH9402 decreased the number of positive clones to below the 

detectable threshold of the LDA, which corresponds to the elimination of more than 5 

logs of myeloma cells (Fig.3.2). TH9402 at 5 or 10f.lM appeared to be equally potent in 

eliminating RPMI8226 cells. 

Preservation ofhematopoietic progenitors. 

To assess the capacity of TH9402 to maintain sufficient numbers of hematopoietic 

progenitors for engraftment, mobilized peripheral blood cells obtained from healthy 

donors underwent TH9402 PDT, followed by progenitor evaluation with colony-forming 

and LTC-IC assays. Mean survival rates of 59% for CFU-GM, 58% for BFU-E and 80% 

for CFU-GEMM were observed in cells treated with 5f.lM, 10 J/cm2 at 10 mm thickness 

(Fig 3A). The effect of PDT on the more primitive LTC-IC progenitors was measured in 

3 samples. A mean of80% ofLTC-IC survived PDT (Fig.3.3B). 
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Purging ofRPMI8226 cells from apheresis product after PDT. 

Apheresis cells were found to be CD38+ and CD138-, whereas RPMI8226 cells expressed 

both CD38 and CD138 (Fig.3.4). This differential expression of CD138 could be used to 

further study the purging effect of myeloma cells, when admixed with apheresis product. 

Indeed, before PDT, we detected two predominant cell populations: CD38+/CD138- and 

CD38+/CD138+ (Fig.3.5). In contrast, at 4h and 24h post-PDT, positive staining for 

CD138 was disappeared. Double positive cells were reduced from 13% to 1%, which 

indicates the selective removal of double positive malignant cells. 

Elimination of molecularly detectable residual myeloma cells. 

To confirm PDT mediated elimination of residual neoplastic cells, we treated a mixture of 

RPMI8226 cells (established cellline from a male patient) and apheresis product obtained 

from a healthy female donor. A PCR assay was then used to amplify a 734 bp fragment of 

the y chromosome as a marker of tumor cells. As expected, PCR amplified this fragment 

from RPMI8226 cells as well as from the cell mixture not exposed to POT, and not from 

the apheresis product without myeloma cells (Fig.3.6). However, this fragment 

disappeared after PDT. 

3.5 Discussion: 

The combination of high dose chemotherapy and autologous stem cell transplantation is 

effective for treating a number of malignant disorders. Nevertheless, it is stilllimited by 

high relapse rates due in part to tumor cell contamination of autologous grafts. Despite 
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considerable research efforts, methods for stem cell graft purging reqmre significant 

improvement. 29 

Multiple myeloma is a malignant disorder affecting primarily late stage B cells (plasma 

cells). We found that PDT using TH9402 induced RPMI8226 cell death in a time- and 

dose-dependent manner. Cell viability was decreased rapidly (within hours). PDT using 

TH9402 at 5J.lM and 10J/cm2 almost completely killed these cells 24h post-PDT. This 

result is in line with our previous study showing that TH9402 eliminates B cells at pre­

plasma cell levels extremely rapidly and efficiently?O In addition, RPMI8226 cells were 

reduced by up to 5 logs in a clonogenic assay, which suggests that TH9402 is an effective 

reagent to eliminate myeloma cells at levels commensurate with the large number of cells 

present in stem cell grafts. We have previously showed that PDT using TH9402 causes 

activation of both caspase-dependent and independent pathways. The mechanism of 

myeloma cell death involved apoptosis, as assessed by Annexin V staining in flow 

cytometry, probably in addition to the radical oxygen species-mediated necrosis (Fig.3.1) 

Our observation that cell cytotoxicity is conducted through activation of a number of 

death pathways (manuscript in preparation), implies that TH9402 may effectively li mit 

the capacity of tumor cells to become resistant. Encouraged by these favorable preclinical 

studies, we developed a purging procedure using TH9402 in multiple myeloma. 

To simulate the clinical situation of minimal residual disease in an apheresis product, 

human apheresis product from healthy donors was mixed with RPMI8226 myeloma cells 

and treated by PDT under conditions shown to preserve more that 50% of hematopoietic 

progenitor cells. Because RPMI8226 cells are both CD38 and CD138 positive, the 
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detection of tumor cells remaining after purging was conducted by flow cytometry. 

Myeloma cells were destroyed by rapid phototoxicity, as expected with a combination of 

high quantum of singlet oxygen production and apoptosis. Further PCR testing proved 

that PDT eliminated residual tumor cells detectable in apheresis. These results indicate 

that a dramatic purging effect can be achieved within a 10% tumor burden, which is much 

higher than amounts encountered frequentl y in clinical situations (0.01-1 %)? 1 

An ideal agent for stem cell purging would be characterized by high selectivity against 

malignant cells in order to achieve effective tumor cell eradication, with minimal toxicity 

toward progenitor and stem cells. Currently, there is a lack of antineoplastic agents which 

induce selective destruction of cancer cells while leaving intact the normal cellular 

population. Therefore the use of photosensitizers for hematopoietic stem cell graft 

purging has been explored in patients with leukemia and lymphoma.32
-
36 Because of their 

low toxicity and rapid elimination, rhodamine dyes are potentially useful reagents for 

PDT. They preferentially target the mitochondrial structure and function, an ideal site for 

PDT action. When chronic myelocytic leukemia cells were incubated with 

photosensitizers, including rhodamine123, they exhibited preferential uptake and 

retention as compared with normal cells.37
-
4o Previous studies using TH9402 mediated 

PDT resulted in a significant reduction or complete elimination of leukemia cens. 

Samples yielded negative RT-PCR for bcr/abl after PDT in four chronic myelogenous 

leukemia (CML) patients. Importantly, these treatment conditions had no significant 

impact on progenitor cens. Similar results were obtained when K562 leukemia cens were 

mixed with normal PBSC.24
,41 Here, TH9402 clearly demonstrated limited toxicity toward 

normal hematopoietic progenitors. Greater than 50% ofBFU-E, CFU-GM, and CFU-Mix 
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were preserved under conditions that eradicated more than 5 logs of myeloma cells 

(Fig.3.3A). Even lower toxicity was observed with more immature progenitors (LTC-IC, 

Fig.3.3B). Therefore, TH9402 represents a safe and specific agent for tumor cell 

elimination. 

The differences III the extent of PDT -mediated cytotoxicity depended on TH9402 

accumulation and clearance kinetics in target cell subsets. The selectivity of TH9402 is 

related to the functional transporter, P-glycoprotein (Pgp ).16,41 Pgp has been shown to 

play an important role in rhodamine retention and transport.42 Interestingly, immature 

progenitors feature higher expression of P!?iP compared to mature cells.21
,43 The 

CD34+CD38- subset, believed to represent immature hematopoietic progenitors, retained 

the smallest amount of TH9402 among all cell types analyzed in PBSC collections (data 

not shown). This may explain the observed resistance of clonogenic progenitors to PDT. 

In summary, this study demonstrates the efficacy of TH9402 to induce RPMI8226 cells 

death and eradicate myeloma cells in a clonogenic assay after PDT. Moreover, the potent 

and selective elimination of malignant cells and preservation of normal progenitor cells 

suggests that TH9402 represents a potentially useful reagent for ex vivo purging of 

autologous PBSC transplants in patients with multiple myeloma. 
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3.6 Figures: 
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Figure 3.1: Kinetics of cell death following PDT with TH9402. RPMI8226 cells were 

treated with light alone (O!-LM) or treated with TH9402 (5 or 1 o !-LM). Cell viability 

(staining with 7 AAD) and developrnent of apoptosis (Annexin V binding) were assessed 

at 2, 4, and 24h post-PDT. Nurnbers show the percentage of viable cells. The results are 

representative of 3 independent experirnents. 
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Figure 3.2: Elimination of RPMI8226 cells after TH9402 mediated PDT. RPMI8226 

admixed with PBSC in al: 1 0 ratio were PDT treated using 5 and lOl-lM TH9402 and 

cultured for 10 days in a limiting dilution assay. For both PDT conditions, the frequency 

of c1onogenic cells was below the thresho1d level indicated for the 5 and lOl-lM doses. 

Values are the mean ± SE of 3 independent experiments. 

104 



A 

100 
~ 
o ..... 
"c 80 

~ Q) 
o Cl _ 0 
ca L.. 60 > 0.. 
"- c..> 
(::;:; 
:::J Q) 

Cf) "0 40 
~g-..... 

ca 20 
E 
Q) 

oC 
a 

B 

120 

Ü 100 
1 

Ü 
r 80 .....J -0 

co 60 
> "> s... 40 :::J 

CI) 

(ft. 20 

0 

CFU-GM 

-

-
- T 

-
-
-

o 

BFU-E CFU-Mix 

T 

10 
Joules/cm2 

105 



Figure 3.3: Effect of TH9402 mediated PDT on normal progenitor cells. (A) Apheresis 

cells from healthy donors were exposed to 51lM TH9402 for 40 minutes followed by a 50 

minutes clearance period and light illumination at 10J/cm2 and 10 mm thickness. 

Hematopoietic progenitors were measured using a methylcellulose-based clonogenic 

assay. Results are expressed as mean ± SE of 4 experiments. (B) Survival of LTC-IC 

progenitors was measured after PDT under the above conditions. Mean ± SE of 3 

experiments. 
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Figure 3.4: Phenotype of RPMI8226 cens and cens obtained from apheresis. The cens 

were stained with an APC-labeled anti-CD38 and a PerCP-labeled anti-CD138 mAbs. 

Immunostaining was assessed by flow cytometry. Results are representative of 3 

independent measurements. 
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Figure 3.5: Purging of RPMI8226 cells. RPMI8226 cells (10%) were mixed with 

apheresis product before PDT and exposed to TH9402 under the same PDT condition as 

described in Figure3.3. Cells were stained with anti-CD38 and anti-CD138 mAbs. 

Double-color immunostaining was analyzed by flow cytometry at Oh, 4h and 24h post-

PDT. The RI region corresponds to double positive cells. Results are representative of 3 

independent experiments. 
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Figure 3.6. Expression of a fragment of the y chromosome. PDT-treated mixture of 

RPMI8226 cells at 10% in apheresis product were cultured for 8 days. Genomic DNA 

was extracted and a 734pb fragment of the Y chromosome was arnplified by PCR. PCR 

products were visualized on a 1.5% agarose gel. Lane1: RPMI8226 cell line established 

from a male patient. Lane2: Apheresis product obtained from a female donor. Lane3: 

Mixture of RPMI8226 cells at 10% in apheresis product before PDT. Lane4: Mixture of 

RPMI8226 cells at 10% in apheresis product after PDT. Left lane shows markers of 600, 

700, 800, 900 bp. 
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Preface to chapter 4. 

The effect of PDT on antitumor immune responses indicates that the role of PDT is not 

restricted to the eradication of malignant cells and that PDT -generated vaccines may have 

clinical potential in cancer treatment. Because of the extraordinary capacity to capture 

and process tumor antigens, Des most likely represent crucial determinants of cancer 

vaccines. In this study, we investigated the vaccine effect of Des, previously exposed in 

vitro to whole tumor cell antigens generated by PDT. This approach is based on the 

observation that PDT treated cells may provide a strong danger signal, and promote the 

immunization process. As we have shown before, PDT treatment yields a population 

containing a mixture of viable, apoptotic, and necrotic cells. Thus, PDT using TH9402 

represents an interesting approach to provide a broad and varied source of tumor antigens 

and has the potential to trigger the activation of Des for enhanced vaccination efficiency. 
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CHAPTER4 

Specifie antitumor effect of a dendritic cell-based vaccine loaded 
with photodynamically treated tumor cells 
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4.1 Abstract 

Purpose: DCs have been a major focus ofbasic and clinical research within the last years. 

With their putative therapeutic value as potent antigen presenting cells, they are often 

used as a target cell for immunotherapy. Despite the identification of increasing numbers 

of tumor specific antigens, whole tumor cell vaccines remain a viable option. Since 

TH9402 mediated phototoxicity generated apoptotic and necrotic cell death, the ability of 

PDT to induce an anti-tumor response associated with efficient recognition of tumor 

antigens has prompted us to investigate whether PDT can be exploited to generate a DC­

based antitumor vaccine. 

Results: We found the combination of TNFa, IL-Ip, IFNy and CD40L induces DC 

maturation in vitro both phenotypically and functionally. A synergistic effect of IL-12 

secretion was observed, in addition to high expression of cell surface markers. PDT­

treated tumor cells partially induced DC maturation with increased expression of CD86 

and MHC class II. DCs pulsed with antigens generated from syngeneic PDT-treated 

tumor cells inhibited tumor growth in both DBA and B6SJL murine models. The survival 

curves demonstrated protective effects of PDT vaccination with tumor-free animaIs. 

Serum levels of IFNy in vaccinated group were significantly higher than those in the 

control group. The specific anti-tumor activity was confirmed by demonstrating targeted 

cytotoxicity. Indeed, antigen primed DCs significantly increased cytolytic activity present 

in the spleens of vaccinated mice. 

Conclusion: In this study, we designed and optimized a protocol of DC-based cancer 

vaccine loaded by PDT-treated whole tumor antigens. This vaccine strategy, which uses a 

broad display of antigens through PDT targeting rather than single antigen immunization, 
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could stimulate tumor specifie cytotoxic T lymphocyte (CTL) activity and generate an 

anti-tumor immune response. Such a vaccine may be particularly useful when tumor cells 

do not represent a pure cell population and are rather dispersed among normal cells. 
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4.2 Introduction 

Dendritic cells (DCs) are the best know professional antigen presenting cells (APC) and 

the most effective inducers of adaptive immunity.l,2 These cells acquire antigens from 

apoptotic and necrotic tumor cells, which represent a source of tumor associated antigens 

(TAA) for processing and presentation. Controversy exists with respect to the optimal 

form of killed tumor cells for stimulating effective immune priming and antitumor 

activity in DC-based vaccine strategies. Several authors have postulated that cells dying 

in apoptosis might not elicit significant cellular immune responses. In contrast, because 

necrosis does not occur in the absence of external stimuli, cells dying of necrosis may 

prove more effective in stimulating a cellular immune response.3
-
7 Immature DCs present 

antigens quite inefficiently. Additional signaIs, often referred to as danger signaIs are 

needed to induce maturation, which transforms DCs into effective APCs that migrate to 

regionallymph nodes for the activation of T lymphocytes.8 

Whole tumor cell vaccines are one of the earliest forms of cellular therapy. This approach 

avoids the need for specific identification and selection of tumor antigens before 

treatment and favors presentation of a wide array of putative tumor antigens in the context 

of appropriate costimulation.9 Usually whole tumor antigens are generated by irradiation, 

boiling, or freeze-thaw lysis. From a clinical prospective, the ability of the latter to 

stimulate an antitumor immune response remains uncertain. Moreover, when tumor cells 

are dispersed among normal cells, the use of non-specific approaches may enhance the 

risk of immunizing against normal antigenic structures. 

Photodynamic therapy is a promising treatment for various malignant disorders and can 

be incorporated easily into clinical practice. Both necrotic and apoptotic cells are 

generated after PDT, accompanying oxidative stress leading to the release of heat shock 

118 



proteins (HSp).10,1l Of particular importance, PDT modulates the expression of several 

inflammatory mediators inc1uding tumor necrosis factor a (TNFa), IL-6 and IL_1,12-14 

and increases the expression of various genes involved in cell adhesion or antigen 

presentation. 1S-18 These underlying mechanisms were found to play an important role in 

the therapeutic outcome. We have found that PDT can be implemented easily and yields 

apoptotic or necrotic cells in varying proportions under different treatment conditions. 

Moreover, secondary necrotic cells are readily formed from apoptotic cells over time. 

Therefore, PDT creates a unique condition to provide tumor antigens with danger signaIs 

for the effective stimulation of immature DCS. 19 

Clinical trials with DC-based tumor vaccines using tumor cell lysates have had sorne but 

limited succesS?O,21 The peculiar biophysical effects of PDT and its potential to induce 

antitumor immune responses prompted us to investigate whether PDT can be exploited to 

generate a DC-based antitumor vaccine. 

The purpose of this work was to optimize the production of antigen-Ioaded DC for 

vaccination. Various stimuli were selected to induce DCs maturation in vitro. Then, PDT­

treated tumor cells were immediately exposed to DCs for antigen priming. The DCs­

based vaccines generated a cellular mediated cytotoxic immune response that protected 

mice against tumor growth. 

4.3 Materials and methods 

AnimaIs and tumor cells. Two strains of mice B6SJL and DBA/2J were obtained from the 

Jackson laboratory. All breeding and experimental procedures with mi ce were approved 

by the Animal Care Committee and followed the guidelines of the Canadian Council on 

Animal Care. Murine P815 mastocytoma cells, EL4 thymoma cells, A20 B lymphoma 

119 



cells and B 16.FO melanoma cell lines were obtained from the American Type Culture 

Collection (ATCC). P815 and B16.FO cells were grown in DMEM and A20 cells in 

RPMI1640 supplemented with 10% FBS, 2mM L-glutamine, lOOU/mL penicillin, and 

lOOj.lg/mL streptomycin. EL4 cells were cultured in DMEM supplemented with 10% 

horse serum, lOOU/mL penicillin, and 100j.lg/mL streptomycin (all from Invitrogen, 

Grand Island, NY) in a humidified atmosphere at 37°C with 5% CO2. 

Photodynamic therapy. The 4,5 dibromorhodarnine methyl ester (TH9402) 

photosensitizer was provided by Celmed BioSciences (Montreal, Canada). Exponentially 

growing P185 or EL4 cells were exposed to 2.5/-lM or 10/-lM TH9402, respectively. Cells 

were plated in a six-well plate (Sarstedt, Newton, NC), at a final concentration of 2x106 

cells and sample thickness of 3mm. After 40 minutes of incubation in medium containing 

2.5% serum, cells were resuspended in dye-free medium with 10% serum for 50 minutes 

extrusion, and subsequently exposed to visible light (540nrn wavelength) at 5 J/cm2 using 

a light scanning device. 

Isolation and culture of bone marrow DCs. DCs were prepared from DBA/2J or B6SJL 

mice as described previously.22 Briefly, DCs were obtained from bone marrow precursors 

by flushing of long bones, and RBCs lysed in a hypotonic buffer. Cells were then cultured 

in six-well plates in RPMI1640 medium supplemented with 10% FBS, 2mM-glutarnine, 

1mM 2-mercaptoethanol, lOOU/mL penicillin, and 100j.lg/mL streptomycin in the 

presence of lOng/ml GM-CSF and 20ng/ml IL-4 (BioSource, Camarillo CA). On day 6, 

nonadherent cells were collected and isolated by gradient centrifugation in 14.2% 
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metrizamide. DC purity was assessed by flow cytometry using APC-conjugated anti­

CDllc. 

Activation ofDCs. Murine TNFa (20ng/ml), IL-lp (O.1/lg/ml), IFNy (O.1/lg/ml) (an from 

Bio S ource ) and CD40L (1/lg/ml) (Alexis Biochemicals, San Diego, CA) were added in 

culture medium to stimulate DC maturation. DCs were cocultured with PDT -treated 

tumor cells at a ratio of 1:3 without any inflammatory mediators. After 48h-incubations, 

DCs underwent flow cytometry evaluation. Culture supematants were harvested for the 

analysis of IL-12. As a positive control, DCs were incubated with l/lg/ml 

lipopolysaccharide (LPS, Sigma Chemical, St Louis, MO). DCs incubated with medium 

alone were used as negative controls. 

DCs phenotypic analysis. DCs were subjected to Fc blocking using anti-CD16/CD32 

monoclonal antibodies (mAbs), then stained with PE and FITC-conjugated mAbs specific 

for CDllc, CD86, I_Ab or I-Ad
, and CD40 (aIl from BD Biosciences, Mississauga, ON). 

Only CDllc positive celIs were analyzed for CD86, MHC class II and CD40 expression. 

Immunofluorescence reactivity was evaluated by automated multi-parameter flow 

cytometry (F ACSSort; Becton Dickinson, Mountain View, CA) At least 1 X 104 cens 

were analyzed in each sample. 

Vaccine preparation and immunization. PDT treated celIs were pipetted onto the DCs at a 

ratio of 3:1 and cultured for 48 ho urs in presence of TNFa, IL-lp, IFNy and CD40L as 

described above. DCs were isolated and washed twice in PBS prior to vaccination. Six to 
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10-week-old mice were immunized 3 times weekly. DCs were injected intradermally on 

both sides of the shoulder with 2x 1 05 tumor antigens priming DCs or non-priming DCs. 

Control mice received PBS alone. One week after the last vaccine, mice were challenged 

on the flank with 2x 1 04 tumor cells harvested from exponentially growing cultures. 

Tumor size was measured three times weekly in three dimensions with a caliper. Mice 

were sacrificed when the largest tumor diameter reached 17 mm. Tumor growth was 

monitored for 90 days. At least five mice were used in each group. 

Monitoring of cytokine secretion. IL12-p40 concentration (BioSource, Camarillo CA) in 

culture supematant and IFNy levels (Bender MedSystems, Vienna, Austria) in serum 

collected from mice one week after tumor cell challenge were determined using 

commercially available ELISA kits according to the instructions of the manufacturer. 

Chromium (51 Cr)-release assay. One week after the last vaccme, splenocytes were 

isolated from vaccinated and control mice. Cytolytic activity was measured as described 

previously.23 Splenocytes were restimulated with irradiated (5000cGy) P815 cells, and 

IL-2 (10 units/ml, BioSource) added to the culture. At day 6, viable cells were harvested 

and assessed in a standard 4-h 51Cr release assay for their ability to lyse P185 cells. 

Specificity was determined by measuring lysis of the different H-2 matched tumor cell 

line A20. Briefly, 51Cr-Iabeled P815 or A20 cells were incubated with effector cells at 

different E:T ratios in triplicate wells, and 51Cr-release was determined by analyzing the 

supematants in a gamma counter. Spontaneous release was less than 15%. Results for 

individual wells were expressed as a percentage of specific lysis calculated as follows: % 
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specifie lysis= 100 x [(experimental release-spontaneous release)/(maximum release­

spontaneous)]. Spontaneous release and maximum release were obtained from wells 

containing target cells incubated in medium alone or in 1 % Triton X, respectively. 

Statistical analysis. Statistical differences in survival were calculated using the log-rank 

test. Other comparisons were determined using a two-tailed t test. Analyses were 

considered significant when reaching the 0.05 alpha level. 

4.4 Results 

The combination ofTNFa, ILlp, IFNy and CD40L induces DCs maturation. 

In order to investigate the optimal condition to activate DCs maturation, the impact of 

TNFa, IL1p, IFNy and CD40L on DC phenotypic maturation was evaluated. After 6 days 

culture in presence of GM-CSF and IL4, highly purified DCs (CDllc marker > 90%) 

were collected (data not shown). DCs were then incubated with TNFa, IL1p, IFNy or 

CD40L separately for 48h. Expression of CD86, MHC II and CD40 was determined by 

tlow cytometry. Fig.4.1 shows that TNFa and IFNy were particularly efficient at inducing 

DCs maturation with increased expression levels of cell surface markers (P<0.05). There 

was a slight trend with the other mediators in inducing DC maturation. 

The functional state of DCs was evaluated by measuring IL-12 level in the supernatants 

coUected from the DC culture medium. We did not find enhanced secretion ofIL12 when 

DCs were exposured to TNFa, IL1p, IFNy and CD40L either alone or when combined as 

two. However, when DCs were grown in contact with a mixture comprising an mediators 

(TNFa, IL1p, IFNy and CD40L), the leve1 of IL12-P40 was increased significantly 
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(P<O.05), indicating a synergistic effect of cytokines. LPS was used as a positive control 

(Fig.4.2). 

PDT-treated tumor cells partially induce DCs maturation. 

The capacity of PDT -treated tumor cells to promote the maturation of DCs in vitro was 

evaluated by measuring expression of CD86 and MHC class II molecules. DCs were 

cultured for 6 days in presence of GM-CSF and IL-4. Two populations of the easily 

dislodged cells were distinguished according to their expression level of CD86, and MHC 

II molecules. These populations were 54% and 57% CD86 positive, 25% and 41 % MHC 

II positive, respectively in both DBA and B6SJL cens. After 48h incubation with PDT­

treated P815 or EL4 cells, DCs expressed more surface antigens. As shown in Fig.4.3, the 

percentage of DCs expressing CD86 reached to 72% and 75%, and to 36% and 55% for 

MHC II, respectively. The increase for CD86 and MHC II was significant (P<O.05). The 

mean intensity of these molecules was also increased. 

DCs antigen primed with PDT -treated tumor cells effectively prevent tumor growth. 

T 0 compare the immune responses in normal or vaccinated hosts, we investigated the 

effect of vaccine prepared from DCs with PDT-treated tumor cens. The survival curves 

demonstrated that protective effects in two tumor model systems (Fig.4.4). DCs Ioaded 

with PDT -treated tumor cens antigen significantIy prote ct against tumor growth when 

compared with DCs aione or controis (P<O.05 and P<O.Ol respectiveIy). 

To test the specificity oftumor vaccines, vaccinated B6SJL mice were inoculated with H-

2 matched unrelated melanoma cellline B16.FIO. Vaccination with DCs Ioaded on EL4 
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cells antigen provided no protection against growth ofB16.FlO melanoma cells (data not 

shown), which demonstrates that this vaccine effect was tumor specific. Similar results 

were observed in the DBA model. The specificity of the vaccine effect was confirmed in 

tests of cytotoxicity. 

Moreover, monitoring of tumor growth after the vaccination revealed significant 

differences in the growth rate between the control and the vaccinated group. The mean 

volume at day 23 was significantly lower in the vaccinated group than in controls in both 

DBA and B6SJL models (P<0.05 and P<O.Ol respectively) (Fig.4.5). 

DCs-based vaccines induce IFNy secretion and produce cytotoxic activity. 

Serum collected from mice vaccinated with antigen priming DCs contained significant 

levels of IFNy (Fig.4.6), as compared with those from mice vaccinated with DCs without 

antigen priming or vaccinated with PBS (P<0.05). 

To examine the generation of CTL response against parental tumor cells, splenocytes 

from DBA/2 mice vaccinated with antigen priming DCs were cultured with irradiated 

parental P815 tumor cells for 6 days. As shown in Fig4.7, effector cens from mice 

vaccinated were able to lyse parental P815 cens. Antigen priming DCs significantly 

increased cytolytic activity present in the spleens of vaccinated mice when compared with 

the activity in mice vaccinated with PBS alone (P<O.OOI at E:T ratio of 100:1). This lysis 

was tumor specific, because a significant difference existed between the lysis of parental 

P185 cens and syngeneic non-related target cens A20 (P<O.OI at E:T ratio of 100:1). 

125 



4.5 Discussion 

Sorne clinical studies indicate that vaccination with DC loaded T AA could be 

therapeuticaUy relevant in cancer.21
,24,25 The aim of this strategy is to generate CDS+ 

cytotoxic T lymphocytes (CTL) that would specificaUy recognize and destroy residual 

tumor ceUs. To activate a TAA specific T ceU response, antigens have to presented by 

"professional" APC such as DC, to prime naïve T ceUs.26 Activated CD4+ T ceUs pro vide 

an important costimulation via cytokine secretion, which can initiate and also amplify the 

CDS+ T-ceU response. Ultimately, activated antigen-specific CDS+ T ceUs become 

cytotoxic and lyse tumor ceUs.27 However, in many cases, tumor antigens have not been 

clearly identified. Therefore, the use of whole tumor ceUs as T AA for loading of DCs is a 

popular approach. Whole tumor ceUs express an array of target antigens that wiU be 

processed and presented to both MHC class land class II molecules. This results in a 

polyclonal expansion of both CD4+ and CDS+ T ceUs.28
-
32 In this study, we use PDT­

treated whole tumor ceUs as the source of T AA to be loaded onto DCs for the prevention 

of tumor growth in mice model. 

The process by which tumor ceUs die during therapy is highlighted as being important in 

the generation of immune responses against tumor antigens.33
,34 Controversy exists with 

respect to the optimal form of killed tumor ceUs (apoptotic vs. necrotic) for stimulating 

effective immune anti-tumor activity in DC-based vaccine strategies. Vaccines will 

typicaUy contain ceU numbers in excess of what can be disposed of by scavenging 

macrophages. CeUs undergoing secondary necrosis would be particularly suitable in 

providing a danger signal.35 

We have previously shown that PDT using TH9402 yields a population containing a 

mixture of viable, apoptotic and necrotic ceUs in varying proportions. Secondary necrotic 
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cells are readily fonned from apoptotic cells over time (manuscript in preparation). The 

protocol of PDT treatment used in this study resulted in the appearance of both apoptotic 

and necrotic cells. Such a dynamic and variable process may be used as a source of T AAs 

for DC-based vaccines. 

The nature of activating factor in PDT -generated tumor cell is unknown. PDT -mediated 

oxidative stress triggers a variety of cellular signal transduction pathways leading to 

increased expression of stress proteins and the induction of TNFa, IL-l, and IL-6. 

Although the nature of the danger signaIs necessary for the effective stimulation of DCs 

interacting with dying tumor cells is unknown, there is increasing evidence suggesting 

that sorne heat shock proteins (HSP) might play this role.36
-
38 This hypothesis may 

explain our findings that PDT-treated tumor cells appear to partially activate DCs, as 

supported by the increased CD86 and MHC II expression. This partial DC activation 

explains the weak vaccine effect of tumor growth retardation in our preliminary 

experiments. 

To improve the antitumor activity, bone marrow-derived DCs were chosen for the 

vaccine preparation. Although the methodology and the criteria for an efficient DC-based 

vaccine have not yet been standardized, a major criterion for an effective DC vaccine is to 

generate cells which are both phenotypically and functionally maturation, pro duce IL-12 

and elicit a CD8+ response. Gollnick et al reported that PDT with Photofrin generated 

tumor cell lysates have the capacity to stimulate both the phenotypic and functional 

maturation ofDCs in vitro, and to induce a cytotoxic T cell response in vivo?9 Korbelik et 

al developed PDT -derived therapeutic cancer cell vaccine and found a large number of 

DCs colocalized with the vaccine cells as revealed in the lesion injection site.40 These 
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findings indicate that DCs play an important role m PDT generated vaccmes, by 

initializing an antitumor immune response. 

The cross-presentation of antigens from dying cells requires antigen uptake by immature 

DCs, followed by DC maturation.41 In vitro, DC maturation usually needs sorne 

additional maturation signaIs. In this study, we compared the effects of TNFa, IL-lp, 

IFNy and CD40L on the maturation of bone marrow derived DCs. TNFa does not 

necessarily increase IL-12 secretion even though it induces DC phenotypic maturation. 

IFNy is a major factor in the development of Thl priming.42 IFNy-producing CD4+ helper 

cells are necessary for the generation and maintenance of CTL. IL-l P was tested as a 

possible candidate molecule that could induce IL-12 due to potential analogy of signaling 

pathways between members of the ILlp receptor family and the toll-like receptor 

superfamily.43 CD40/ CD154 (CD40L) interactions are critical for the priming and 

expansion of CD4+ Th cells and CD8+ cytotoxic T cells in response to prote in antigens.44 

We demonstrated that either individual or dual treatment failed to induce a full maturation 

of DCs (data not shown). These results are not consistent with published observations 

using human DC. In human DCs, combination of CD40L and IFNy induces the 

production of high levels of IL-12. Furthermore, IFN y+ IL-l P induces a significant 

phenotypic and functional maturation.45,46 The detailed mechanism is unclear, but it might 

be due to the human/murine species difference. However, a mixture of all these mediators 

induced a functional maturation, as evidenced by increased IL-12 secretion. These 

optimal conditions to activate DCs, together with PDT induced partial maturation by 

itself, prompted us to investigate whether this combined treatment could generate an 

effective vaccine to be used in vivo. Both prevention and retardation of tumor growth 
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were evident.(Fig.4.4 and Fig.4.5) The specificity of the vaccine was documented by the 

negative results obtained with mismatched tumors cells and non related tumor cell lysis in 

CTL. 

Since PDT has been approved for successful removal of the residual cancer cells ln 

autologous BM purging, these treated tumor cells could be reinfused to the patient. Our 

study implies that the patient may benefit in tumor clearance and reduce recurrence 

through a vaccine effect. Future studies should define the optimal conditions required for 

the human DC preparation to provide the most efficient antitumor activity. 
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Figure 4.1: Phenotypic maturation ofDCs activated by different inflammatory mediators. 

Bone marrow ceUs from mi ce were differentiated into DCs in presence of GM-CSF 

(10ng/ml) and IL-4 (20ng/ml). At day 6, isolated immature DCs were cultured with 

TNFa (20ng/ml), IL-IP(O.l/-lg/ml), IFNy(O.l/-lg/ml) or CD40L (1/-lg/ml) for 48h. CeUs 

were stained with mAbs for CD86, MHC II and CD40 markers. The surface expression 

was analyzed by flow cytometry. DCs stimulated with LPS were considered as internaI 

control. Results are shown as mean percentage of positive ceUs ± SE for three to five 

experiments. * P<O.05, ** P<O.Ol compared with DCs without activation. A: DBA/2, B: 

B6SJL 
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Figure 4.2: Secretion of IL-12 in DCs. IL-12 p4ü secreted by DCs activated with a 

combination of TNFa, IL-l p, IFNy and CD4üL for 48h was measured directly from 

culture supernatants using ELISA assay. LPS was used as internaI control. Values in 

triplicates are the concentration with a mean ± SE. This is one representative of three 

experiments. * P<ü.ü5 ** P<ü.ül compared with DCs without activation. A: DBA/2, B: 

B6SJL 
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Figure 4.3: Increased expression of CD86 and MHC class II on DCs surface. Bone 

marrow derived DCs were cocultured with PDT-treated tumor cens for 48h. Surface 

expression of CD86 and MHC class II were analyzed by flow cytometry. Light line 

represents DCs without antigen priming and dark line represents DCs with antigen 

priming from PDT-treated tumor cens. The values are the percentage of positive cens. 

This is one representative of three experiments. 
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Figure 4.4: Turnor free survival of rnice vaccinated with antigen prirning DCs . A, naïve 

DBA rnice were vaccinated with DCs antigens loaded with PDT -treated P815 cells (PDT 

group, n=15), or unloaded DCs (DC group, n=14) or PBS alone (Control group, n=10) 

once a week for 3 weeks. One week after last vaccine, rnice were challenged with 2xl04 

parental P815 cells and turnor growth was rnonitored for 90 days. B, naïve B6SJL rnice 

were vaccinated with DCs antigens loaded with PDT -treated EL4 cells (PDT group, 

n=10), or unloaded DCs (DC group, n=10) or PBS alone (control group, n=10) once a 

week for 3 weeks. One week after last vaccine, rnice were challenged with 2x 1 04 parental 

EL4 cells and turnor growth was rnonitored for 90 days. Results are presented as the 

percentage ofrnice which were turnor-free. 
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Figure 4.5: The effect of vaccine on tumor growth rate. Response to the vaccme 

treatment in two mice models (A: DBA, B: B6SJL) was determinated by subsequent 

tumor size measurement. Results are shown as mean ± SE. Each group consisted of at 

least five mice. Data are representative of at least two experiments. 
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Figure 4.6: Serum level of IFNy in mice. After tumor challenge in mice (A: DBA/2, B: 

B6SJL), serum was collected from each group. IFNy levels were determined with an 

ELISA kit. Values are presented as mean ± SE. At least three mice were included in each 

group. The experiments were repeated twice. * P<O.05 compared with group vaccinated 

withPBS. 
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Figure 4.7: CTL activity induced by antigen priming DCs vaccination. Spleen cens from 

DBA/2 mice vaccinated with antigen priming DCS were restimulated ex vivo for 6 days 

with irradiated (5000cGy) parental P815 tumor cens. Cytotoxic activity against P815 cens 

was measured in a standard 4-h 51Cr release assay. Non related target cens (A20) were 

chosen to evaluate specificity. Data are represented as mean specific lysis of triplicate 

values (%) ± SE at different E:T ratios. Data from one representative experiment ofthree 

independent analyses. 
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General discussion: 

ln chapter 2 to 4, the results were extensively discussed. Therefore, the present chapter 

is a brief compilation of those discussions. Furthermore, 1 will put forward sorne ideas 

about future directions of research on this topic. 

PDT has become an approved clinical treatment for a variety of cancers. In addition to 

the direct killing of tumor cells, attained when vital cell targets are inactivated by 

photo-oxidative damage, multiple secondary antitumor events are elicited by the PDT­

induced oxidative stress and are of a critical importance for the successful outcome of 

this therapy.67,169 

Currently, a chart showing a general overview of PDT (such one shown in chapter 1) 

shows the history of the development in clinical reality for the cancer treatment. More 

than 25 years have past since PDT was proposed for the first time as a useful tool in 

oncology. Nevertheless, this approach is only now being used more widely in the 

clinic. Compared with surgery and radiotherapy, it is non-invasive and can be targeted 

and repeated without dose limitations. Moreover, it has been developed for other 

clinical applications. One of the most promising applications is the purification of 

malignant hematological components for transplantation. Furthermore, PDT has 

immunological consequences inducing a systemic antitumor response. 

Despite its complexity, the biology ofPDT is becoming increasingly weIl understood. 

While the cytotoxic effect of the novel rhodamine-derived TH9402 photosensitizer 

has been attributed to the generation of radical oxygen species, the cell death 

pathways involved have not been investigated. In chapter 2, we evaluated the ability 

of PDT to induce apoptosis and necrosis in EL4 cells, and assessed the underlying 

molecular mechanisms. We found that EL4 cells respond to TH9402 predominantly in 
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apoptosis. A secondary necrosis was formed evidently over time. The dominant mode 

of ceU death after PDT was influenced by the conditions of treatment. Sorne 

adjustments in dose and light intensity cou Id cause a switch from necrosis to apoptosis. 

These results show very clearly the complexity of cell death signaIs induced by 

photosensitizers. 

In fact, TH9402 evoked mitochondrial permeability transition and Bax translocation 

to mitochondria, which resulted in cytosolic release of cytochrome C, with an increase 

in caspase 3 and 9 activity. This implies a role of the intrinsic caspase-dependent 

apoptotic pathway. However, the ability of caspase inhibition to block the induction of 

apoptosis and to limit ceU death indicates that apoptosis induced by PDT can also 

involve a caspase-independent pathway, associated with AIF and Endo G release from 

mitochondria.(Figure 5) The observation that the TH9402 photosensitizer mediates 

cytotoxicity through activation of a number of death pathways suggests that it could 

effectively limit the capacity oftumor cells to bec orne resistant to TH9402. 

Purging cancer cells from autologous stem cell grafts is currently used to reduce the 

possibility of cancer relapse, but new methodologies need to be developed to improve 

the efficacy of treatment. TH9402-mediated PDT is a promising technique for this 

application. Based on the results in chapter 3, PDT using TH9402 eliminated 

myeloma cells efficiently among normal hematopoietic progenitors and achieved high 

levels of tumor cell eradication with minimal toxicity toward normal stem cells. These 

interim results suggest that TH9402 is able to target and eliminate cancer cells without 

compromising engraftment. Future experiments will include studies using primary 

myeloma cells coming from individual patients. This will require first to set up the 

methodology to identify the clone marker for each patient. 
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Our preliminary results also show that immunization with whole tumor cells treated 

by PDT was able to delay tumor cell growth. This finding encouraged us to 

investigate whether a DC-based vaccine could protect the mouse from tumor cell 

progression. The ability of DCs to generate an anti-tumor immune response in vivo 

has been documented in sorne animal models. In chapter 4, purified DCs were 

generated from mouse bone marrow cultured in the presence of GM-CSF and IL-4. 

DCs were activated to produce IL12 in the presence of a mixture of TNF, IL-I f3, IFNy 

and CD40L in vitro. This cytokine combination was also capable of promoting DC 

activation and it is the combination that was retained for our studies. PDT -generated 

tumor cells did not increase IL-12 production by DCs, but they provoked partial 

maturation of DCs, as evidenced by the increase in MHC II and CD86 expression. 

Once these activated DCs were loaded with whole tumor cells treated by PDT, a 

tumor protection effect was observed in two mouse models. Thus, our tumor vaccine 

strategy, that uses a broad display of antigens through PDT targeting rather than single 

antigen immunization, could stimulate tumor specific CTL activity and generate an 

anti-tumor immune response. Such a vaccine may be particularly useful when tumor 

cells do not represent a pure cell population and are rather dispersed among normal 

cells. 

Controversy exists with respect to the optimal pathway of cell death that is able to 

stimulate effective immune priming and antitumor activity in DC-based vaccine 

strategy. The function of DCs can be dramatically affected by both apoptotic and 

necrotic cells. However, the response of the Des to these two stimuli has been 

postulated to be very different, and this may be one important basis for the response of 

the immune system. The uptake of necrotic cells by De results not only in 

presentation of peptides on the cell surface, but also in activation of the De to express 
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co-stimulatory molecules, which are necessary for T cell activation and induction of 

an inflammatory response. In contrast, apoptotic cells do not seem to trigger co-

stimulatory molecules, and the MHC peptide complexes have been hypothesized to 

selectively inactivate T cell recognitionyo,171 In our experiments, we found EL4 cells 

were quite sensitive to be induced on the way of cell death by necrosis or apoptosis, 

the latter would proceed rapidly into necrosis. In our preliminary experiments, the 

vaccine with cell lysates generated by PDT (induced mostly in necrosis) or whole-

treated cells (induced predominantly in apoptosis) delayed the incidence of tumor 

after challenge with an equivalent effect. 

Recently, uric acid released from dying cells has been shown to act as a danger signal 

for the immune system, stimulating DC maturation and enhancing T -cell responses to 

foreign antigens. l72 Adjuvants are thought to work, at least in part, by stimulating DCs 

. db" . f . 1 1 1 173174 Sh' 1175 maturatlOn an y mcreasmg expresslOn 0 costlmu atory mo ecu es.' 1 et a 

reported that endogenous adjuvant activity markedly increases in cells when they are 

injured in ways that cause them to undergo apoptosis. Consistent with this observation, 

uric acid in EL4 cells increased markedly after treatment with heat shock, 

cyclohemiximide and emetine, the factors which were shown to increase adjuvant 

activity.176 When uric acid was added to cultures of primary bone-marrow-derived 

DCs (>95% CDllc+), it stimulated DCs to increase rapidly their expression ofCD86. 

Such a role is consistent with our observations and may partially explain the PDT 

effect on DCs maturation in chapter 4. This provides an insight into the mechanism 

underlying the increase in endogenous adjuvant in PDT -treated tumor cells. Future 

studies cou Id consider the signal transduction pathways involve in DCs maturation 

induced by TH9402-mediated PDT, in particularly conceming the development of 

danger signaIs such as uric acid synthesis. 
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Since PDT using TH9402 induces cell death efficiently in either apoptosis or necrosis 

through different signal transduction pathway, it represents a promising preclinical 

method of effect on myeloma cell purging which could be potentially useful in clinical 

practice. Patients may benefit from the reinfusion of PDT treated autografts to prevent 

disease recurrence, because these tumor antigens generated from PDT may increase 

host immune responses through a vaccine effect with DCs. 

In conclusion, TH9402-mediated PDT can be beneficial at different levels, by purging 

of tumor cells in autografts and eliciting host immune responses when used in 

combination with DCs. 
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