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Abstract

Photodynamic therapy (PDT) offers a new approach to selective tumor eradication. Modifications 

designed to increase and optimize efficacy continue to emerge. Selective photodamage to 

malignant cells and their environment can bring about tumor cell destruction, shutdown of the 

tumor vasculature, stimulation of immunologic anti-tumor effects and potentiation of other 

therapeutic effects. Current development of combination protocols may provide a better rationale 

for integration of PDT into clinical practice. An example described here is the ability of a 

sequential (two-sensitizer) PDT protocol to enhance the efficacy of photokilling. The first step 

involves low-level lysosomal photodamage that has been shown to promote the apoptotic response 

to subsequent photodynamic effects directed at mitochondria. In this report, we demonstrate the 

ability of Photofrin, an FDA-approved photosensitizing agent, to serve as either the first or second 

element of the sequential protocol.
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INTRODUCTION

Surgery and ionizing radiation are often used in cancer treatment protocols but have 

limitations. Surgery can leave malignant cells at the margins [1] while radiation requires 

careful targeting to avoid unnecessary damage to normal tissues. A more selective approach 

to cancer control is photodynamic therapy (PDT), a procedure that involves the preferential 

photosensitization of neoplastic tissues and their vasculature [2, 3]. Irradiation at visible 

wavelengths of light can bring about a significant degree of tumor eradication. There is also 

an immunologic element: PDT efficacy is sub-optimal without a functional immune system 

[4]. It has been shown that killing of tumor cells by PDT can lead to the creation of cancer 

vaccines [5, 6], suggesting the possibility of effects on tumor at remote sites. If the PDT can 

also initiate an enhanced immunologic reaction, this could have implications with regard to 

distant metastasis. A protocol designed to explore this possibility has been reported [7].
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Direct photokilling results from the triggering of an apoptotic response [8, 9], circumventing 

the need for drug activation, availability of indirect pathways to cell death or other processes 

that can be impaired or absent in some tumor phenotypes. Cells deficient in apoptosis may 

be spared from photokilling, but clinical experience indicates that this is rare [2, 3]. 

Apoptosis is a highly-conserved and irreversible pathway to cell death [8]. Depending on the 

particular sub-cellular organelles where the photosensitizer has localized, apoptosis may be 

initiated by photodamage to the anti-apoptotic protein Bcl-2 or to the mitochondrial 

membrane leading to loss of cytochrome c [10–12]. Lysosomal photodamage leads to a 

more circuitous pathway to apoptosis: release of proteases that cleave the protein Bid, 

resulting in formation of a pro-apoptotic ‘truncated’ protein termed t-Bid [13].

Lysosomes are also an essential element of the process of autophagy whereby cellular 

elements are digested and recycled [14]. Autophagy can offer partial protection from PDT, 

perhaps via recycling of photodamaged mitochondria before apoptosis can occur [15]. 

Initiation of autophagy by PDT has other implications. Autophagy has been shown to 

enhance immune recognition, a possible route to an enhanced eradication of remote 

neoplastic loci after primary photodamage [16, 17]. An examination of the role of autophagy 

in photokilling has indicated a cytoprotective effect in cell lines capable of carrying out the 

apoptotic program: see Ref. 18 for a recent review on this topic. Autophagy can, however, 

represent a “death pathway” when apoptosis is unavailable: perhaps the most unambiguous 

report on this topic was published by Oleinick’s group [19]. A recent “commentary” on the 

subject has also appeared [20].

Most chemotherapy involves drug combinations, often with a view toward targeting both 

rapidly and slowly-dividing malignant cells, promoting responses in tumors that may be 

unresponsive to single agents and minimizing host toxicity. Combinations that include PDT 

are currently being explored. A 1996 report showed that PDT sequentially directed against 

lysosomes and mitochondria could result in enhanced photokilling in a mouse sarcoma 

model [21]. Another report indicated a similar result when lysosomal and golgi were the 

PDT targets [22]. A potential mechanism for this result has been suggested: lysosomal 

photodamage can release calcium stores [23] which, in turn, activate the protease calpain 

leading to cleavage of ATG5 to a pro-apoptotic fragment [24]. This effect could be 

reproduced in a cell-culture system using any of three lysosomal-targeting agents [25]. 

Another report indicated successful promotion of photokilling by this model in a 3D cell-

culture model of inflammatory breast cancer [26].

This study reports on the ability of Photofrin to be successfully utilized for either the first or 

the second photosensitization step in the sequential protocol. This likely derives from the 

broad spectrum of photodamage produced by this agent upon irradiation in a cellular 

environment.
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EXPERIMENTAL

Cell lines

Growth of murine hepatoma 1c1c7 cells and procedures for clonogenic assays have been 

described; sub-lines lacking autophagy-associated proteins were prepared as previously 

described [27].

Photosensitizers

NPe6 was provided by Dr. Kevin M. Smith, Louisiana State University. BPD 

(benzoporphyrin derivative, Verteporfin) was purchased from VWR (Cat No 1711461), 

Photofrin was generously provided by Pinnacle Inc. Other reagents were obtained from 

Sigma-Aldrich and were of the highest available purity. Fluorescent probes were provided 

by Life Technologies, Inc.

Irradiation procedures

Cell cultures in 35 mm diameter plastic dishes were incubated at 37 °C with 0.5 µM BPD 

+ 40 µM NPe6 for 1 h or with 10 µg/mL Photofrin for 16 h. NPe6 (40 µM) was added during 

the final hour. The medium was then replaced and the dishes irradiated using a 600-watt 

quartz-halogen source filtered through 10 cm of water to remove wavelengths of light > 900 

nm. The bandwidth was further confined by interference filters (Oriel, Stratford CT). Based 

on absorbance spectra, wavelengths of 690 nm were used with BPD, 660 nm for NPe6, 630 

nm for Photofrin. Action spectra for Photofrin were determined using a series of interference 

filters of varying optimum transmission properties (±10 nm). For the acquisition of dose-

response data, light doses were varied so as to induce 10–90% photokilling.

Microscopy

Fluorescence microscopy was used to monitor effects of photodamage by Photofrin-induced 

photodamage on the mitochondrial membrane potential (ΔΨm) and the ability of the 

lysosome to maintain a pH gradient, using techniques described in Ref. 28. To avoid 

interference from Photofrin fluorescence, Rhodamine 123 was used as a probe for ΔΨm [29] 

and Lysotracker Green for lysosomal integrity [30].

Absorbance spectra

To approximate the absorbance spectra of Photofrin in cellular environment, 1c1c7 cells 

were incubated with the photosensitizer for 16 h at 37°. The cells were then collected and 

dispersed in 10 mM Triton-X100 and the absorbance spectrum determined using a dual-

beam Shimadzu BioSpec 1601 instrument.

Clonogenic assays

Viability was determined by colony counting using an Oxford Optronix GelCount device.

An algorithm was used to confine the colony identification to groups of 30 cells or more. 

Although this device can detect colonies without additional staining, crystal violet was used 

as a colony marker. All experiments were performed in triplicate.
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Statistical analysis

Analysis of data was carried out using the independent groups t-test. We indicate where 

differences in values were statistically different (p < 0.05) from untreated controls.

RESULTS AND DISCUSSION

Photofrin is a widely used photosensitizing agent known to target multiple subcellular 

organelles [28]. Figure 1 shows a comparison of the effects of sequential PDT protocols on 

photokilling of murine hepatoma 1c1c7 cells. In this figure, the photosensitizer activated 

first is indicated by underlining in the legend. Panel A summarizes a prior report [31] 

involving NPe6 and BPD. The data clearly indicate a marked enhancement of photokilling 

when low-dose lysosomal photodamage (NPe6) is followed by mitochondrial photodamage 

(BPD). Panel B indicates the results of a similar protocol involving NPe6 and Photofrin. In 

Panel C, the photosensitizers were Photofrin, followed by BPD. In all three cases, a marked 

potentiation of photokilling was produced by the sequential protocol. We had previously 

proposed a mechanism for these results [31] as outlined above. Data shown in panels B and 

C suggest that Photofrin can substitute for either NPe6 or BPD in the protocol.

While mitochondrial localization of Photofrin has been described [32], evidence of 

lysosomal photodamage dates from 1993 [33]. It should be noted that these experiments 

were carried out with an earlier variant of Photofrin that may not represent the product being 

produced today. In the present work, the current Photofrin formulation was employed as 

provided by Pinnacle Biologics Inc. Studies involving fluorescent probes for photodamage 

revealed that the earliest detectable effect, directly following an L90 PDT dose, was loss of 

both the lysosomal pH gradient and ΔΨm within 10 min as shown in Fig. 2.

Perhaps because of its complex composition, Photofrin has relatively broad absorbance 

spectrum, as shown in the inset to Fig. 3. Spectra for NPe6 and BPD are shown in Ref. 28; 

this indicates minimal overlap. A potential concern with the sequential protocol involving 

Photofrin is the possibility for eliciting additional (unwanted) photodamage during 

irradiation at 660 or 690 nm. With NPe6 and BPD, the spectra are sufficiently different so 

that this is not a problem. Photofrin does appear to be minimally photodynamically active at 

wavelengths > 650 nm (Fig. 3).

CONCLUSION

Most current chemotherapy protocols involve drug combinations with a view toward 

targeting both rapidly and slowly-dividing malignant cells, promoting responses in tumors 

that may be unresponsive to single agents while minimizing host toxicity. PDT combinations 

are now being explored. Hasan’s group has demonstrated successes in combining PDT with 

conventional chemotherapy in both cell culture and animal studies [34, 35]. The former 

often involves 3D cultures where tumors are allowed to grow under conditions that more 

closely recapitulate conditions that occur in vivo. It is also feasible to carry out co-culture 

studies where tumor cells are grown together with normal cell-types to further increase the 

mimicking of the tumor microenvironment that exists in cancer. It had been demonstrated in 

1996 that a sequential PDT protocol was able to provide a much higher degree of tumor 
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eradication in vivo than could be provided by either agent alone [21]. We propose that the 

present study, together with two prior reports [25, 31] provides an explanation for this effect. 

A protocol that sequentially evokes lysosomal, followed by mitochondrial photodamage 

shows promise for promoting tumor eradication where single agents are less effective.

PDT can be a useful approach to cancer control: minimal toxicity to normal tissues and 

organs, no cross-resistance with other modalities, no significant adverse reactions, ability to 

retreat without development of ‘resistance’, feasibility for identification of neoplasia loci via 
fluorescence of photosensitizing agents, a concomitant shutdown of tumor vasculature 

adding to the anti-tumor effect and the possibility of enhancing immune responses. Clinical 

use of PDT is, however, lagging. Adequate delivery of light is a complex prospect with 

special devices often required for mapping of evenness of illumination [36]. But this is not 

significantly more complex than, e.g., procedures involved in the use of ionizing radiation. It 

is proposed that continued investigation into combination protocols involving PDT may 

promote tumor responses and minimize incomplete tumor control deriving from inadequate 

light doses and/or, perhaps, hypoxia.
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Fig. 1. 
Promotion of photokilling by a sequential PDT protocol. (a) NPe6 followed by BPD; (b) 

NPe6 followed by Photofrin; (c) Photofrin followed by BPD. The sensitizer first activated in 

the combination study is indicated by an underline. Data indicate results of clonogenic 

assays; average ± SD for three determinations

Kessel Page 7

J Porphyr Phthalocyanines. Author manuscript; available in PMC 2016 August 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 2. 
Effects of an LD90 PDT dose using Photofrin. Fluorescence microscopy was used to assess 

photodamage to specific organelles 10 min after irradiation. (a, b) Lysotracker Green (LTG) 

fluorescence assessing the lysosomal pH gradient. (c, d) Rhodamine 123 (R123) reporting 

on the mitochondrial membrane potential (ΔΨm). (a, c) controls; (b, d) effects of 

photodamage
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Fig. 3. 
Action spectrum of Photofrin. Irradiation wavelengths were selected by interference filters 

as described in the text. Data represent results of clonogenic assays (average ± SD for three 

experiments). Inset: absorbance spectrum of Photofrin in 1c1c7 cells after solubilization 

with 10 mM Triton-X100 as described in the text

Kessel Page 9

J Porphyr Phthalocyanines. Author manuscript; available in PMC 2016 August 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Abstract
	INTRODUCTION
	EXPERIMENTAL
	Cell lines
	Photosensitizers
	Irradiation procedures
	Microscopy
	Absorbance spectra
	Clonogenic assays
	Statistical analysis

	RESULTS AND DISCUSSION
	CONCLUSION
	References
	Fig. 1
	Fig. 2
	Fig. 3

