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ABSTRACT

The photodynamic activity of haematoporphyrin derivative
(HPD) is used to treat malignant tumours in man. HpD is a

complex mixture of porphyrins, some of which may be more

phototoxic than others. The onry known side effects are skin--.

photosensitivity and damage to structures adjacent to the

treated tumours.

The aim of this thesis v¡as to investigate methods of

improving the specificity and efficacy of the photodynamic

destruction of tumours by:

(I). Identifying the most photoactive porphyrins in HpD

both in vitro and in vivo.
(2). Examining the potential improvement in the

specificity of uptake of porphyrins into tumours by coupling
porphyrins to tumour-specific antibodies.

(3 ) . Modulating the photodynamic response by the

concurrent administrat'ion of other pharmacologicar agents.

Relative activities of the components of HPD were examined

in vitro using 51cr release as a measure of photodynamic

damage. The most photoactive porphyrins were HpD, HpD

aggregate, aggregated hydroxyethyl vinyl deuteroporphyrin (HVD)

and protoporphyrin (PP). Less aggregated HPD and HVD were less

active and haematoporphyrin (HP) bras inactive. porphyrin

fluorescence in the celIs corresponded with photoactivity,
suggesting uptake was vital for photoactivity in vitro.

The photoactivity in vivo of some of the components of HpD

was examined using a transplantable tumour model in mice. HpD,

HPD aggregate and the commercial productr Photofrin II showed

equal phototoxicity. Non-aggregated HPD, PP and HP were
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inactive. uptake of porphyrins (measured by fruorescence) in
tumours and skin photosensiti zing abirity of porphyrins

corresponded with photoactivity.

vùhen HP was covalently coupred to poryvarent rabbit
antihuman immunogrobulin, the photosensitizlng activity of Hp

was retained but the antibody specificity of the Hp-antibody

conjugate for B rymphocytes $ras destroyed. This suggests that
there are serious probrems to be overcome if this approach is
to be useful.

Adriamycin and methotrexate'potentiated the response of
Lewis lung carcinoma to photodynamic therapy (pDT).

cyclophosphamide, vincristine, thiotepa or 5-fluorouracir atI
had no effect. The increase in efficacy of pDT after
administration of Adriamycin or methotrexate corresponded with
an increase in porphyrin fluorescence in the tumours.

Although Adriamycin potentiated pDT in vivo, it inhibited
photodynamic damage in vitro. Fluorescence microscopy indicated
that Adriamycin inhibited HpD uptake.

The effect of glucocorticoids on the efficacy of pDT r^¡as

also tested. Methylprednisolone inhibited uptake of HpD with a

corresponding reduction in efficiency of pDT. By contrast,
administration of glucocorticoid after pDT enhanced the

therapeutic response by reducing the rate of recurrence. These

results may have considerable clinical significance.
The influence of vasoactive drugs on pDT was also

examined. verapamil potentiated PDT, with a corresponding

increase in the intensity of fluorescence in the tumours. The

vasoconstricting agent noradrenaline, when administered

concurrently with HPD, inhibited pDT by reducing uptake of HpD

into the tumours. Noradrenaline administered with irradiation
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andhad no effect.

hydralazine had no

The vasodilating agents propranolol

effect on the efficacy of pDT.
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CHAPTER 1

INTRODUCTION AND LITERATURE REVIEVÙ

Photodynamic therapy (PDT) has been recently introduced

for the diagnosis and treatment of malignant tumours in man

Ifor recent reviews see Dougherty, I984a; Dougherty et

al., 1985; KesseI, 1984a; I984bl . A photosensitizing and

tumour-localízíng drug, haematoporphyrin derivative (HPD) is
administered intravenously to the patient, followed by exposure

of the tumour to red light. Photoactivation of HPD in the

tumour causes a phototoxic reaction which results in necrosis

of the tumour. The nature of these interactions will be

discussed below.

(a) . Historical background

The capacity of phototoxic reactions to cause cell death

stas demonstrated by Raab [1900], who incubated paramecia in

acridine orange and observed cell death after exposure to

sunl ight. Tappenier and Jesionek I I903 ] suggested the

possibility of treating tumours by a photodynamic reaction.

They attempted to treat human skin tumours with eosin and

l ight.

The phototoxic activity of haematoporphyrin (HP) was

first described by Hausmann IHausmann, 1908; 19I4]. He

incubated paramecia or red blood cells with HP and showed that

subsequent exposure to Iight resulted in cell death. He also

injected HP (2mg) into mice and observed a fatai phototoxic

reaction. l4eyer-Betz I 19I3 ] developed severe cutaneous

photosensitivity after injecting himself intravenously with

2OOmg HP. Cutaneous photosensitivity vùas also observed in dogs
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after an intravenous injection of 60mg/kg HP IRask and HoweII,

r9281.

Policard lL924l detected spontaneous red fluorescence in

tumours, but not in normat tissue when he illuminated the

tissues with a lVoodrs lamp. He attributed this fluorescence to

endogenous porphyrins produced by bacteria in the tumours.

The capacity of HP to localise specifically in tumours was

first investigated by Auler and Banzer LI942l. Crude HP was

injected into tumour-bearing rats and preferential uptake in
tumours vJas demonstrated by fluorescence.

(b). Porphyrin fluorescence for detection of tumours

The diagnostic potential of the localization and

fluorescence of porphyrins in tumours was investigated by Figge

[Figge et al., 1948; Figge and Peck, 1953; Figge et al.,
19561. Red fluorescence $ras observed in tumours, Iymph nodes,

traumatised tissue and embryos in mice after irradiation with

near ultraviolet light. There vüas greater intensity of

fluorescence in necrotic areas of tumours. It h¡as concluded

that rapidly growing tissues had an affinity for HP, roughly

proportional to the mitotic index.

Rasmussen-Taxdal showed selective red fluorescence of HP

in tumours and lyrnph nodes and suggested using fluorescence to

delineate tumours during surgery IRasmussen-Taxdal et aI.,

f9551. The selective uptake of HP in rat tumour but not in

muscle hras also shown by measuring porphyrins extracted from

tissues []üinkelman and Rasmussen-Taxdal, 19601.

The efficacy of detection of tumours by fluorescence of

porphyrins bras improved by the development of haematoporphyrin

derivative (HPD) by Lipson [Lipson & Baldeg 1960a; Lipson et
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â1. ¡ r961al . A smaller dose of HpD was required to obtain good

fluorescence in the tumours and, in contrast to Hp, there was

only minimal fluorescence in other tissues, indicating improved

tumour selectivity. There was good correlation between red

fl-uorescence of porphyrins in smarr rung cancers and

historogicarly proven tumour [Lipson et al., 196lb ¡ Lipson et
aI., t964al .

since the first studies of Lipson ¡ ã number of workers

have investigated the use of HPD fluorescence for the diagnosis
of tumours. Efficacy of detection of fluorescence has been

greatly improved in recent years by the development of ner¡J

technol-ogies. Lasers have' been used as the exciting right
source, with delivery of the right through fibreoptic
bronchoscopes and rbetter detection of weak fluorescence from

smaIl tumours.

New methods have been developed for the detection of
carcinoma in situ by fluorescence bronchoscopy Iprofio et aI.,
1979; Doiron et al., 1979; King et aI.r 19g2l. There was good

correlation between fluorescence and histologically proven

tumour when patients with sputum positive for malignant celIs
but radiographicarry normal were examined. Kinsey and cortese

[Kinsey et al., 1978; Cortese et al., L979¡ L9B2) reported

accurate localization of tumours by fluorescence bronchoscopy,

although they also saw fluorescence in areas of moderate and

marked squamous ce11 atypia. Hayata reported good correlation
between fruorescence and histologicarty proven tumours.

Positive fluorescence was also detected in areas of squamous

metaplasia IHayata et al., I9B2a ¡ I9B2b] . Occasional false
negative resurts \â¡ere reported which r¡¡ere attributed to

tumours being occluded by blood, necrotic tissue or normaL
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mucosa. Thus it appears that fluorescence bronchoscopy with HPD

may be an important technique for the detection of small óccult

lung tumours.

Fluorescence has also been used to detect carcinoma

in situ in the bladder. Benson et al. ll982l administered

2.5m9/kg HPD to patients 2-48h' before cystectomy. The resected

bladder $¡as then examined under a fluorescent light and good

correlation $ras observed between red fluorescence and the

presence of neoplastic or dysplastic celIs. Recent advances in

instrumentation have allowed detection of Iow leveIs of HPD

fluorescence in tumours. This should lead to more effective
detection of multifocal carcinoma in situ in the bladder [f,in
et aI., 19841.

(c). Use of HPD in photodynamic therapy of tumours

(i). AnimaI studies

An eaily report of the application of the photodynamic

activity of porphyrins for treatment of tumours vras by Diamond

who transplanted glioma cells subcutaneously in rats. Treatment

with HP and white light resulted in destruction of the tumours

lDiamond et aI., L972] .

The photodynamic destruction of tumours using HPD $¡as

reported by Dougherty et aI. tf975l . AII animal tumours tested

responded to treatment with HPD and Iight. The greatest uptake

of HPD in the tumour $/as at 24h, with a tumour:Iiver ratio of

approximately 4: I. Selective HPD uptake and photodynamic

destruction of human bladder carcinoma grovt,n in immunosupressed

mice was demonstrated by KeIly and coworkers. NormaI bladder

tissue was not damaged and they suggested photodynamic therapy

with HPD could be used to treat human transitional ceII



5

carcinoma of the bladder [KeIIy et al., I975] .

Animal models of human disease have been developed to

assess PDT as a therapeutic modality and to develop methods

fox treatment. Squamous cell carcinoma was induced in the

bronchus of dogs by injection of 20-methylcholanthrene and vltas

then treated by PDT. Complete response, judged histologically,

\^¡as seen with all treated tumours with minimal damage to the

normal bronchus [Hayata et al., 1983] .

Animal models of bladder carcinoma in mice and rats

lBellnier et aI., 19851 and in dogs [ltseyo et aI ., 1985a;

1985b1 have been developed. Nseyo investigated methods for

irradiating the whole canine bladder via a cystoscope and using

a bulb-type fibreoptic tip to produce an isotropic Iight

pattern. With moderate light doses, there vras some inflammation

of the epithelium. but minimal damage to the bladder muscle.

However, higher light doses caused shrinkage and subsequent

necrosis of the bladder [Nseyo et aI., I985b] . The use of

dispersing medium to aIlow good light scatter through the

bladder has been investigated by Jocham et aI. tI9B4l. They

used fat emulsions (Intralipid) and demonstrated isotropic

lig.ht distribution and minimal loss of Iight energy (I0-50?).

Treatment of rabbit bladder containing transplanted Brown-

Pearce tumour resulted in complete destruction of tumours but

with minimal damage to normal mucosa.

Effective treatment of solid tumours has been demonstrated

in two rat prostate tumour models using interstitial delívery

of tight [McPhee et aI ., I9B4],. An ovarian ascitic tumour in a

mouse r,i¡as treated by intraperitoneal irradiation via a

fibreoptic ITochner et aI., 1985] . The ascites responded well
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to PDT with a decrease in weight and abdominal size, but

destruction of tumour cells vJas incomplete. Ho$tever, once

technical problems with Iight delivery are overcome and

tolerance of normal tissue to PDT determined, intraperitoneal

PDT may be a potential treatment for ovarian tumours.

AnimaI model-s of human retinoblastoma and amelanotic

melanoma have been developed to examine tumour responsest

treatment techniques, and responses of normal ocular tissue to

PDT. Benedict et al. I1980] showed that human retinoblastoma

transplanted in the eye of a nude mouse v¡as responsive to PDT.

Amel-anotíc melanoma in the eye of a rabbit responded to PDT but

uptake of HPD and photodamage to vascularised normal structures

vras also observed lGomer et al., I983; 1984a¡ 19B5a]. These

results h¡ere confirmed by Franken et aI. tI985l. Provided care

is taken with light delivery and the dose rate carefully

monitored¡ PDT may be safely used in the eye with good tumour

destruction.

PDT has also been used for veterinary treatment of primary

tumours in cats and dogs [Dougherty et aI., f98I] . Good

responses were obtained in a range of tumours, resulting in

Iong term control and possibly cure. Similar results were

obtained by Cheli et al. I1984], who also treated tumours in

cats and dogs. PDT was suggested as an alternative to surgery

in some cases in veterinary oncology.

(ii) . CIinicaI studies

The first clinical use of HPD-PDT $¡as in L976 by Kelly and

SneIl, who treated a patient wíth superficial bladder

carcinoma. They observed necrosis only in the irradiated area

[Xetly and SneII, L976]. A major clinical assessment of PDT for

cancer therapy was carried out by Dougherty and coworkers at
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the Roswell Park Memorial Institute [Dougherty et al., 1978] .

They treated a series of cutaneous and subcutaneous tumours

using an incandescent Xenon arc lamp with red filters (600-

700nm) and obtained excellent therapeutic responses. A further

study [Dougherty et aI., I979 ] demonstrated the efficacy of PDT

in controlling breast cancer metastatic to the chest wall with

minimal damage to normal skin.

The group from The Queen Elizabeth Hospital published a

report in 1980, which confirmed the above results on the

efficacy of PDT for treating cutaneous and subcutaneous tumours

[Forbes et aI., 1980] . Good tumour necrosis \^¡as observed, with

only two cases of highly pigmented metastatic melanoma and one

case of chondrosarcoma failing to respond to PDT. Effective
treatment by PDT of metastatic breast cancer and other

cutaneous malignancies vras also reported by Dahlman et aI.

tf983l and Konaka and Ono t19831.

Gynaecological tumours also respond weII to PDT. 9lard et

aI., I1982] treated tumours in the vagina by interstitial
placement of fibreoptics and obtained destruction of tumours

with reepithelialisation in 3 out of 5 cases. Soma et aI.

ll-g82l and Rettenmaier et aI. II984] also reported good

responses of gynaecological tumours to PDT.

Treatment of bronchial carcinoma may be a very important

application of PDT. By using a flexible bronchoscope, Iight may

be directed through an optical fibre into the tumour. Major

advances have been made by Hayata I s . group in Tokyo, who

demonstrated good therapeutic results in the treatment of

bronchial carcinoma [Hayata et aI ., L982a; 1982c] . PDT r^ras

used for cure of early stage tumours [Hayata et aI., 1984] t
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opening of blocked bronchi in advanced cases, converting

inoperable cases to operable, and to reduce the extent of

resection [Kato et al., 1985].

Treating endobronchial tumours with PDT has also been

investigated by Balchum et al. t1984l. They reported good

therapeutic responses with full opening of blocked bronchi, re-

expansion of collapsed lungs and reduction of symptoms. They

emphas ízed the necessity for bronchoscopy 3 days after
treatment to remove exudate and necrotic tumour, thus avoiding

obstruction and pneumonia . Cortese and Kinsey [ 1984 ] also

demonstrated the potential efficacy of PDT in the treatment of

bronchial tumours. Hor^rever they reported two cases of fatal
haemoptysis in patients where the tumour extended distally
through the bronchial waII. Other reports confirming the

efficacy of PDT in treating bronchial carcinoma are from

Bei j ing [f,i et aI ., 1984] , University of Calif ornia, Irvine

[WiIe et aI. ¡ 1984a] and RoswelI Park Memorial Institute

lVincent et aI., 19841 . HPD dose (2.5-3.0m9,/kg) and ef f ective

Iight doses (approximately 2O0J/cm for interstitial placement)

have been defined.' Light delivery methods to obtain optimum

tumour destruction have also been developed. Potential

complications such as obstruction by mucous exudate and Iate

haemorrhage due to erosion of underlying blood vessels have

been recognised. Currently a multicentre trial comparing PDT

BJ.us radiotherapy to PDT is being organised as a major step in

the clinical acceptance of PDT.

The experience of treating carcinoma of the bronchus at

The Queen Elizabeth Hospital has been in agreement with the

results of other workers. Effective destruction of tumours has

been.observed in most patients witfi remissions of up to I year
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and also the conversion of inoperable to operable in one

patient. Mucous plug and debris is removed at bronchoscopy 72h

after irradiation. There have been two cases of tracheo-

oesophageal fistula which resulted from necrosis of tumour

eroding through the bronchial waII.

PDT may also play an important role in the treatment of

bladder carcinoma. Good localization of HPD to neoplastic and

dysplastic tissue in the bladder has been shown lBenson et

aI., 19821. Treatment of 4 patients with carcinoma in situ
resulted in disappearance of tumour lBenson et aI., 1983].

Hisazumi also eradicated small tumours (<2cm) with PDT

lHisazumi et aI., 19831 . Tsuchiya et al. [1983] also obtained

excellent tumour responses, with 6 out of I patients remaining

disease free up to 18 months later. Future developments such

as the use of micrqlenses on the fibreoptic tip, or a diffusing

medium to allow irradiation of the whole bladderr wiIl improve

the efficacy of treatment.

PDT is being assessed for the treatment of head and neck

cancers [Taketa and Imakiire, I9B3; Ossoff et aI., 1984; WiIe

et âI., I984b; Schuller et al., 1985; Carruth and McKenzie,

I9851 and oesophageal carcinoma IAida and Hirashima, I983;

lulcCaughan et aI., I984; Morstyn, unpublished results, 19851 .

Results appear encouraging, with good tumour responses and

clinically useful palliation. Optimum Iight dosimetry and

methods of Iight delivery need further investigation, but PDT

may become an important method of treatment for these tumours.

Treatment of intraocular tumours by PDT has also been

investigated. Bruce [1984] obtained a significant reduction in

tumour volume in choroidal malignant melanoma. Complete
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obliteration of blood flow in the treated area was also noted.

There $¡as some reduction in visual acuity, particularly when

the tumour þJas near the macula. Ocular melanoma r¡ras treated

with PDT with good results and disappearance of tumour in I out

of 6 patients (I year follow up) [Tse et aI., 1984]. However

they experienced problems with transient iritis, and reported

two cases of retinal detachment and two of neovascular

glaucoma. This raises doubts as to the safety of PDT in the

eye. Preclinical studies on animal models are currently
defining safe Iight doses and methods of irradiation to aIlow

PDT to be used effectively in the eye.

A potentially very important application of PDT is in the

treatment of malignant brain tumours. Currently, the two year

survival of patients with anaplastic gliomas after surgery and

radiotherapy is 7.52 [Salcman , L980] . Addition of an extra

treatment modality may be very useful. McCuIIoch treated

patients with high grade malignant gliomas and metastatic

tumours at craniotomy. The bulk of the tumour vrras removed and

the cavity irradiated. The treatment was welI tolerated, with

the major side effect being oedema of the irradiated brain.

Results vrere encouraging, with 2/8 patients with grade 4

astrocytoma alive and well 4 years later lMcCulloch et âI.,

I9B4l . Lav,rs et aI. If98I] studied the feasibility of treating

brain tumours by PDT. Necrosis of human glioma $¡as demonstrated

after irradiation of the brain at craniotomy IPerria et al. ¡

1980; Perria, I98fl . Kaye II985 r personal communication] has

treated patients with glioma by irradiating the tumour bed at

craniotomy after filling the cavity with a Iight dispersing

medium. Thus treatment of brain tumour is feasible and tumour

necrosis has been demonstrated, but clinical trials are needed
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to determine if survival is improved by the addition of PDT to

the conventional treatments.

. In sunìmary, PDT is ef f ective in caus ing necros i s of

tumours. It is a loca1 treatment and Iimited Iight penetration

through tissues means large tumours can not be treated

effectively. Patients are not suitable for PDT where tumour

necrosis would cause additional problems, for example,

haemorrhage due to tumour invading large blood vessels or

extensive cutaneous ulceration. Thus PDT, when used as the sole

treatment, appears to be most successful in treating smaller

tumours and not in debulking large tumour masses. Cure of small

early tumours is possible. PDT may also be useful where other

modalities are not suitable or have failed. Indications for

PDT need to be defined and examined in carefully designed

clinical trials. Methods of Iight application also need

improvement, particularly the design of fibreoptic tips. The

major side effect of skin photosensitivity could be reduced by

development of appropriate sunscreens. A recent report of a

topical HPD preparation to be applied directly to cutaneous

tumours rather than by systemic injection may also be

potentially useful IMcCuIIough et aI., I983] .

(d.) Mechanisms of uptake of HPD

(i). Uptake and retention of HPD in isolated ceIls

The mechanisms of uptake of HPD into cells and the sites

of intracellular localization are stilI unclear. HPD uptake

could be by passive diffusion, pinocytosis, or possibly a

receptor-mediated mechani sm.

The question of differential uptake and retention of HPD

by normal or malignant cells in vitro has been investigated by
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a number of authors v¡ith conflicting results. An early report

by Mossman et al. tl974l claimed greater uptake of HPD into

malignant human cervical cells compared to normal celIs.

Similarly, Andreoni reported increased photosensitivity by a

tranSformed rat thyroid celt line compared to normal rat

thyroid cells lAndreoni et aI., f983] . However Chang and

Dougherty tI978l reported malignant ceIIs (HeLa, PC-l )

accumulated HPD at the same rate as normal ceII lines (CHO,

L92g) . Moan et aI. tI98fl showed C3H cells of greater oncogenic

potential accumulated slightly more HPD but had the same

photosensitivity as normal ceIIs. Bohmer and Morstyn t19851

also showed malignant and normal ceIIs took up equivalent

amounts of HPD. The conflict in the above results is not

easily explained and may reflect differences in the cells and

assay methods.

The stage of the cell cycle may affect the uptake of HPD

and subsequent photosensitivity. There $¡as no alteration in HPD

uptake or photosensitivity throughout the cell cycle of

synchronised Chinese hamster ovary (CHO) ceIIs lGomer and

Smith, 19B0l. Hohrever photosensitivity of NHIK 3025 celIs after

incubation with HP increased more than a hundred fold from

early GI to a maximum in mid S lChristensen et al., L979) ,

There was increased uptake of HP in S phase [Christensen and

Moan, 19801. It r¡¡as also suggested that the capacity for repair

of sublethal damage may be greater in early GI [Christensen and

Moan , l-g7gl. Variations in the effect of ceII cycle on uptake

of porphyrin may reflect differences in the cell Iines or the

porphyr i ns .

The kinetics of the uptake and loss of HPD by cells
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in vitro has been studied extensively. When cells are incubated

in HPD, there is rapid initial uptake of HPD over the first
30min to 2h and slowe.r uptake over the next 24ll [Berns et al. r

1983; Henderson et aI., 1983; HiIf et al., 19831 . The HPD

initialty taken up by the cells is loosely bound and can be

easily washed out of the celIs with serum-rich medium

[Christensen et al., 1983]. As the incubation time is extended,

the proportion of tightly bound HPD in the cells increases

[Henderson et aI . ¡ 1983; Bellnier and Lin , 1983; Moan et

aI., 19841. The tightly bound fraction appears to contribute

far more to the photosensitivity of cells. Bellnier and Lin

lf983l incubated ceIIs with HPD under varying conditions which

alI resulted in the same intracellular concentration of HPD.

CeIIs containing tightly bound HPD were more photosensitive

than those containing Ioosely bound HPD. Similar experiments

by Henderson et al. [1983] and Christensen et aI. t19831 also

showed that tightly bound HPD $¡as a more efficient
photosensitizer.

The chemical composition of the tightly bound porphyrin

fraction and the sites of intracellular localization have been

examined. The most hydrophobic porphyrins in HPD were taken up

and retained selectively by ceIls IMoan and Sommerr I984;

Kessel , 1-984al. Hydroxyethyl vinyl deuteroporphyrin (HVD) and

protoporphyrin (PP) \^rere readily taken up by cells but easily

washed out. The tightly bound porphyrins extracted from the

cells vüere shown to be HP [Kessel and Chou' I9B3]. Since HP is

too hydrophilic to cross Iipid rich membranes, intracellular

conversion of the porphyrins, possibly by a gradual breakdown

of hydrophobic aggregates, is Iikely.

Efficiency of phòtoinactivation of cells increased with
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increasing fluorescence quantum yield. Since highly aggregated

porphyrins have a low fluorescence guantum yield lMoan ",tq
Sommer , 1-9841, this suggests that the intracellular photoactive

porphyrins are not highly aggregated. An increase in intensity

of intracellular fluorescence vras observed with increasing

incubation time, suggesting that the porphyrins gradually

disaggregate within the ceIls [BeIInier and Lin, f983].

The location of intracellular porphyrin is dependent on

the duration of incubation wi th HPD. A short incubation

resulted in membrane damage after irradiation but a longer

incubation resulted in DNA damage without damage to cell

membranes [Christensen et aI., 1983]. A long incubation may

allow HPD to migrate to more sensitive internal sites within

the cell. After incubating cells in HPD fox 20t:, fluorescence

of intracellular porphyrin \iras localized in the perinuclear

region, an area of high mitochondrial and lysosomal density

lBerns et âI., 1983ì L984a]. Sites of intracellular damage will

be considered below.

(ii). Influence of serum on uptake of HPD

There is a strong affinity of binding between porphyrins

and serum proteins, particularly albumin and haemopexin

[Mutler-Eberhard, L97O; I"lorgan and Muller-Eberhard, L972i

Muller-Eberhard and Morgan , 1-975; LamoIa et aI., t98Il .

Therefore, transport of HPD in the body must be largely

mediated by serum proteins. At therapeutic concentrations, 853

of HPD is bound to human serum albumin [Grossweiner and Goyal t

1984l. A recent report has also suggested that lipoproteins may

be carriers of porphyrins in the serum lKessel et al. r f9B6] .

Uptake of HPD by cells in vitro was reduced by J5e" in the
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presence of I03 serum, vJith a corresponding decrease in the

efficiency of, photoinactivation [Moan et al., L979; Moan and

christensen, 19811. uptake of 3H-Hpo *u" reduced by serum, with
rå serum decreasing uptake of HpD by 50ed [Gomer and smith,
19801. Serum inhibited the photodynamic killing of

retinoblastoma cerls but heat inactivation of serum had no

additionar effect, indicating that complement did not play a

role in the inhibitory effect of serum [Sery, I9791. Binding of

HPD to cells may therefore be inhibited by competitive binding

to serum proteins.
(iii U take and retention of HPD in tumours

The use of fluorescence of HPD for diagnosis of tumours

has been considered in section (b). Early studies of

fluorescent detection of porphyrins showed tumours accumulated

greater levels of porphyrin than normal tissues [Figge et aI.,
I9561 . Carpenter ët a1. ÍI977 I demonstrated that fluorescence

htas more intense at the periphery of tumours where the tumour

invaded the surrounding normal tissue and blood vessels. NormaI

muscle did not fluoresce. Later studies, using radioactively
Iabelled HPD, showed uptake in normal tissue as well as

tumours. Higher levels of 3H- and l4c-Hro were detected in
Iiver, kidney and spleen than in SMT-F mouse mammary carcinoma.

There s¡as less 3H- or l4c-npn in skin, heart, muscle and brain

than in tumour lGomer and Dougherty, L979]. These results $¡ere

confirmed by Evensen et al. I19B4a] , who examined 3n-Upp uptake

i¡r mrce wrtn Lerrrrs lung carcinoma. There was greater uptake of
3H-Hpn in the eyes of 'mice with human retinoblastoma

transplants than in normal eyes lGomer et aI., 1982] . Gomer

and Dougherty I1979] claimed there was no exchange of the

radioactive label on HpD, as I4c-rno and 3u-ttpo gave equal
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tissue levels. However it is possible that the radioactivity

detected in tissues may be a breakdown product of HPD. Gomer

and Little I 1984 I demonstrated breakdown of 3n-npo into

radioactive fragments, so results should be assessed with

caution. Fluorescence uptake studies may also be criticized, as

tissue, pârticularly if highly pigmented, may cause quenching

of the fluorescence and thus not give an accurate indication of

HPD IeveIs.

Localization of HPD within tumours has been investigated

both by fluorescence and by autoradiography with 3n-upo. The

technical limitations mentioned above also apply here. 3r-"ro

autoradiography of SMT-F mouse turnour showed that the highest

grain densities r^¡ere over the pseudocapsule, necrotic areas and

the vascular stroma of the tumour rather than in the tumour

celIs. The macrophages of the vascular stroma retained 3H-Hpo

for the longest time lBugelski et aI., 198f] .

The reasons for the relative specificity of uptake and

retention of HPD in tumours are stiII unclear. Malignant ce1ls

do not appear to accumulate increased levels of HPD in vitro

when compared to normal cells. Cozzani et aI., [198I] showed

clearance of porphyrins from malignant ce1ls was slower than

from normal cells. The altered vascularity of tumours (Chapter

9) may be important in determining specificity of uptake of

HPD. The uptake and retention of HPD in phagocytic ceLls of the

reticuloendothelial system suggests that phagocytosis may be a

major mechanism of uptake. A constant ratio of extracellular

to intracelLular porphyrin in normal Iiver and ascÍtes

hepatoma r suggesting passive diffusion, has also been

demonstrated ÍCozzani et aI.r I9BIl.
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The interstitial pH of tumours may also be an important

factor in determining the specificity of uptake of HPD. The

interstitial fluid of tumours has a low pH [GuIIino et aI.¡

f9651 . Moan et al. [1980a] showed that cellular uptake of HP

increased with decreasing extracellular PH, suggesting a Iower

pH may increase uptake of HPD into tumours.

(iv). Mechanisms of clearance of HPD

Porphyrins appear to be cleared from the body by

metabolism in the liver and excretion through the biliary

tract, with only a very smalI amount of porphyrin being

metabolised by the tumour cells or excreted in the urine [Jori
et al., L9791 . Carpenter et aI. LL977 I also observed intense

fluorescence in the biliary tract.

(e). Mechanisms of cellular damage by HPD and tight

(i). Oxygen dependency of the phototoxic process

Photodynamic ínactivation of ceIls by porphyrins occurs

only in the presence of oxygen. Studies by a number of workers

confirm this.

Deoxygenation of culture medium by bubbling with nitrogen

inhibited inactivation of Saccharomvces cerevisae by HP and

tight IKvello Stenstrom et aI. r 19B0] . Photodynamic

inactivation of Herpes Simplex virus by HPD and Iight was also

inhibited in deoxygenated medium ILewin et al., I9B0]. However'

phosphatidylcholine lysosomes sensitized with HP were lysed

when irradiated under nitrogen flushing conditions lGrossweiner

et aI., T9821 . Oxygen tension was not measured r so it is

possible lysis $ras mediated by trace amounts of oxygen.

The formation of an HP radical after irradiation was

demonstrated by electron spin resonance (ESR) spin trapping. NZ
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flushing inhibited production of the radical, indicating its

production was dependent on the presence of oxygen [Moan et

al., r.9791 .

The absolute requirement for oxygen f.ox the photodynamic

destruction of Raji cells sensitized with HPD was shown by Lee

See et aI. t1984l . Graded arnounts of sodium dithionite vûere

added to phosphate buffered saline (PBS) to give precise

measured oxygen tensions. At a pOZ of 0, there was no

photodynamic inactivation of Raj i ce11s. V'iith increasing oxygen

tension, there $¡as a proportional increase in

photocytotoxicity. Hypoxic V79 ceIIs were also extremely

resistant to photodynamic damage mediated by HPD IMitcheIl et

aI., 19851 . Moan and Sommer I1985] showed efficiency of

photoínactivation of HPD-sensitized NHIK 3025 celIs decreased

with decreasing oxygen concentration and photoinactivation did

not occur in N2.

The requirement for oxygen for photodynamic damage has

also been demonstrated in vivo. Clamping of mouse legs prior to

PDT completely abolished photodynamic damage to the skin. This

vras attributed to reduced oxygen tension lGomer and Razum,

r9841.

The dependence on oxygen for photodynamic damage implies

that hypoxic areas of tumours may be inadequately treated.

However complete tumour regressions after PDT have been

extensively reported (see (c).). Tumour necrosis can not depend

entirely on direct photodynamic destruction of tumour cells but

alternative mechanisms of tumour destruction such as vascular

damage must also be important.

ii). RoIe of sl no Iet oxvc¡en and other toxic oxygen species

The requirement for oxygen in photodynamic damage mediated
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by HPD been discussed above. The nature of the active oxygen

species and the mechanisms of action have been intensively
studied.

Singlet oxygen (102) $ras first implicated in the

photodynamic activity of HPD by fVeishaupt et al. Í19761. Ir3-
diphenylisobenzofuran completely inhibited the photodynamic

inactivation of TA-3 mouse mammary carcinoma. Quenching by

furans of the photodynamic activity of porphyrins has also been

reported by other authors lBodaness and Chan, L977¡ Ito, L97B¡

Dixit et aI. ¡ 1983; Das et aI., 19851 , supporting the

hypothesis that 'o, plays a major role in the photoactivity of

porphyr ins. Ho$¡ever 'o, is not the onl.y species which causes

the degradation of furans. Almost any oxidant (eg. halogens,

peracids or air) will convert furans to diketones IKrinsky,
L97el.

Deuterium enhancement is commonly used to detect 'Or.. An

increase in the lifetime of 'O, from 2 to 20 microseconds

results in a ten fold increase in the efficiency of

photooxidation in D20 compared to water IMerkeI and Kearns,

J-9721. Enhancement of HPD- or HP-mediated phototoxicity in

deuterated buffers has been reported. Photoinactivation of NHIK

3025 cells by HP and light was enhanced in deuterated buffer

lMoan et al ., L979; l,toan and Boye, L981]. Deuterated medium

potentiated the inactivation of yeast cells by HP and Iight

lXvelIo Stenstrom et aI .¡ 1980; Ito, 198I]. There hras a greater

quantum yield of tO, in deuterated buffers after HPD solutions

were irradiated lMoan and Sommer , L98f]. Photooxidation of

NADPH by HP vras also enhanced in D2O [Bodaness and Chan, L977].
5IC, release after irradiation of HPD-sensitized Raji cells vras
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enhanced in DrO buffer [Lee See, 1985].

Photooxidation of tryptophan has been used to measure 'O,
IMoan and Sommer, 1981; Moan, 1984]. Grossweiner II984] claimed

tryptophan oxidation in human serum albumin/tlv complexes vras

mediated by 'Or. Irradiation of HPD solutions resulted in
tryptophan degradation ILee see, r985]. However tryptophan may

be degraded through a type I reaction (electron transfer from

the triplet state of Hp) without any involvement of 'O, lRossi

et al., t98Il.
Azide, histidine, methionine, beta-carotene and ascorbic

acid have all been claimed to be specific quenchers of 'or.
Yeast cells sensitized with HP were protected from photodynamic

damage by sodium azide lKvello Stenstrom et aI., 1980 i lto,
f98Il. The photooxidation of NADPH by Hp $ras quenched by

histidine and methionine IBodaness and Chan I L9771. Destruction
of cytochrome P-450 by HPD and light hras inhibited by

histidine, beta-carotene and ascorbic acid IDixit et al., 1983;

Das et aI., 19851 . 51Cr release after irradiation of HpD-

sensitized Ra j i celIs rÁras inhibited by both azide and histidine

lf,ee See, I9851 .

Vitamin E (a1pha-tocopherol) has been claimed to be a 'O,
quencher although it also traps other free radicals lForman and

Fisher, l9Bll. vitamin E protected lysosomes sensitized with Hp

from photodynamic damage [Torinuki et al., 198Oa; 1980b] and

also protected PP-sensitized fibroblasts against photolysis

lWakulchik et aI., 19801.

The hydroxyl radical ('OH) has al-so been implicated in the

photodynamic activity of HPD. Benzoate, mannitol, ethanol

thiourea, formate, dimethyl sulphoxide and albumin have all
been claimed to be quenchers of 'OH lBors et aI.¡ f982].
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However reactions may also occur between these quenchers and

other radicals. Photodynamic destruction of HPD-sensitized

cytochrome P-45O bras inhibited by benzoate, mannitol and

ethanol [Dixit et aI., 1983; Das et aI., 1985J but

photooxidation of NADPH by HP was not inhibited by benzoate or

mannitol lBodaness and Chan I L977). This may reflect
differences in the experimental systems and the

photosensitizíng porphyrin. Dimethyl sulphoxide, ethanol and

mannitol inhibited 5ICr release after HPD-sensitized Raji cells

$¡ere irradiated ILee See, 1985] .

Degradation of hyaluronic acid has been used to detect 'OH

in non-ceIlular systems IBetts and CIeIand , L982). Lee See

II985] showed. hyaluronic acid degradation occurred after
irradiating HPD, implying that 'OH was produced.

Hydroxyl radj.cals may be detected using appropriate spin

trapping compounds in electron spin resonance (ESR). Specific
'OH adduct signals were detected after irradiating solutions of

HPD or Photofrin II lBuettner, 1985; Buettner and Need, 1985].

Further evidence for the production of 'OH by HPD ldas also

provided by demonstrating the formation of thymine glycols in

the DNA of PDT-treated celIs [Hariharan et aI.' 1980].

The role in PDT of other active oxygen species, suPeroxide

(oZ ) and hydrogen peroxide (Hro2) t is unclear. Spin adducts

from O.- were detected by ESR after irradiation of PP
z

lBuettner and Oberl"y, L9791 and HP [Cox et al. ' 1982] .

Peterson et aI. II98f] suggested that irradiation of HPD

generated O2-, since nitro blue tetrazolium (NBT) \das reduced

in the photodynamic reaction and the reduction was inhibited by

superoxide dismutase (SOD). In contrast, Gibson et aI. tI984l
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showed ferxicytochrome C and NBT were not reduced after

irradiation of HPD. SOD did not inhibit photodestruction of

either HPD-sensitized cytochrome P-450 [Dixit et aI.¡ f983; Das

et aI., I9B5l or NADPH [Bodaness and Chan , L977] . Lee See did

not detect any inhibition by soD of 5lct release from HPD-

sensitized Raji cells after irradiation ILee See, I9B5J .

Therefore it is unlikely that 02- causes photodynamic damage to

cells, although Or- may be produced by irradiating HPD in non-

cellular systems.

Production of HrO, may be deduced from the protectivè

effect of catalase on photodynamic reactions. This has not been

observed with porphyrins. HPD'sensitized photoinactivation of

cytochrome P-450 $ras not inhibited by catalase [Dixit et aI.,

1983 i Das et al . , I9B5l . Lee See I 1985] did not observe

inhibition by catalase of 51c. release from Raji cells after

PDT. In contrast, a recent report by Buqttner and Need t19851

suggested that HZOZ $¡as produced after irradiation of Photofrin

II. Detection of the 'OH spin adduct by ESR was inhibited by

catalase, implicating HZOZ in the production of 'OH. Ho!.¡ever

this does not mean that HZO2 plays a primary role in

photodynamic damage to cells, but it may be a precursor of a

cytotoxic species, possibly 'OH.

In conclusion, there is considerable evidence for the

production of tO, and 'OH when HPD is irradiated and these

toxic species cause photodynamic damage to ce1Is. When

considering the role of toxic oxygen species in the

photodynamic inactivation of cells, the lack of specificity of

some of the assays fox a single reactive species must be

considered. The roles of 02- and H2OZ are less clear but they

are probably not the main species causing damage to cells
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during PDT.

(iii ) . Membrane protein damage

Photoactivation of intracellular porphyrin causes membrane

damage resulting in cell lysis. Membrane proteins are important

sites of photodynamic damage and the nature of this damage witl
be considered below.

Photodynamic damage to cell membranes has been

demonstrated in morphological studies. Electron microscopy of

NHIK 3025 cells after PDT showed membrane vesiculation, celI
swelling and reduction in the number and size of microvilli

[Moan et al., 1982a] . Photodynamic damage to HP-sensitized

Iymphoma cells resulted in the formation of vacuoles and

uropod-like structures, followed by disruption of the plasma

membrane [CoppoIa et al., 1980].

Membrane damage resulting from the photoinactivation of

cells can be shown by the rel-ease of 5lcr [Ranadive et al.,
l-g79; BeIInier and Dougherty, f9821. 5ICt release corresponded

with cell death as measured by colony formation. This will be

discussed in more detail in Chapter 2.

Photodynamic damage to ceII membranes has been studied

using erythrocyte ghosts as model systems. After lreating
ghosts with PP and light, formation of large aggregates of

membrane proteins \^ras demonstrated by sodium dodecyl sulphate

(SDS) polyacrylamide gel electrophoresis (PAGE). The aggregates

$rere stable in SDS-8M urea, indicating the formation of

covalent bonds. A loss of histidine, cysteine, tyrosine and

tryptophan from membranes suggested that photooxidation of

these amino acids resulted in cross-linking of membrane

proteins IDubbelman et al., 1978; Girotti, 1979] . The major
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cross-Iinks h¡ere between histidine-sulphydryl groups and

histidine-arginine IVereweij and Van Steveninck, L982], which
lsuggests -O2 is involved in the formation of cross-Iinks, since

histidine is a quencher of 'Or. Carbohydrate residues $rere not

susceptible to photodamage and peroxidation of unsaturated

fatty acids was not involved in the cross-Iinking of proteins

lDeGoeij et al., I9761. A greater number of protein aggregates

v¡ere f ormed if the cells $¡ere irradiated at 0o, suggesting

membrane ftuidity v¡as a factor in photodynamic damage

lDubbelman et aI ., l-980a1 . Cross-Iinking was initiated by

irradiation of photosensitized cells but continued after
irradiation. Cross-Iinking may therefore be a secondary process

between photooxidised amino acids and other reactive groups,

rather than the primary event causíng photodynamic damage to

cel Is .

Photodynamic damage to cells modifies the function of

membrane-bound enzymes and membrane proteins involved in

transport processes. Uptake of nucleosides and amino acids vras

inhibited after treating L1210 cells with HP or PP and light

Ixessel t L97'7ai L977b]. Cross-linking of membrane proteins

correlated with a decrease in cycloleucine transport after PDT

IKohn and Kessel , I979]. Photooxidation of membrane proteins

inhibited active transport of glucose, L-leucine, sulphate and

glycerol into erythrocytes IDubbelman et aI., I980b] . ActÍve

transport of Na* and K* was inhibited by photodynamic damage to
fI

Na'K'-dependent ATPase ISchothorst et aI ., 197f] . The active

transport systems for aminoisobutyric acid and Rb+ in L2g2

fibroblasts v¡ere also sensitive to photodynamic inactivation by

HPD IDubbelman and Van Steveninck, L984]. However these
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required for the formation of protein cross-rinks,
that cross-links represent secondary damage and need

for the deterioration of membrane function.
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than those

indicating

not occur

(iv). Membrane lípid dama ge

The production of toxic oxygen species after
photoinactivation of HpD results in the photooxidation of
tipids in the celr membrane. As discussed above, lipid
peroxidation does not lead to the formation of protein cross-
Iinks but membrane fipid damage wilt lead to alterations in
membrane permeability and function which may kirr the celr.

HPD-sensitized phosphatidyr choline liposomes undergo

lipid peroxidation and lysis after irradiation lGoyaI et aI.,
r9B3; Grossvreiner , L984¡ Reyftman et ar . , r9g5l .

Malondialdehyde formation, which resurts from ripid
peroxidation, was measured after irradiation of pp-sensitized

erythrocyte ghosts IGirotti, l-979; cirotti et ar. ¡ l9g5] . Lipid
peroxidation has also been detected after irradiating Hp-

sensitized erythrocytes ISorata et ¿1. r I9g4] . This was

suppressed by sodium azide, indicating that ripid peroxidation
was mediated by'Or. Cholesterol in HP-sensitized liposomes r^¡as

also photooxidised r confirming 'o, was involved in the
photodynamic process ISuwa et aI., L977] .

(v). DNA damaqe

AJ.though the cerl membrane is a major site of photodynamic

damage, there is evidence that the celrular DNA is arso damaged

by PDT. This is very important, since any alterations to the

DNA may lead to mutations and possibry the development of
cancer.

Porphyrins bind and intercalate into isolated DNA IFiet et
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a1., L979J . The photodynamic modification of DNA by HP

resulted in selective photooxidation of guanine onlyr with
cross-Iinks formed between guanine and tryptophan or histidine

lGutter et aI. L977; Dubbelman et âI., 1982]. Irradiation of

HPD-sensitized isolated DNA caused both single and double

strand breaks lPiet et aI., I98I; Boye and Moan, I9B0].

Photodynamic damage to the DNA of intact cells has been

reported by a number of authors. Blazek and Hariharan t1984l

detected DNA strand breaks and covalent DNA-protein cross-Iinks
after irradiation of HPD-sensitized cel1s. Repairable DNA

strand breaks vrere caused by irradiation of HPD-sensitized

cells but at a lower frequency than that occurring after X-ray

treatment IGomer, I980; I'toan et aI . ¡ 1980b] .

Sister chromatid exchange has been demonstrated after
irradiation of photosensitized ceIIs IMoan et a1. r 198Ob;

Christensen et al., 19831. In contrastr Waksvik et aI., I1980]

did not show an increased frequency of sister chromatid

exchanges after irradiating HP-sensitized celIs. Chromosomal

aberrations localized around the telomeric and centromeric

regions \¡rere also reportea lEvensen and Moan , L9B2].

The occurrence of DNA and chromosome damage after PDT

suggests that PDT may cause mutations or the development of

cancer. Gruener and Lockwood lLgl9l considered whether lO, 
^uy

act as a primary mutagen or carcinogen. The number of oubain-

resistant mutants produced in CHO celIs by treatment with Rose

bengal and líght vras enhanced by DzO and reduced by 'O,
guenchers, suggesting that 'O, causes mutations. A recent study

by Gomer et aI. II984b] examined the mutagenic potential of

HPD-PDT. The rate of mutation causing resistance to 6-
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cells râJas examined . In contrast to U . V. or X

did not increase the rate of mutation. The

strand breaks after PDT compared to ionising

suggests cellular mutation may not be common

(vi) . Mitochondrial damage

When HPD is taken up into isolated cells, it is associated

with the mitochondria IBerns et aI., 1982] . Fluorescence

microscopy demonstrated a perinuclear pattern of HPD uptake,

which correlated with the distribution of mitochondria and

lysosomes in the cells. The large mitochondria of myocardial

cells v¡ere also fluorescent.

Treatment of isolated mitochondria with PP and Iight
resulted in uncoupling and inhibition of oxidative
phosphorylation, energy dissipation, and inhibition of

respiration followed by swelling and disruption of the

mitochondria [Sandberg and Romslo , L980] . The Ca2+ pump v'¡as

inhibited after treating isolated mitochondria with HP or HPD

and light lSalet and Moreno, I98l; Salet et al., 1984] .

Photodynamic damage to PP-sensitized mitochondria was enhanced

by Dzo and inhibited by azide, suggesting 'o, $¡as the toxic
agent ISandberg and Romslo, 1981] .

Photodynamic inactivation of mitochondrial enzymes has

also been demonstrated. Proton-translating ATPase IPerlin et

aI., 19851, cytochrome C oxidase lGibson and HiIf, L983], and

succinate dehydrogenase IHiIf et â1 ., 1984a; .f984b] were aII

inhibited by HPD and Iight. Enzymes associated with the

mitochondrial membrane h¡ere more susceptible to photodynamic

damage than those located in the mitochondrial matrix or in the

cytosol IHilf et aI., 1984a], suggesting that mitochondrial
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membranes may be a primary site of photodynamic damage.

. Morphologic studies have demonstrated that mitochondrial

damage is detected soon after irradiation of HPD-sensitized

ce1ls. Mouse lymphoma cells treated with HPD and Iight vtere

examined by electron microscopy [CoppoIa et aI., 1980]. The

earliest detectable damage r^ras mitochondrial contraction

foltowed by swelling and ruptured cristae". SimilarIy, shrinkage

of the mitochondria vras the first sign of damage after

irradiation of HPD-sensitized NHIK 3025 cells [Moan et al.,

I982al. Mitochondrial damage in human adenocarcinoma cells

after PDT 
.was 

demonstrated by electron nìicroscopy ITatsuta et

al., 19841. Moreno and SaIet tI985l used laser microirradiation

on single myocardial cells sensitized with HPD. At low Iight

doses, irradiation of the mitochondria caused cell death but

irradiation of the nucleus or cytoplasm had no effect.

Mitochondrial damage $ras also an early event after irradiation

of a rat transitional cell btadder tumour in the intact animal

IKlaunig et al. r 1985] .

Mitochondria preferentially accumulate HPD and show the

earliest detectable photodynamic damage. Inactivation of

respiratory chain enzymes associated with¡ the mitochondrial

membrane results in loss of mitochondrial function and

rupture, hence cellular inactivation.
(vii) . Lysosomal damage

Lysosomes accumulate HPD, shown by fluorescence in the

perinuclear region of celIs which is an area of high lysosome

concentration IBerns et aI. I982] .

Lysosomal damage mediated by porphyrins and Iight v¡as

demonstrated by Allison et al. tt966l and Slater and Riley
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tt966l. Lysosomal enzymes, acid phosphatase and beta-

glucuronidase, vrere released after irradiation of HP-sensitized

isolated lysosomes. Malondialdehyde formation, indicating Iipid
peroxidation, $¡as also detected ITorinuki et aI., 1980a;

I980bl. The lysosomal enzymer. N'acetyl-beta-D-glucosaminidase

was released from HP-sensitized human fibroblasts after

irradiating with Iow'light fluxes that resulted in minimal

morphological damage Isantus et aI., 1983]. Lysosomal damage

may therefore be an early event in photodynamic damage to

celIs.
However other studies have suggested Iysosomal damage may

not be important for photocytotoxicity. Lysosomal enzymes brere

released after irradiation of HPD-sensitized NHIK 3025 ceIls

but leupeptin, a lysosomal enzyme inhibitor, did not protect

the cells from photodynamic damage [Christensen et al., L982] .

PP-sensitized fibroblasts llVakulchik et al., 1980] or isolated

lysosomes [Sandberg, 1981] did not release lysosomal enzymes

after irradiation. The apparent contradictions observed in the

susceptibility of lysosomes to photodynamic damage may possibfy

be due to the different porphyrins. Lysosomes sensitized with

HP but not with PP were damaged by irradiation. Differences in

hydrophobicity of the two porphyrins may modify the uptake into

lysosomes and hence photosensitivity.

Therefore, while lysosomes are damaged in photodynamic

reactions, it is not clear if this is important for the

inactivation of ceIIs.
(viii) . Vascular damage

As discussed earlier, uptake and retention of HPD is

greater in the vascular stroma of tumours than the tumour cells

[Bugelski et aI.¡ f98f]. HP binds to fibrinogen and prolongs



30

the clotting time after irradiation IZieve and Solomon, 1966¡

l'lusser et al., L9791 . This could result in haemorrhage in

tumours. It is therefore likely that the tumour vasculature

wiII play an important role in tumour destruction.

There have been a number of reports of vascular damage in

tumours af,'ter PDT. An increase in vascular permeability vùas

observed after irradiating normal rat ears sensitized with

porphyrin C [Barker et al.r 1970]. Irradiation of HP-sensitized

Yoshida ascites hepatoma in rats resulted in massive

coagulation necrosis 24l;r after irradiation ITomio et â1.,

19831. Damage to the tumour vasculature during PDT has been

observed directly by Star et aI. I1984] who grer^t rat mammary

carcinoma in "sandwich" observation chambers. As HPD-sensitized

tumours b¡ere irradiated, blanching of the smaIl blood vessels

$tas observed, followed by a complete stop in tumour

microcirculation. The blood flow in the tumour vasculature was

more sensitive to PDT than in normal blood vessels.

Tumour blood flow (measured with radiolabelled

microspheres) was significantly reduced after irradiation of

HPD-sensitized Ay-27 rat urothelial tumours ISeIman et a1.,

1984; f9851. The reduction in blood flow correlated with tumour

regression..

Studies in vitro have also provided evidence that damage

to vasculature rather than to tumour celIs causes photodynamic

damage to tumours. Musser and Data-Gupta [1984] demonstrated

tumour necrosis after irradiating HPD-sensitized Ll2l0 solid

tumours in mice. However, when they injected HPD into a tumour

bearing mouse and isolated the tumour cells, these cells were

not kiIled by irradiation in vitro and contained very low
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Ievels of intracellular HPD. This implies that tumour necrosis

in vivo could not have resulted from direct tumour cell

destruction. The same conclusion vJas reached by Henderson et

aI. t1984, 19851 . HPD Ì^ras administered to mice with EMT-6

tumours and the tumours irradiated. Tumours vJere removed at

varying times after irradiation and the tumour cells assayed

f or viability by colony formation. There v.ras no reduction in

viability of tumour ceIls isolated directly after irradiation

but viability in vitro $ras reduced if the tumours !üere lef t in

the mice. This reduction corresponded to the rate of reduction

in viability if the blood vessels leading to the tumours were

clamped. This suggests one of the main factors causing tumour

destruction may be occlusion of the vascular system.

( ix ) . Effect of hvperthermia on efficacy of PDT

The light fluxes used in PDT vary considerably, but may be

as high as 600mW with total energy delivered up to 360J

IDougherty et al., 1985] . These li9ht intensities may be

expected to heat the tumours and surrounding tissue. During

irradiation, temperatures of up to 50o at the point of

insertion of a fibre delivering 20OmW b¡ere measured. Tumour

regressions without HPD sensitization were attributed to

hyperthermia [Kinsey et aI., 1983] . Berns et aI. t1984l

recorded similar temperature rises in tumours during

irradiation.

Lipson and Baldes t 1960bl first suggested that

hyperthermia may act in combination with PDT. They showed an

additive effect of PDT followed by heat on the efficacy of

destruction of mouse tumours. Since this initial report t

enhancement by hyperthermia of the response to PDT has been

noted by a number of authors. Doses of heat that did not cause
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tumour or tumour cell destruction alone, caused enhancement of

PDT [MeIloni et aI., 1984; Wa1dow and Dougherty, 1984; Waldow

et aI.¡ 1984; Christensen et al., 19841. The seguence of PDT

and hyperthermia ís important in modifying the efficacy of PDT.

Heat delivered immediately after irradiation is synergistic
with PDT, but the synergistic effect is reduced by a greater

interval between PDT and heat. Heating of the tumour before

irradiation is only additive with PDT and not synergistic

[IVaIdow et al., 1985] . Hyperthermia reduces tumour blood flow

[Bicher et al., 198f] . This could result in increased vascular

damage and more efficient tumour destruction.

Tumour destruction by PDT does not result from a pure

photodynamic reaction, with heating of the tumours also being a

factor. Hov¡ever, this is not necessarily a disadvantage and

Iocalized heating applied immediately after irradiation may

improve efficacy of treatment.

(x). Cytotoxicity of HPD without Iight
Although the combination of HPD plus light is required for

tumour necrosis in vivo, there have been a number of reports

that HPD alone has cytotoxic effects on isolated ce1ls.

The growth of rat kangaroo epithelial kidney celIs v¡as

inhibited by HPD without irradiation lBerns et al., 1982]. HPD

alone inhibited incorporation of 3H-thymidine into Ll2IO cells

in vitro [Franco et aI. ¡ I98f ]. Leukaemic cells v,rere killed by

PP without irradiation, but normal lymphocytes $rere resistant

to non-phototoxic damage IMaIik and Djaldetti, I9BOat 198Ob].

PP alone supressed protein synthesis by human granulocytes,

Iymphocytes and platelets [MaIik et al. r L979) .
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(f). Chemical composition of HPD

Haematoporphyrin derivative (HPD) vras first described by

Lipson ILipson and Baldesr I96Oa; Lipson et a1.¡ 196la; 196Ib]

as a tumour local-ízer superior to HP. HPD is a complex mixture

of porphyrins and since these initiat studies, there has been

considerable effort expended to determine the . chemical

composition of HPD and the nature of the porphyrin (s)

responsible for the tumour localizing and phototoxic

properties

The chemical composition of HPD and the nature of the

active species wiII be considered in Chapters 4 and 5.

(g) . Cutaneous photosensitivity

The major side effect of PDT is severe cutaneous

photosensitivity for 4 to 6 weeks after HPD infusion. This

IÍmits the application of PDT, particularly in minor cases,

such as basal cell carcinoma, where effective PDT is possible

but alternative forms of therapy may be preferred to avoid

photosensitization of the patient. Methods to minimise

photosensitivity should be intensively investigated.
(i). Use of guenchers to modify photodamaqe

Quenchers of 'o, or other toxic oxygen species may be

useful in minimising cutaneous photosensitivity. Quenchers have

been used to control cutaneous photosensitivity in patients

with erythropoietic protoporphyria where elevated leveIs of PP

are found in the skin. Beta-Carotene partially protected both

HP-sensitized erythrocytes from photohaemolysis and mice

sensitized with HP against photodynamic skin damage IMosheIl

and Bjornson , J-977). Mice with chemically induced porphyria

were partially protected by beta-carotene from skin damage



34

after irradiation [Mathews-Roth, L984] . Beta-carotene is
partially effective in reducing photosensitivity in patients

with erythropoietic protoporphyria lMathews-Roth, L982']. There

have not been any reports of the efficacy of beta-carotene in

reducing cutaneous photosensitivíty after administration of

HPD. Other quenchers of reactive oxygen species ( see (e).(i).)

should also be examined for their efficacy in reducing

cutaneous photosensitivity.
(ii). Methods to improve specificity of uptake of HPD

Cutaneous photosensitivity could also be minimised by

improving the ratio of HPD uptake between tumour and skin or

other normal tissues. This would allow a lower HPD dose to be

administered to achieve the same concentration in tumours.

The therapeutic ratio could be improved by administering

only the active fraction of HPD if this fraction had greater

tumour specificity. A smaller total dose of porphyrin could

also be administered. This approach to improving the efficacy
of PDT will be considered in detail in Chapters 4 and 5.

New porphyrins with different tumour specificity or withr

more rapid clearance from the body to reduce the duration of

photosensitivity, may also be useful . As an example ' the

, both in vitro and in vivo r wi IIphotoactivity of porphyrin C

be considered in Chapters 4 and 5.

Coupling porphyrin to a tumour-specific antibody to target

the delivery of porphyrin to the tumours may improve the

therapeutic ratio. l"lew et al., I1983] coupled HP to a

rnonoclonal antibody directed against a mouse tumour. Antibody-

specific uptake of the HP-antibody conjugate with conservation

of the phototoxic properties of HP htas demonstrated. This

approach to improving the efficacy of treatment wilI be
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considered in Chapter 6.

Liposomes may be potentially useful to improve the uptake

of porphyrins into tumours. Irradiation of Iiposomes sensitized

with HpD resulted in peroxidation of the liposomal membrane

lcoyãI et aI., 19831 . HP incorporated into liposomes htas taken

up into HeLa cells more readily than free HP, resulting in

greater photodamage to the cells lCozzani et aI., 19851 .

Increased preferential uptake of liposome-bound HP into Yoshida

hepatomas in rats $ras reported, with a tumour : liver ratio of

34:l compared to 4:5 vrith free HP lJori et aI., 1983]. These

results suggest liposomes may potentially increase preferential

uptake of porphyrins into tumours. Liposomes are readily taken

up by phagocytic cells but do not migrate across capillary

walls and would not reach extravascular tumour tissues IPoste

et al., L982) . T.his may limit the usefulness of liposomes to

deliver porphyrins to tumours unless the vascular system is the

main site of damage for tumour destruction and

photosensitization of the tumour celIs themselves is not

important.
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CHAPTER 2

51VALIDATION AND CHARACTERISTICS OF Cx RELEASE

AS AN ASSAY OF PHOTOCYTOTOXICITY IN VITRO

(a). Introduction

To examine the photodynamic activity of porphyrins in

vitro r âo assay $Jas required that would provide a rapid and

reliable measure of cellular damage by porphyrins and Iight.

The sensitivity of the assay had to be adequate to detect

differences in the photoactivity of the porphyrins. It was also

hoped that some conclusions about the mechanism of the

photocytotoxic process could be drawn from results of the +å€-

assay.
5 lc, release râras examined as a measure of

It has been used extensively to measure

particularly in antibody-dependent cel1 mediated

assays ISuIlivan et aI. ¡ L972; wigzell ' 1965] '
membrane damage lBrunner et aI., 196B; Henney,

binds to intracellular proteins IBunting et aI.,

19691 and its release parallels membrane damage d

trypan blue uptake lSullivan et â1., 1972] and

release from mast cells lRanadive et al., L979] .

Other parameters of cytotoxicity were also

assess the validity of 5Ic, release as a

phototoxicity. Inhibition of 3H-thymidine uptake

formation on semisolid agar after irradiation of

Raji celIs vrere investigated to determine if the

ceII to divide could be damage by PDT without

release.

cytotoxicity.

ce11 lysis,

cytotoxicit.y

and reflects
tr1tg73l. .^cr

1963 i Ronai '
emonstrated by

by histamine

examined to

measure of

and of colony

HPD-sensitized

capacity of a

. q'l
caus r. ng - -Cr
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5I(b) . Cr release assav

Methods

Raji cellsr â B cell tymphoblastoid ceII line derived from

Burkittrs lymphoma [Minowada et aI., L97B), were obtained from

Dr. H. ZoLa, Department of CIinical Immunology, Flinders

Medical Centre. CelIs r^¡ere grovrn in f lat plastic f Iasks (Lux)

at 37o in sZCo2 in RPMI 1640 (Flow Laboratories) buffered to

pH7. 4 wi th 25m1"1 n-2-hydroxyethylpiperaz ine-fql-2-ethane

sulphonic acid (llEPES, Sigma) and 2.3mM NaHCO, and supplemented

with 0.16ugrlml gentamicin and IOB f oetal calf serum (FCS, Flow

Laboratories) . CeIls vJere harvested when approaching stationary
phase (f 06,/mt) and subcultured by diluting in fresh medium to

approximately 105,/mI .

HPD $ras prepared in the Pharmacy of the Queen Elizabeth

Hospital by a previously published procedure [Forbes et aI.,
f9B0l. One part of haematoporphyrin hydrochloride (RousseI) vras

dissolved in 20 parts of LgzL v/v glacial acetic acid:sulphuric
acid and arrowed to stand overnight at room temperature. The

solution hras adjusted to pH6.0 by adding 33 sodium acetate and

the precipitate collected by filtration through a Whatman No.I

filter paper. Injectable solution $¡as prepared by dissolving
one part HPD solid with 50 parts 0.1N NaOH and stirring for th

at room temperature. The pH was adjusted to 7.4 with 0.IN HCI,

and the solution diluted to Smg/ml with 0.9? sodium chloride
solution.

Raji cells (fO7lmf) were suspended in RPMI 1640I10?FCS and

50uC í/mL 5lCt-sodium chromate (Amersham Australia) , incubated

for th at 37o and washed three times in RpMr 1640 lFord and

Hunt , L97 3l . Slc.-Iabelred 
Ra j i cells (to7 /mt in Rpt"f r 1640 )

were incubated with HpD for Ih at 37o, washed once in RPMI 1640
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6to remove unincorporated HPD and resuspended at 0.5XI0 /mL in

Dulbeccors phosphate buffered saline (PBS, Commonwealth Serum

Laboratories). One. mI aliquots in polycarbonate tubes brere

irradiated for 2-2}mín on a horizontal platform revolving

around a 250W quartz iodide lamp with a red perspex filter. A

fan blowing on the apparatus maintained the temperature at 25o.

The flux density at the point of irradiation l^¡as 8m!V/sq cm

between 600 and 650nm [Wilksch t 1982, unpublished data]. The

tubes v¡ere centrifuged at 4009 for lOmin r 0.5mI of the

supernatant (S) removed and the cell button plus 0.5mI

supernatant (R) $rere counted in a Roche Gammamatic gamma

counter. Percentage 51C. release vitas calculated from the

formula: 2S/R+s x 100 [Timonen and Saksela I L9771 . Unless

otherwise specified, Ut", release $¡as determined immediatety

after irradiation.
Maximum 5lcr release was determined after adding t00ul- of

5lcr-labelled celIs (5XI06/^t) to 900u1 of 32 acetic acid. rn a

number of experiments, the maximum 5lct release varied between

75 and 85%. Unless otherwise specified, the percentage specific
5IC. release r¡¡as calculated by subtracting the background

percentage 5ICt, from cells incubated in HPD but not exposed to

Iight, from all experimental values. Each point on the graphs

represents the mean + standard deviation (S.o.¡ of triplicates.

Control cells irradiated with red light but not exposed to HPD

vrere also tested in all experiments. Light alone did not
. 5r^increase -*Cr release above background.

Uptake of HPD into Raj i cells was assessed by examining

fluorescence of cell suspensions under a Zeiss Fluorescence

microscope with excitation wavelength 420-490nm.
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Resu I ts

The relationship between light dose and 5ICt release after
irradiation of HPD-sensitized Raji ceIls is illustrated in Fig.

2.L. When low doses of HPD u¡ere used, several minutes

irradiation was required before 5lCt release began, then linear
51C, release until the max j.mum (75-80å) was reached.

The effect of varying the concentration of HpD with

constant J.ight dose is shown in Fig. 2.2. 51cr-Iabelled cells
r¡rere incubated in O-300ug/ml HPD, then irradiated f or 2min.

There vras a threshold dose of HPD (apþroximately 5Oug/m1),

below which 2min irradiation was not phototoxic, then linear
5IC, release occurred as HPD concentration hras increased until
a plateau of 51ct rerease $ras reached

The relationship between 5ICt release and the duration of

exposure of the cells to HpD was tested. 5l Cr-Iabelled Raji

cells were incubated with HPD (25ug/ml) at 37o for O-4 hours,

then centrifuged and resuspended in PBS. The cells $rere

irradiated for 0-2Omin and the percentage 51C, release

determined as above. With increasing incubation time, there \âras

a rapid increase in 5ICt release at a gÍven light dose (Fig.

2.3). A plateau was reached after approximately Ih and only a

slight increase in 5IC, release occurred after longer

incubations. Thus ceIIs \^rere routinely incubated in HPD f.ox Ih

unless otherwise specified.
5ICr-IabeIled celIs \^/ere suspended in HPD (25ug/mL) and

immediately centrifuged without incubation. Despite the very

short contact time between HPD and the cells, higher light

doses resulted in some 5lcr release (Fig. 2.4). Rapid initial

binding or uptake of HPD into the cells must cause rapid

photosensitization. Red fluorescence v¡as detected around the



Fig . 2.I
5IRelationship between liqht dose and percentaqe Cr release.
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Fig. 2.2

Relationship between percentaqe 5ICr release and dose of HpD

5ICr- IabeI Ied Ra j i cel Is $¡ere
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Fig. 2.3

Effect of duration of incubation in HPD

51c.-I.belled Raji cells vrere incubated in HPD (2lug/mL) for O-

4}a, resuspended in PBS and irradiated.

a 5min irradiation

O lOmin irradiation
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20

Influence on phototoxicity of short contact time with HPD

Cr-labelled Raji celIs !üere suspended 1n5I

centrifuged and immediately washed with PBS.

then resuspended in PBS and irradiated.

HPD (25ug/ml-) ,

The cells r^tere
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rapid uptake

(c) Delayed

40

cells by fluorescence microscopy, confirming the

of HPD.

5ICr release after irradiation
5IThe above experiments examined Cr release

after irradiation. CeII lysis is likely to be

process rather than being limited to an immediate

release during irradiation. Delayed 5lct release

in the following experiment.

Method
5Icr-1abe11ed Ra j i ceIls Ìâ¡ere incubated with HPD

(SOugr/ml ) as described above, irradiated f or 2min and then

incubated at 37o in the dark. Aliquots of cells vrere removed at

lh intervals, centrifuged, and 5lct release determined as

above

ResuI ts
5IThere r^ras a Iinear increase in percentage Cr released

over the 3h following irradiation (Fig. 2.5). Irradiation for

2min caused sublethal damage to the cell since there sras no

5lc. reLease immediately after irradiation. However the ability

of these cel1s to survive in culture was impaired.

5I(d) Effect of serum on Cr release

The affinity of porphyrins for serum proteins, in

particular albumin and haemopexin and the influence of serum on

uptake of HPD has been considered in Chapter l. Albumin is the

main carrier of porphyrins in vivo, so the binding of HPD to

albumin may inf lr¡ence the ef f icacy of PDT.

The effect of serum on the rate of 5IC, release from HPD-

sensitized Raji cells was examined. Serum was added either

during HPD incubation or during irradiation.

immed i ately

a continuous

burst of 51ct

Ìdas examined
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51Delayed Cr release after irradiation

51Cr-Iabelled Raj i cells vrere incubated for Ih with HPD

(50ug/ml-), resuspended in PBS and irradiated for 2min. Control

cells were not irradiated. CeIIs v¡ere incubated at 37o in the

dark and aliquots were removed at th intervals for
determination of percentage 5I"r release.

O 2min irradiation

O No irradiation

321o
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Method

5lcr-raberred Raj i cerrs ( to7 /nt in RpMr r640 ) were

incubated for Ih at 37o with HPD (150ug/ml). In some

experiments, 10EFCS, I0? human serum, fetuin (500ugrzmI) or

bovine serum albumin (BSA, 3mg/mI) was added during incubation.

Irradiations and percentage 5IC. release were determined as

described above. Alternatively, cells vrere incubated with HPD

in serum-free medium and FCS, human serum, fetuin or BSA were

added during irradiation in the same concentrations as above.

The concentrations of fetuin and BSA were chosen to approximate

those found in FCS [Holmes and V'IoIfe, 1961].

Uptake of HPD was assessed by fluorescence as previously

descr ibed .

Resu I ts
51Cr release. hras inhibited by adding l0?FCS during

incubation with HpD (Fig. 2.6). BSA arso inhibited 5r"r release

but fetuin did not. The most marked effect \âras seen with human

serum. There vras no 5lC, release after irradiation of ceLls

incubated in serum fractions without HPD. Irradiation in the

presence of serum caused less inhibition of 51", .release than

the addition of serum during incubation with HPD (Fig. 2.7).
FCS inhibited 5lCr release and the compound partially
responsible f or this ef fect r¡Jas BSA and not fetuin.

Inhibition of 51Cr release by serum could be a result of

inhibition of uptake of HPD. Brighter fluorescence v¡as observed

in cells incubated in HPD in the absence of serum than with

FCS, BSA or human serum added, indicating uptake of HPD was

reduced in the presence of serum. Fetuin had no effect on

fluorescence. Intensity of fluorescence decreased when cells



Fig. 2.6
51Effect of serum on Cr release

5lcr-l.belIed Raj i celIs were incubated for

(ISOugr/ml) plus serum in the concentrations shown

cells were resuspended in PBS and irradiated.

O HPD onlY

o Hpo + totFcs

V HPD + 10t human serum

t HPD + fetuin (500u9,/m1)

tr HPD + BSA (3mglml)
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below.
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I

l



51
P

er
ce

nt
ag

e
C

r 
R

el
ea

se

o N
) ot

o) o_ õ' =
. o f,

J

Jo 3 o 3 f

1\
) o

I I I I I I I I I I

I I

{t t

\ \

\ \

\ \
\\



Fig . 2.7

Effect of serum on 51ct release
5ICr-Iabelled Raj i cells yrere incubated for
(150ug/ml) and resuspended in pBS containing
concentrations described below and irradiated.

O HPD

O HPD + IOSFCS

t Hpp + fetuin (500ugr/mt)

tr HPD + BSA ( 3mgrlml )

Ih wi th

serum in

HPD

the
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vrere suspended in serum after incubating with HPD in serum free

medium, suggesting serum caused efflux of HPD from cells.

(e). 51Ct Release after extended incubation with HPD followed

by efflux
'As discussed in Chapter I, the mechanism of uptake and

retention of HPD within cells is unclear. Uptake of HPD after
extended incubation has been examined as this may be a better
approximation to the in vivo situation than short incubation.

The proportion of tightly bound HPD within a cell increases

with extended incubation. This f raction cannot be \^rashed out of

the cells by serum-rich medium and is a more efficient
photosensitizer than loosely bound HPD.

rn the following experiments, tt"r release hras examined

after extended incubation of Raji cells with HPD followed by

incubation in serum-rich medium to aIlow efflux of HPD.

Method

Ra j i cells vrere suspended . at 0. 5x10 U /^, in RPMI

1640/103FCS and 25ug/mL HPD. The flasks v¡ere incubated for zljn

at 37o in se"C)zr the supernatant removed and replaced with
fresh RpMr r64o/Lo?Fcs and 5rcr (20uc í/nL) . After 4h at 37o ,

the cells were washed three times in RPMI 1640, resuspended at

0.5xIO6/mL in PBS and ImI aliquots irradiated for 0-20min.

Percentage 5IC, hras determined immediately after irradiation as

described above.

ParalleI experiments vlere also run, incubating 5lcr-

labelled Raji cells in HPD (25u9/mI) in RPMI L64O/I-}?FCS.for th

onIy.

ResuI ts
5ICr release \^Jas more rapid when the cells h¡ere incubated
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in HpD for 21h with 4h efflux compared to Ih incubation in HPD

(Fig. 2.8) . Thus the former conditions resulted in more

effective photosensitization of Raj i celIs. Hovrever the

relative intracellular concentrations of HPD after the two

different incubation conditions could not be measured.

51(f ) . Relationship between Cr release and trypan blue uPtake

The uptake of vital dyes such as trypan blue has been

used extensively to measure cel1 viability. The dye is excluded

by living cells and is only taken up when the ceII membrane is

no longer intact ISullivan et al., Lgl2]. Since both 51",

release and trypan blue uptake measure damage to celI

membranes, the relationship between the two assays has been

examined.

Method
Slcr-labelled Ra j i cells r^¡ere incubated f or lh in HPD

(50ug,/ml), then irradiated for 1-2Omin.. Percentage 5ICt release

was determined as described above.

For trypan blue uptake studies, Raji celIs veere incubated

fox Ih in HPD (50ug/ml) and irradiated for I-2Omin. Immediately

after irradiation, 100u1 Raji cells was added to I0OuI of O.33

trypan blue in PBS and examined under a phase contrast

microscope. The percentage ceIIs stained with trypan blue was

counted. AII assays were carried out in duplicate and the mean

percentage trypan blue-positive cells calculated. The

background percentage of trypan blue-positive cel-Is (cell's

incubated in HPD but not irradiated) was subtracted. CeIls not

exposed to HPD but irradiated were also tested for viabifity.

Resu I ts

Untreated celIs, celIs treated with fight only and cells



Fig. 2.8
5IEffect of extended HPD incubation and efflux on Cr release

Raj i cells s¡ere suspended in RPMI 164O,/10tFCS with HPD

(25u9/m]-). one group of cells vrere incubated for zl-n.t washed

and incubated for 4h in RPMI 1640,/lOgFCS and 20uC í/mL 51"t,

then resuspended in PBS and irradiated. Alternatively, 20uCi/mL
51Ct was added, the cells incubated for Ih, resuspended in PBs

and irradiated.

O Extended incubation and efflux
O Short incubation, no efflux
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exposed to HPD but not light hrere aII approximately IOt trypan-

blue positive. After suspending Raji cells in 3A acetic acid,

100% of the cells took up trypan blue and total 5ICr release

vras approximately 752. The inability to reach f00å 5Ic. release

when all the cells are dead (100? trypan blue-positive cells)
is probably due to 5lC, being trapped in the cell debris and

being centrifuged to the bottom of the tube. 5IC. may also

stick to the sides of the plastic tube.

Trypan blue uptake and 5Ic. release showed nearly

identical profiles over the linear portion of the graph when

ceI1 destruction is occurring (Fig. 2.g) . Therefore 5lc,

release and trypan blue uptake may be measuring the same

parameters of damage to the cel-Is.

(q). Inhibition of 3H Thymidine Uptake by HPD and Light.

Incorporation of 3H-tnymidine into the DNA of dividing

cells has been used as a measure of ceII viability, and more

particularly of the reproductive capacity of the celI [Roper

and Drewinko, L976, L979¡ Moan et al., 1983a1 . The capacity of

HPD and tight to inhibit cell division was investigated. The

relationship between inhibition of 3H-tnymidine uptake and

other parameters of cell damage, measured by 5lc, release or

trypan blue uptake r^ras also examined

Method

Raji ceIls (lo7 /nt in RpMr :1640/Lo?Fcs) were Íncubated

for lh with HPD (50u9/ml). The cells !üere washed, resuspended

at IO6,/mI in RpMr 164o/IO%Fcs and lml aliquots $rere irradiated

for 0-2Omin. Triplicates (200uI) were incubated with luCi 3r-

thymidine in flat bottomed microculture plates (Linbro) for I8h

at 37o in 53co2. Cultures r^rere collected onto glass fibre discs

by ceII harvester (Skatron) , the discs suspended in toluene



0)
r¿g
o-l
of
õ
c
(ú
o.

È
o
C')
(ú

c
oII
ö

o)
Ø
(ú
0)
õ
É.
l-

O
6

0)
o)
(ú

EoII
o

90

80

60

20

1

5 10 15 20

lrradiation Time (min)

ris. 2.9
5IComparison between Cr release and trypan blue uptake

0

Raji cells were incubated for Ih in HPD (50u9,/ml),
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scintillation fluid containing 0.43 w/v 2 
' 
5-diphenlyoxazole

plus 0.038 w/v L'A-dil.Z- (5-phenyloxazolyl)l benzene and counted

in a Beckman LS2800 liquid scintillation counter. Results $rere

obtained in counts per minute. Means of the triplicates and the

percentage inhibition of 3H-thymidine uptake $¡ere calculated,

taking as 1008, uptake in ce1ls incubated with HPD but not

exposed to Iight.
rn parallel experiments, ut"t release $ras measured as

described above. rn some experiments, percentage 5lCt release

was measured immediately after irradiation. Alternatively,

irradiated ceIIs s¡ere incubated for tBh at 37o before

determination of 5Ic, release.

Resu I ts

Inhibition of 3H-thyrnidine uptake in HPD-sensitized Raji

cells was observed after lmin irradiation followed by increased

inhibition until a plateau $¡as reached (Fig. 2.10). Standard

deviations between triplicate cultures were less than t0å and

less than 15? between duplicate experiments. There was no

inhibition of 3H-thymidine uptake in ceIls sensitized with HPD

but not irradiated t oÍ in cetls exposed to light but not

Íncubated in HPD.

51_--cr release and inhibition of 3H-tnymidine uptake were

compared in Fig. 2.LL. There \^¡as no 5IC, release immediately

after irradiation, indicating that the ceIIs lt¡ere still intact.
tr1

Af ter incubating the. cells f or l8h, .[Cr release pqralleled the

inhibition of 3H-thymidine uptake. There \^¡as a linear

relationship between percentage 5lct release and percentage

inhibition of 3H-thymidine uptake (Fig. 2.L2) .



Fig. 2.I0

Inhibition of 3H thvmidine uptake bv HPD and lisht

Raji cells were incubated for th in RPMI L64O/LOIFCS with HPD

(S0ugr/ml ) , resuspended in RPMI I64O,/1OtFCS and irradiated .

Cells were incubated for 18h at 37o with 2OuCi 3H-ttrynidine

before harvesting.

o HPD (Souglml)

O No HPD



Fig . 2. 11

51Relationship between Þercentage Cr release and

3percentage inhibition of H thymidine uptake

Raji cells r.rere incubated for th in RPMI L64O/L0ZFCS with HPD

(Soug,/ml), resuspended in RPMI 1640/10*FCS and irradiated. The

cells were incubated for 18h at 37o and percentage 5IC. release

and percentage inhibition 3H-thy*idine uptake determined -

t Percentage 51c, release immediately after

irradiation
O Percentage 5lc, release 18h after irradiation

O Percentage inhibition of 3H-tf,ymidine uptake
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(h Inhibition of Ra i Cell Colon Growth HPD and Li hr

The effect of HPD and light upon the growth of Raji cell

colonies on semisolid agar' has also been examined. There vùas

gradual 5ICt release over several hours after irradiation (Fig.

2.5), suggesting 5IC, release measured immediately after

irradiation may not accurately reflect photodynamic damage to

ceIls. Inhibition of colony formation may be a more sensitive

indicator of photodynamic damage than 5ICt release. Colony

formation has been used extensively to measure photocytotoxic

damage to cells by porphyrins [Christensen and Moan, L979¡ Moan

et â1., l-979:, L980a; Gomer and Smith , L9 801 . Growth of

colonies $¡as inhibited after treatment of cells with HP or HPD

and light. Colony formation has been used to examine the

effects of temperature and pH changes on photodynamic damage to

cels lMoan and Christensen, l-979].

Methods

celIs (107 /^t in RPMI L64O/TOSFCS ) were incubated

(25ug/mI) f or Ih at 37o. The cells l¡rere washed ,

at Lo6/mL in RPMr :- 6Ao/LotFcs, then irradiated with

(630nm) in a Varian series 634 spectrophotometex f.or

Raj i

with HPD

resuspended

red Iight

I to 20min. The light intensity $tas not measured. After

diluting to 5xIO4/^t in RpMr L64O/IoåFcs, lml cells was poured

onto 0.5t agar in RPMI L64O/LO?FCS i.n 35XI0 mm plastic petri

dishes. TripI icate cultures f or each irradiated tube l¡¡ere

plated out. CeIIs \¡tere kept in the dark where possible during

aII manipulations. Cuttures plates b¡ere incubated for I0 days

at 37oin 7.5s"CO2. Colonies containing more than I0 cells \^tere

scored under a Zeiss binocular microscope (40X magnification).

Resul ts

The inhibition of colony formation after irradiation of
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HPD-sensitized cells is shown in Fig. 2.L3. Each point

represents the mean value of duplicate tubes. Despite

rigorously excluding room Iight, there was marked inhibition of

colony formation by cells sensitized with HPD but not

irradiated. These cells excluded trypan blue immedÍately after
incubating with HPD but vJere unable to form colonies. There $tas

further inhibition of colony formation when HPD-sensitized

cells vrere irradiated. The colonies gio*n by HPD-sensitized

ceIIs v¡ere snaller, containing I0-20 ce11s, while control

colonies contained up to 200 celIs.
There $ras a linear relationship between the density of

cells plated out and the number of colonies gro$rn in the

absence of HPD (Table 2.L). Therefore, the number of colonies

was independent of the ceII density, within the range tested.

(i). Discussion

This chapter examines 5lCt release as an assay suitable

for measuring photocytotoxicity in vitro of HPD and other

porphyrins. The assay was reproducible, relatively rapid and

capable of screening several porphyrins at once. The assay vras

also suitable for examining the effects of other conditions

such as pH and temperature changes on cell damage and testing

the interactions of PDT $rith other drugs. It has also been used

to test the requirement of the phototoxic process for oxygen

[Lee See et aI., 1984].

When Raji cells v¡ere incubated with HPD and irradiated

with red light, there was a linear release of 5lct with

increasing HPD or light dose. A plateau was reached when aII

the cells had died. This linear relationship was seen by other

authors [Gomer and Smith, 198O; Christensen and Moan, L979¡
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Influence of HPD and Iiq ht on the growth of Rai i celI colonies

Raj i cells \^rere incubated for th in RPMI I64O/IO%FCS with HPD

(25ug/ml) , resuspended in Rpl"ll L64O/:-OZECS and irrad iated .

Cells \^¡ere plated out onto O.53 agar and incubated fot lO days.

The number of colonies containing greater than 10 celIS \^¡as

scored and percentage survival calculated, taking as lOOå,

growth of cells without either HPD or Iight treatment.
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Influence of HPD and liqht on the srowth of nai i ceII colonies

Raji cells were incubated for Ih in RPMI 1640/I-OZECS with HPD

(25ug/mL) , resuspended in RPMI 1640/I0?FCS and irradiated.

CeIIs hrere plated out on 0.5? agar and incubated for 10 days.

The number of colonies containing greater than I0 celIs was

scored .
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Table 2.L

Relationship between concentration of cells
plated out and number of colonies

IO 4 r10

220

572

580

Confluent Colonies

Confluent Colonies

2x10 4

11,600

rr,000

r4,300

11,700

4xI0 4

5xt0 4

7xI0 4

IO 5

CeIl density/ml No. Colonies/pLate Av. No. Colonies/10
cel Is

6



4B

Bellnier and Dougherty, L9821. Bellnier and Dougherty t1982l

reported that an increase in intracellular HPD concentration

resulted in a corresponding decrease in the light dose required

for a given level of survival. Thus the product of HPD

concentration and light dose is constant for a given leve1 of

cel1 destruction. The degree of ce11 destruction is dependent

on the total light dose and not the dose rate at non-thermal

levels lGomer et aI., 1985b] . There was a threshold dose of HPD

or light below which there was no 5Ic, release. The lag before
51ct release begins suggests an accumulation of damage is

required for ceII death. Moan et aI. [1979] suggested this lag

period reflected sublethal damage, during which repair of the

cel1 was possible.

The correlation between trypan blue uptake and 5ICt

release indicated 5ICr release occurred as a result of membrane

damage to the cells. The dye vras excluded by living cells and

vras only taken up through non-intact membranes [vligzeLJ- ' 1965;

Sullivan et aI., 1-9721. This implies that one of the

consequences of irradiating HPD-sensitized ceIIs is membrane

damage. BeIInier and Dougherty I1982] have shown a correlation

between 5lc, release, inhibition of colony formation and

membrane lysis. As discussed in Chapter Ir membrane damage may

be a late event in the photodynamic damage to HPD-sensitized

cells rather than the initial site of damage. The 5ICt release

assay does not provide any information on the nature of the

initiat sites of damage in the cell.
percentage 5ICr release was reproducible within IOB within

an assay. However there \^tas considerable day to day variation

and the photosensitivity of the cells altered considerably.

This may be due to variations in the physiological state of the
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ceIls, which may result in different intracellular
concentrations of HPD. The capacity of the cell to repair

sublethal damage may also vary. The stage of the ceII cycJ-e may

also affect the photosensitivity of the cells. As discussed in

Chaþter Lt there are conflicting reports of the influence of

the cell cycle on the susceptibility of the cells to

photodynamic damage. This may be a reflection of the

different cell types tested. It is not known if Raji cells

differ in photosensitivity through the celI cycle. CeII cycle

synchronisation vras not attempted, although celIs lltere

routinely harvested when approaching stationary phase.

The influence of serum on 5Ic, release v¡as examined. There

I^¡as a marked inhibition in 5lCt release when FCS btas added

either during HPD incubation or during irradiation. Intensity
of fluorescence of porphyrins in the ceII $tas reduced by FCSt

implying a reduction in the uptake of HPD. This was in

agreement with several authors who have shown that as little
\n

as I? serum resulted^marked inhibition in the uptake and

retention of HPD in vitro [Henderson et aI., 1983; Moan and

Christensen , I979, I98Il. Protein-bound porphyrins were not

taken up into NHIK 3025 cells and the phototoxic damage $¡as

reduced proportionally to the reduction in uptake of porphyrin

[Moan and Christensen, 198f]. The above experiments showed

albumin and not fetuin inhibited uptake of HPD. This would be

expected since a high affinity binding between albumin and HPD

and other porphyrins has been reported [Lamola et aI., I9BI] .

Albumin may be important in vivo in the transPort of HPD and

its role in mediating the phototoxic process should be further

examined. Recent studies have also shown a strong affinity



50

between HPD and lipoproteins r particularly low densíty
lipoproteins (LDL) lKessel et al., 1986] , so LDL may also be

important in the transport and uptake of HpD.

Porphyrin was eluted from celIs after washing in serum-

rich medium [Bellnier and Lin, 1983; Henderson et aI., 1983;

Moan et ar., 19841. with increasing incubation timer ân greater
proportion of tightty bound HPD was not washed out of the ce1ls

by serum. This fraction h¡as a more efficient photosensitizer.
The results above showed that extended incubation in HpD,

followed by efflux, resulted in greater 5ICt release then Ih

incubation in HPD. However, it $¡as not possible to measure

intracellular HPD concentrations and these may be different.
The inhibition of 3H-thymidine uptake and colony formation

after irradiation , of HPD-sensitized Raji ceIIs were also

examined and the relationship of these parameters to 51Ct

release v¡as considered. Irradiation of HPD-sensitized Raj i
celIs resulted in inhibition of 3H-thy*idine uptake and colony

formation that was proportional to the light dose. Moan et al.

lI983al reported inhibition of 3H-tnymidine uptake in HPD-

sensitized NHIK 3C.25 cells after irradiatj.on. They found 3r-

thymidine uptake vras more sensitive in detecting ceII damage

than 5IC, release. This agrees with the above results.
Inhibition of 3H-tnymidine uptake occurred in the absence of
5lc. release measured immediately after irradiation. However

the cells $rere damaged and gradually died over 18h (shown by

delayed 5Ic. release).

The division and growtþ of Raji celIs hras inhibited by

treatment with HPD and Iightr âs demonstrated by inhibition
of both 3H-tnymidine and colony formation. The reduced size of

colonies suggested that division of surviving cells v¡as
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inhibited. HPD alone caused marked inhibition of colony

formation, but had no effect on 3H-thymidine uptake, 5t".

release or trypan blue uptake. The small amount of room light

to which the cells $rere exposed may have caused photodynamic

damaþe, but HPD alone may have slight cytotoxic effects. Malik

and Djatdetti tI9BOal reported PP i^¡as cytotoxic to human

lymphocytes and leukaemic cells without irradiation. Berns et

al. [1983] also inhibited the growth of PTK2 kidney cells by

treating with HPD in the dark.-

The results in this chapter suggested that colony

formation r^ras the most sensitive indicator of photodynamic

damage to Raji cells. However the assay $¡as difficult to

performr wâs less reliable and hras not amenable to screening

Iarge numbers of samples. 5lct release, while not as sensitive

as colony f ormati.on or 3H-thymidine uptake, had the same

relationship between HPD and light dose and cell inactivation

as the other methods. Thus it vras decided to use the 5ICt

release assay routinely for testing photocytotoxicity in vitro.
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CHAPTER 3

IN VIVO MEASUREMENT OF PHOTOCYTOTOXICITY USING A

TRANSPLANTABLE TUMOUR MODEL IN MICE

a . Introduction

The previous chapter described an assay to measure the

photocytotoxic activity of HPD in vitro. This assay examined

the direct interaction between tumour ce1Is and HPD but could

not take into account other interactions that may be important

in vivo. The mechanisms of transport and delivery of HPD to the

tumour cannot be studied in vitro. Most of the circulating
porphyrins are bound to albumin [Morgan et al.r 1980; Lamola et

al., I98ll or to LDL lKessel et aI.r 1986]. Serum proteins and

lipoproteins wiII be important in delivering porphyrin to the

tumours and witl influence efficacy of treatment.

The greatest 'HPD concentration is in the vascular stroma

of tumours rather than in the tumour cells lBugelski et al.,

f98fl. As discussed in Chapter I, damage to the

microvasculature may indirectly cause tumour necrosis by

infarction [Henderson et al .r 1985; Star et al ., 1984].

Therefore the efficacy of photodynamic destruction of the

tumour celIs may not be the major factor in determining

efficacy of tumour destruction. AIl these mechanisms require

study in vivo. The therapeutic efficacy of a particular

porphyrin may result from a number of these interactions. Other

manipulations that could result in a more effective tumour

responser such as the concurrent administration of other drugs

may also be studied in vivo.

Therefore an assay to measure photoactivity in vivo vlas

developed using transplantable mouse tumours. Lewis lung
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carcinoma [Sugira and Stock, 1955], has been used extensively

in cancer research f.or examining efficacy of chemotherapeutic

drugs lKarrer et a1 ., L967; Ivtayo , I972J. It has also been used

to investigate mechanisms of metastasis ITrope, L975¡ Donelli

et al., L979; Fogel et aI. r L9791 . B16 melanoma has also been

used to screen chemotherapeutic agents IGriswold, L972). Both

Lewis lung carcinoma and B16 melanoma eJere tested for response

tO PDT.

(b) . Methods

(i). Mouse tumour assay

Inbred C57BL/6J mice of either sex $¡ere obtained at

approximately 8 weeks of age from the Department of

Agriculture, AnimaI Resource Centre, AdeIaide. Mice $tith Lewis

Iung carcinoma or B16 melanoma growing subcutaneously in the

back $rere obtained from Mr. L. Dent, Department of

Microbiology, Flinders Medical Centre. The mice htere killed by

cervical dislocation, the tumourS dissected out, chopped finely

and the fragments passed through a fine wire sieve to give a

single ceIl suspension. CeIl viability htas approximately 50%

(trypan blue uptake). The concentration was adjusted to

l0XI06 /^t viable cells in RPMI I640 and I00uI injected

subcutaneously into the back of the mouse. In later

experimentsr Lewis lung carcinoma ceIIs rttere maintained in

culture in RPMI I640,/103FCS , 2.3mM NaHCO3, 25mM HEPES and

0.I6ug/m1 gentamicin. The ceIIs were harvested by treatment for

Imin with 0.0I% trypsin in PBS and resuspended at I0XIO6/^'in

RPMI 1640 for transplanting into mice as above. Fresh cultures

were establ-ished every three months from stock frozen in liquid

nitrogen. After 7-I0 days, both Lewis lung carcinoma and B16
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melanoma lvere approximately 5-7mm in diameter and ready for

treatment. There was no difference in the growth rate or

efficiency of transplantation between mice transplanted with

Lewis lung carcinoma cells grown in culture or removed from a

mouse.

The assay was modified from Dougherty et aI. tf983l. Mice

in groups of ten $¡ere given HPD (25-60m9/kg i.v. or i.p. ) .

Twenty four hours later, the mice were anaesthetised with

6ong/kg sodium pentobarbitone (Sagatal, llay and Baker Aust.

Pty. Ltd), the fur over the tumours shaved and a lcrn diameter

spot over the tumours irradiated with an appropriate dose of

red light. Mice were examined daily for the presence of

palpable tumour. After an effective treatment, tumours were

impalpable twenty four hours after irradiation. The end point

of the assay hras th.e number of days for 5 out of I0 tumours to

recur (TC50). AII assays were performed in duplicate and the

means and standard deviations cal-culated.

(ii) . Skin photosensitivity
Mice were injected with HPD (50m9/kg i.p.) and the left

f ootpad of the hind leg r^ras irradiated 24h later wi th ILOJ/sq

cm from the incandescent lamp. The control right foot v¡as

untreated. Twenty four hours after irradiation, footpad

thickness was measured using a micrometer gauge. The percentage

increase in thickness of the left foot compared to .the right

vras calculated.
(iii) . Light sources

A gold metal vapour laser, designed and built by Quentron

Optics Pty. Ltd ., Adelaide, delivered pulsed monochromatic

light at a wavelength of 627.8nm. The pulse width at base þ¡as
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50ns and the pulse repetition frequency was I0-14kHz. The laser

beam $ras coupled to a 400u quartz fibre, and positioned to

create a lcm diameter spot.

A Spectra Physics l-64 Argon Ion laser pumping a Rhodamine

B dye laser r^¡as used as a source of continuous v¡ave red laser

light. It htas operated without the tunÍng wedge and the output

was 300-50OmW over the wavelength 625-635nm. The beam $tas

coupled to a 400u quartz fibre which was used to create a lcm

diameter spot.

An incandescent beam lamp was designed by Dr. F. Jacka

and Dr. A. J. Blake, Department of Physics and The Mawson

Institute, The University of Adelaide IJacka and Blake, L983].

A tungsten-halogen lamp with a total output of 1000V1 was fitted

with appropriate short and long pass filters to deliver light

of wavelength 610-680nm. The lamp was fitted with a perspex

Iens 10mm in diameter and 50mm length and delivered 2.5W

uniformly over a lcm diameter spot. The effective light flux at

630nm was 890mV't [Wilksch t L9B2 ¡ unpubtished data] . Because of

the high por¡rer density, the skin of the mouse was cooled with

a fine spray of water and irradiated in 50sec exposures with

IOsec pauses.

(iv) . Tumour fluorescence

24ln after administration ofTissues were removed from mice

HPD (SOmgrZkg i .p. ) , snap fxozen on

Sections ( 6u) brere cut at -14o

ory ice and stored at

on an IEC microtome

red fluorescence under a

prepared by the

Hospital. Mice

-B0o:

and

Zeiss

Hi stopathology

vüere given HPD

examined immediately for

fluorescence microscope with

(v) . Histology

Histological sections were

Department, The Queen Elizabeth

excitation wavelength 420-490nm.
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(5Omgrzkg i.p. ) , followed 24]n later by irradiation of. the

tumours with 225J/sq cm light. Tumours $rere removed 24}r after

irradiation and fixed in formatin. Paraffin sections were

prepared and stained with haematoxylin and eosin by standard

methods.

(c). Relationship between TC and HPD dose
5

Mice with Lewis lung carcinoma $¡ere given HPD (25-60mg/kg

i.p) and the tumours irradiated 24r- Iater with 200sec Iight

(225J/sq cm) from the incandescent lamp. There htas a linear

relationship between the HPD dose and the time to 503

recurrence (TCSO) (Fig 3.1). Control mice were injected with

HPD only, íxradiated with Iight only or received no treatment.

There bras no reduction in size of the tumours, indicating that

both HPD and light were necessary for tumour regression.

The experiment $ras then repeated administering HPD (25'

60mg/kg) intravenously. This was more efficient in causing

tumour necrosis than intraperitoneal HPD r âs the TCSO \^¡as one

day greater for all doses tested (Fig. 3.f). There was also a

linear relationship between Iight dose and TCSO. Since the

dif ference bras not Iarge, i.p. injections $¡ere used routinely.

(d). Relationship between TC and ligh t dose
5

Mice with Lewis lung carcinoma brere given HPD (50mgr/kg

i.p.) and irradiated 24ln Iater with either the incandescent

lamp (II0-340J/sq cm) , the gold Iaser (I00-250J,/sq cm) or the

Argon ion/dye laser (II0-250J /sq cm). There was a linear

rel-ationship between TCSO and Iight dose for aII three Iight

sources (Fig. 3.2). The two lasers and the incandescent lamp

$¡ere alI equally efficient in causing tumour destruction.
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Mice with Lewis lung carcinoma were given HPD (SOmgr/kg i.p. )

and irradiated 24}:, later with I00-340J/sq cm Iight.

O Incandescent lamp (610-680nm)

O GoId laser (pulsed Iight, 627.8nm)

I Argon-ton/Oye laser (continuous hrave tight, 625-635nm)
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The histological appearance of Lewis lung carcinoma 24þ,

after PDT is shown in Fig.3.3. There was extensive necrosis of

the treated tumour but a small number of apparently viable

cells remained. The control tumour received no treatment and

appeared viable with a small number of necrotic cells.

ô . Detection of the take and distribution of HPD

by fluorescence

The presence of porphyrin in tumours or other organs $¡as

assessed by examining frozen sections fox fluorescence. Twenty

four hours after i.p. or i.v. injection of HPD' both Lewis lung

carcinoma and B16 melanoma showed extensive bright red

fluorescence (Fig. 3.4) . Weak fluorescence btas detected in

tumours as soon as th after HPD iìiection, intense fluorescence

s¡as detected 2h after injection and had diminished by about

half at 24h. Very Iittle fluorescence $Jas observed in tumours

48h after injection of HPD (Table 3.1).

The distribution of porphyrin within the tissues of mice

after injecting HPD (5Qmg/kg i.p.or i.v.) was examined. Red

fluorescence b¡as detected in Iiver , kidney, spleen, skin t

heart, Iungs but not in the brain. There vJas no detectable

difference in the distribution of fluorescence between mice

injected with HPD i.p.or i.v.

Using the relatively crude detection system available, it

b¡as not possible to make any firm conclusions as to the

distribution of HpD within a particular tissue. There was more

intense fluorescence around the edges of tumours and necrotic

areas showed fainter fluorescence.

(f) . Measurement of skin photosensitivity by footpad thickness

Mice in groups of ten vrere given HPD (SOmg/kg i.p. ) , the



Fig 3.3

Histological sections of Lewis lung carcinoma

(a) . Lewis lung carcinoma before treatment with HPD and Iight

(4OOx magnification) .
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(b) . Lewis lung carcinoma 24i¡ after treatment with 50m9/kg HPD

and 225J/sq cm from the incandescent lamp (4OOx magnification) '

(



Fis. 3.4

Fluorescence of a frozen section of Lewis Iung carcinoma

Tumours $rere removed 24]n af ter in jection of HPD ( 5Omgr/kg i 'p' )

and frozen sections examined under a fluorescence microscope

with excitation wavelength 420-490 nm (4OOx magnification) .



Table 3. I

Effect of varving the interval between

HPD injection and irradiation

N.D.: not done

Mice with Lewis lung carcinoma l^¡ere injected with

and irradiated at the intervals shown above.

removed for fluorescence at the same intervals.

HPD (5Omg/kg)

Tumour s vtere

1

2

24

48

N. D.

8.5+0.5

5.0

3.5+0.5

Neg

Strong Pos

Pos

Weak Pos

Interval between HPD
and irradiation

(hours)

Tcso

(days )

Fluorescence
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Ieft footpad of the hind Ieg irradiated, and percentage

increase in thickness determined as described above. Before

treatment, the ratio between the thickness of the left and

right foot (L:R) $ras 0.99+0.04 and af ter treatment L:R \das

1.34+0. 17 | a 342 increase. The feet showed considerable

erythema and oedema for several days after irradiation which

gradually subsided with no permanent damage.

The left feet of mice not given HPD were irradiated with

I00sec light. The ratio L:R 24ln after irradiation !,ras

1.04+0.003, indicating that Iight alone had no effect.

(q). Effect of varvinq the interval between HPD iniection and

irradiation
The influence of the interval between HPD injection and

irradiation on tumour response was examined. l'lice with Lewis

lung carcinoma $tere given HPD (sQmg/kg i.p) and irradiated with

225J/sq cm from the incandescent lamp, either 2, 24 or 48h

after injection. TCUO was determined as described above. The

size of the tumours at the time of irradiation \^ras the same for

all three treatment groups.

The relative efficacies of the treatments are shown in

Table 3.I. Two hours after HPD injection, there htas a very

strong tumour response which gradually diminished over the next

48h. Efficacy of tumour destruction correlated with the

relative intensity of fluorescence in the tumours (section

(e) ) . The effect of irradiating Ih after HPD injection was not

examined as there $Jas very little fluorescence detected in the

tumour. An interval of 24in between HPD injection and

irradiation vras chosen for most studies as it most closely

approximated the clinical situation.
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(h). Treatment of 816 melanoma bv PDT

I,,lice were transplanted with 816 melanoma as described in

section (b). After 7 to t0 days, tumours were 5-7mm in diameter

and mice in groups of I0 r¡rere injected with HPD (30m9/kg i.p. ) .

Twenty four hours Iater, mice were irradiated aS described

above with I00-300 sec (ff0-340J/sq cm) red Iight from the

incandescent lamp. TCS0 vJaS determined as described above.

816 melanoma was treated more effectively with PDT than

Lewis lung carcinoma. OnIy half the light dose and a lower HPD

dose \ârere required to obtain an equivalent tumour response.

TC50 was proportional to the light dose (Fig. 3.5) ' confirming

the validity of TCSO as a measure of the efficacy of treatment'

Histological examination of B16 melanoma 24h after PDT showed

extensive necrosis with a few viable tumour cells remaining.

(i). Discussion

The assay described above vras designed to quantify the

photocytotoxic activity of HPD in vivo. Mice vrere transplanted

subcutaneously with Lewis Iung carcinoma or B16 melanoma and

treated when the tumours l¡¡ere 5-7mm diameter. Twenty four hours

after a standard treatment schedule of S\mg/kg HPD and 225J/sq

cm light for Lewis lung carcinoma and 30m9/kg HPD and lloJ/sq

cm for 816 melanoma , .9 to I0 out of I0 tumours htere no longer

palpable . The measure of ef f icacy of the treatment v'¡as the

time for 5 out of I0 tumours to recur, called TCSO'

provided uniformly sized tumours v/ere used, the

reproducibility of tC5O between assays \^¡as excellent. With

Lewis lung carcinoma, HPD (50mg/kg) and light (225J/sq cm)

resulted in a TCSO of 4.610.6 days from nine separate assays'

These conditions have been used to test atl new batches of HPD.
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For atl experiments, ât least 2 groups of teri mice hrere tested

and the mean and standard deviation of the TCSO calculated.

There was a Iinear relationship between doses of HPD or

light and TCso (Figs. 3. I and 3.2). A longer TCso implies

slower recurrence, hence greater initial destruction of

tumours. Repoputation studies by Stephens and Steel [1980] cast

doubt on this assumption. They found growth delay of Lewis lung

carcinoma $¡as not linearly related to the initial log survival

after radiotherapy, measured by colony formation. This implied

the rate of regrowth of the tumour $¡as not directly related to

the degree of initial cell kiIt. In the present situation, TCSO

appears a valid measure of the effectiveness of the treatment

as more stringent treatment conditions gave longer control of

the tumours.

A relatively hign dose of HPD (25-60m9/kg) was required to

obtaiçr a satisfactory tumour response. B16 melanoma was more

sensitive to PDT, since lower HPD and light doses were adequate

to achieve the Same response aS Lewis lung carcinoma. Both the

HPD and Iight doses required fox adequate treatment of Lewis

Iung carcinoma $tere in good agreement with EIIingsen et aI.

tf984l. They obtained good destruction of tumours with 50m9rzkg

HPD and irradiating 24in later with 160-360J red Iight. Other

studies using different strains of mice or different tumour

lines have used 3.5-IOmg/kg HPD [Dougherty et aI., 1983;

Patrice et aI.¡ 19831. The higher HPD dose necessary to obtain

an adequate response in Lewis Iung carcinoma may reflect

inadequate Iight penetration due to the pigmentation of the

tumour and the black skin of the mouse. The tumour may also be

relatively resistant to the treatment. However the requirement
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for a high dose of HPD does not affect the validity of the

assay as a measure of relative efficacy of the treatment.

Uptake of HPD into tumours and other tissues was assessed

by fluorescence of frozen sections. The distribution of HPD

fluorescence within the tumôurs $¡as largely peripheral. This

agrees with Lipson et aI. [I96Ia] and Carpenter et al. 1L977)

who reported more intense fluorescence around the edges where

the tumour invaded normal tissue, and around blood vessels.

Bright fluorescence $¡as observed in aII tissues except brain.

Relative concentrations of HPD in the tissues could not be

determined accurately by the methods available. Distribution of

HPD in the body has been discussed in Chapter I. The above

results are in agreement with the reported widespread

distribution of HPD rather than specificity of uptake in

tumours.

Intravenous administration of HPD resulted in slightly

better tumour destruction than intraperitoneal injection of HPD

but there r¡i¡as no detectable difference in the intensity of

fluorescence in the tumours. Carpenter et al. [L977] reported

brighter fluorescence and greater tumour selectivity with i.v

injection of HPD in mice with transplanted mammary

adenocarcinoma. This discrepancy probably reflects the poor

sensitivity of our technigues for detecting fluorescence. Tomio

et aI. t1980l reported i.v. or i.p. injection of HP resulted in

equivalent degrees of tumour necrosis in Yoshida ascites

hepatomas in rats. However they were using a commercial HP

preparation which always contain photosensitizíng contaminants

(HVD, PP and aggregated porphyrins). Considerable variation in

the photoactivity of HP has been reported by different workers

IDougherty, I983] and our HP preparations \^rere not photoactive '
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This wiII be discussed further in Chapters 4 and 5'

Mice v\rere anaesthetised with sodium pentobarbitone

(6Omg/kg) for ease of irradiation. There may be some

interactions between PDT and the anaesthetic. Peacock and

Stephens tl978l reported that the response of B16 melanoma to

melphalan therapy $ras inhibited by Saffan ' a steroid

anaesthetic, but not by sodium pentobarbitone. Gomer and Razum

tI9B4l showed that the degree of skin damage after PDT was not

affected by sodium pentobarbitone anaesthesia. Anaesthetising

the mice with sodium pentobarbitone would be be a standard

factor during all PDT treatments.

No difference btas detected in the efficacy of either

pulsed or continuous wave laser light in causing destruction of

Lewis lung carcinoma in HPD-sensitized mice [Cowled et al',
a,9

1984I . pulsed Iight is as leastr.ef f ective as continuous v¡ave

Iaser light and some studies suggest it may be more efficient

in pDT. Fluorescence decay studies indicated HPD radicals were

formed when HpD was irradiated with pulsed but not continuous

wave Iight [Andreoni et aI., 1982b] . They observed increased

killing of rat epithelial celIs by pulsed Iight compared to

continuous $¡ave light. The difference between their results and

the above may be due to their use of lower \¡Javelength

(337.|nm), slower pulses of 3OHz or the different methods of

preparing the HPD. Hisazumi et aI. t19851 reported pulsed Iaser

light from a gold vapour laser h¡as twice as effective in

causing photodynamic destruction of mouse tumours. The

discrepancy with the above results may be due to poor

sensitivity of our assay.
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CHAPTER 4

IN VITRO PHOTOCYTOTOXICITY OF SOME OF THE COI'TPONENTS OF HPD

(a). Introductíon

. Haematoporphyrin derivative (HPD) was first described by

Lipson llipson and Baldes t L96Oa, Lipson et aI., t96la] and

claimed to be superior to HP as a tumour local ízer. HPD is a

complex mixture of porphyrins and since these initial papers'

the chemical composition of HPD and also the nature of the

porphyrin (s) responsible for the tumour localizing and

photocytotoxic activity have been studied extensively.

HPD is prepared from commercial HP in two steps [Lipson et

âI., I96Ia; Dougherty et aI., I9781. HP is first acetylated by

acetic acíd/sulphuric acid and the product (HPD-solid) is

obtained by precipitation at pH6.0. HPD-soIid is then

dissolved in 0. IN sodium hydroxide and stood at room

temperature fox th before being neutralized with 0. IN

hydrochloric acid. This is the solution used clinically and

will be referred to as HPD.

In early reports [Dougherty et aI ' ¡ L978) , HPD was

separated into at least 4 bands by thin layer chromatography

but no chemical identif ication was attempted. l"tethods have been

recently established to separate and analyse porphyrins by

reverse phase high performance liquid chromatography (HPLC).

clezy et al. tI980l analysed the esters of HPD-soIid and showed

Hp diacetate $¡as the main porphyrin component. HPLC analysis

of HpD-soIid by Bonnett et aI. t198Il showed the main

components vüere the o-acetyl and oro-diacetyl derivatives of

Hp. cadby et al. llg}2; 19831 confirmed that HPD-solid was

composed of HP, HP diacetate, the isomers of HP hydroxy acetate
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and HP vinyl acetate and a small amount of protoporphyrin (PP).

HpD (clinical solution) consisted of 45-50t HP' smaller amounts

of hydroxyethyl vinyl deuteroporphyrin (HVD) and PP with a

considerabte amount of an unidentified hydrophobic component.

Moan' and coworkers have also analysed HPD by HPLC and reported

4 main components, HP, the two isomers of HvD and an

unidentif ied hydrophobic component ll'toan and Sommer' 1981; Moan

et aI., L982b; 1982c¡ 1983b1. Kessel [1982b] also confirmed

that the main components of HPD were HP, HVD' PP and another

hydrophobic component.

The chemical composition of HPD is further complicated by

the fact that porphyrins self-aggregate in solution. Dougherty

et al. t19831 showed three main components in HPD on a Biogel

pI0 polyacrylamide gel column. The fastest-running band eluted

in the void volume., which indicated it had a molecular weight

of over 20r000. Ultracentrifugation studies Iswincer et aI.r

19851 showed the fastest-running band from a Biogel p10 column

had an average molecular \.reight of 2I r 500. The intermediate

band $Jas 8,000 and the slowest running band !'JaS 6 r 500.

Fluorescence decay data also provided evidence for the presence

of stable aggregates in HPD or commercial HP [Andreoni et al. r

I982a; Smith, 19851.

Determining the nature of the tumour-local izing and

phototoxic component in HPD is important in developing more

effective therapies. A pure compound of known structure could

be used. Removal of inactive porphyrins may increase the

specificity of uptake into tumours with a reduction in skin

photosensitivity. A lower total dose of porphyrin could also be

used. Understanding the nature of the active porphyrin could
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also help in designing other more efficient tumour

photosensiti zexs. In this context, porphyrin C has been

investigated by Scourides et aI. t19851 . It is a porphyrin with

a very,short retention time in the body and by virtue of this,

will reduce long term photosensitivity.

The photoactivity in vitro of some of the components of

HPD and also of porphyrin C will be examined in the following

studies.

(b). Preparation and analysis of some of the components of HPD

(i). BioqeI pIO chromatography

Method

Biogel pIO polyacrylamide beads (Biorad Laboratories) were

allowed to swell for 24li, in degassed water buffered to pH7.0

with trace amounts of phosphoric acid and triethylamine.

Columns (15.QXI.Qcm) were poured and equilibrated with PH7.O

water. HpD (I00uI of Smg/ml) was loaded and the column eluted

with pH7.0 water. The column flow rate htas 0.5mL/min. One min

f ractions r¡/ere collected, diluted with 3mI of I: I ethanol:0.IM

NaOH and optical density was read at 397nm. For phototoxicity

assays, the porphyrin peaks were detected by eye and pooled.

ResuI ts
A typical chromatogram of HPD is shown in Fig. 4.I. Three

main peaks u¡ere detected. A dark brown peak eluted in the void

volume of the column (5ml) and overlapped with a second dark

red peak. The broad slowest-running peak consisted of pink

material. The three peaks have been designated HPD aggregate,

HpD intermediate and HPD slow fractions respectively.

It vras not possible to obtain these three peaks

consistently. Occasionally, only the aggregate and slow
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fractions were detected (Fi9 . 4 -2) . The

discrepancy $tere not clear but if freshly

buffered to pH?.O and degassed $¡as used, the

be obtained reproducibly.

(ii). Preparation of pure porphyrins

reasons for

distilled

three bands

66

'this

water

cou ld

Pure Hp and HVD were prepared by Dr A.G. Swincer, Organic

Chemistry Department, The University of Adelaide, by acid-ether

extraction of HPD by a published procedure [Cowled et aI.,

19851. HVD was separated on a Biogel pIQ column into three

aggregation states as described above. PP was prepared by Dr.

A.G. Swincer from Hp by a procedure described in the literature

lDinello and Chang,1978]. PP ran as a single fast-running peak

on BiogeI plO columns, indicating that it t¡ttas highly

aggregated. AII pure porphyrins were analysed by HPLG before

testing for photoactivity.

Porphyrin c solid was prepared by Dr. P.A. Scourides'

Ludwig Institute for Cancer Research, Royal Melbourne Hospital

lscourides et aI . r 19851 and dissolved in 0.IN NaOH. The pH vtas

adjusted to 7.4 $¡ith o.tN HCI and water and solid NaCl added to

give an isotonic solution with a f inal concentration of Smgr/ml '

All solutions vrere degassed and bubbled with N2. solutions were

manipulated and stored under a nitrogen atmosphere. O.D.¡gZ of

porphyr in C \^ras measured af ter di luting in I: I ethanol : 0. IN

NaOH.

(iii). Hiqh performance Iiouid chromatography

HPLC vùas performed using a Waters Novapak CIB cartridge'

The column was equilibrated with 2.5ml"l tetra-n'butylammonium

phosphate (Unichrom) in 85? methanol (pH3.0, buffered with

phosphoric acid and triethylamine). Porphyrin samples \¡itere

injected in this solvent and the column eluted with aqueous
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methanol (1:9, pH7.2). The detector $¡as set at 397 nm. Under

these conditions atl of the injected material v¡as eluted from

the column. The HPLC analysis of HPD is shown in Fig. 4.3 and

$¡as in agreement with previously published reports lCadby et

al.¡' 1982; 1983; Moan et aI .7 I982b,. L982c¡ l983bl . The

preparations of the individual porphyrins htere of high purity

(Fig. 4.4). HPLC analysis of the HPD fractions prepared by

Biogel p10 chromatography shows the aggregate fraction had the

greatest proportion of poorly-resolved hydrophobíc porphyrins

and the slow fraction consisted largely of HP and HVD which are

the most hydrophilic porphyrins in HPD (Fig. 4-5).

(iv). Ultrafiltration
Amicon yt"tlo ultrafilters with a molecular weight cutoff

of 10r000 $rere used for the preparation of aggregated and less

aggregated fractions of HPD. Twenty ml of HPD $¡as loaded onto

the filter and the first 10ml passed through the filter was

collected. This $¡as caIled HPD passed fraction. Biogel Pl0

chromatography indicated this fraction had a relatively Iow

molecular vJeight, since it comigrated with HPD slow fraction.

The porphyrin retained by the ultrafilter vtas washed with 150mI

of saline. The final 10mI retained by the filter $¡as called HPD

retained fraction. BiogeI plQ chromatography showed this

fraction consisted mostly of fast-running aggregates with a

small contamination by the slow fraction.

v . POI acr Iamide I electro hores i s

Method

Electrophoresis vtas carried out using the flat bed LKB

Multiphor apparatus in a tris-glycine pH 8.9 system. The buffer

stock solution was prepared by dissolving 75.19 glycine and
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2.5g sodium azide in 5 litres of distilled water and adjusting

the pH to 8.9 \^rith solid Trizma base (Tris (hydroxymethyl)

aminomethane, Sigma). Electrode buffer v¡as prepared by mixing L

part buffer stock with I part distilled water.

GeIs vtere prepared using the recipes in Table 4.I. Some

gels were poured between plain glass plates and 20uI wells cut

in the gel. Alternatively, a 10ul slot former (LKB) vtas used.

GeIs were stored overnight at 40 in a humidified chamber before

use.

The plates were pre-electrophoresed fot 30min at 5QmA

bef ore use. HPD ( 10 or 20uI of a Smg,/ml solution) $tas appl ied

to the plates and concentrated for l0min at 20m4. The field

strength was then increased to l5volts,/cm for approximately 3h.

The plates $¡ere .examined under a ultraviolet light and

photographed. The porphyrin bands $¡ere cut out of the gel and

soaked in pBS for 48 hours in the dark. The material recovered

was analysed by HPLC and tested for photocytotoxicity in vitro.

HPD retained fraction and HPD passed fraction (YMIQ

ultrafilter) were also analysed by electrophoresis as above.

Resul ts
Electrophoresis of HPD resulted in its separation into two

bands (Fig. 4.6), a fast-moving brown band and a slower moving

pink band. Separation between the bands $¡as cleanest with 3.53

and 5A gels. With a 7.52 gelr the brown band \^tas considerably

streaked back towards the pink band. The preparative runs were

carried out using 53 gels. HPD retained fraction ran aS a

faster-moving brown band with a small contaminant of the

slower-moving pink band. HPD passed fraction consisted entirely

of the slow-moving pink band. Under ultraviolet light, the pink

band showed intense salmon pink fluorescence while the brown



Tab1e 4. I.

Composition of polvacrvlamide electrophoresis gels

66 .0 66.0 66.0

DistiIIed water

Tris-glycine stock buffer
(pH 8.e)

Acrylamide solution*

Ammonium persulphate
( 15 mg,/m1 )

TEMED

TotaI volume (mI )

19. 3 l-4.9

33.0

7.5

33.0 33.0

10.4 14.8 22.2

3.2 3.2 3.2

0.r 0.1 0.1

3.5? GeI 5.0å GeI 7.52 GeISoIut i on

* Acrylamide solution: Dissolve

0.6g Bis acrylamide in I00 ml

through a lrihatman no. I filter.

22.29 acrylamide

distilled water

(BDH ) and

and fí lter
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Separat i on of HPD by polyacrylamide geI electrophoresis

ba

The conditions are described in the text.

: HPD

: HPD aggregate (retained by Amicon YI"IIO ultraf íIter )

: HPD passed fraction (passed by Amicon YM10 ultrafilter)

a

b

c
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band vJas not fluorescent.

HPLC analysis of the two ge| extracts (Fig. 4.71 indicated

that the f ast and slow migrating bands !{ere of simi lar

composition to HPD aggregate and HPD slow fraction isolated

from a Biogel p10 column. The two gel extracts were tested fot

photocytotoxicity

4. 11) .

in vitro and the results given beLow (Fig.

(c). Photocy totoxicity of some of the components of HPD

( i) . Method

Photocytotoxicity in vitro was tested using the assay

described in Chapter 2. Porphyrin solutions were prepared in

saline and added to SlCr-l.belled Raji cells so that the final

optical density at 397nm was 4.0; After incubating for th at

37o, the cells vrere washed in RPMI 1640 and resuspended in PBS

(0.5XI0U/^L). In some experiments, Ut"t-labeIIed ceIls htere

resuspended in PBS (0.5X10'/^r) , porphyrins vrere added and the

cells irradiated at once. Alternativety, ceIIs r^tere incubated

in porphyrin for 2Lh,, then resuspended in RPMI L64O/L0?FCS and

incubated for 4h to allow efflux of porphyrins from the cells.

The photoactivity of each porphyrin blas assessed in

several separate experiments using fresh preparations of

porphyrin. Before testing, each porphyrin was checked for

purity by HPLC and its aggregation state was checked by Biogel

pIO chromatography. HPD was run as a standard in aII assays.

Uptake of porphyrin after th incubation (O.D.392=4.0) $¡as

assessed by fluorescence microscopy as described in Chapter 2.

(ii). Photocytotoxicity of po rphyrins after th Incubation

The photoactivity of HPD and HPD fractions prepared

Amicon YM10 ultrafiltration r^ras compared (Fig. 4.8). HPD

by

and



a
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Elution Time(min)

Fig . 4.7

HPLC analysis of porphyrin fractions prepared by

polyacrylamide ge1 electrophoresis

The column hras run under standard conditions described in the

text

a: Fast-running

b: Slow-running

brown fraction.

pink fraction.
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Photoactivity of porphyrin fractions prepared by

Amicon YMl0 ultrafiltration
5ICr-labeIIed Raji cells v¡ere incubated for th with porphyrins

(o'D' 3g1=4'0) and irradiated'

O HPD

O HPD retained fraction

I HPD passed fraction
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5I
HPD retained fraction resulted in identical profiles of Cr

release but the material passed by the YMIO filter $tas nearly

inactive.

The three fractions isolated by Biogel pIQ chromatography

were compared (Fig. 4.9). Incubating the cells in the fast-

moving aggregate fraction resulted in the fastest 51C, release

(similar to HpD), the intermediate fraction showed intermediate

activity and the slowest moving fraction, the slowest 5lC=

release.

The photoactivity of the pure porphyrins is shown in Fig.

4.10. pp was the most active and HP was inactive. Of the three

aggregation states of HVD, the aggregate $¡as the most active,

the intermediate fraction the next active and the non-aggregate

fraction Ieast active. The photoactivity of HPD was similar to

HVD aggregate.

The relative photoactivities of the two fractions prepared

by polyacrylamide gel electrophoresis $¡as examined. The faster-

moving brown fraction was more photoactive than the slower pink

band (Fig. 4.If). This behaviour was consistent with the two

bands having a similar composition to the aggregate and slow

fractions from a Biogel ptO column.

(iii) . Correlation between photocvtotox icitv and fluorescence

uptake of porphyrins

Uptake of porphyrin into Raji cells resulted in bright red

fluorescence (Fig. 4.l.2). Fluorescence $¡as detected after ceIIs

vrere incubated in HPDr HVD' PP, HPD aggregate, HPD retained

fraction and HPD intermediate fraction (Table 4.2). CeIls

incubated in HPD passed fraction (YM10 ultrafilter) and HPD

slow fraction (plO column) were weakly positive and celIs
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Photoact iv i t v of porphyrin fractions isolated by

gioqel pI0 lvacrvlamide qel chromatograPhY

5ICr-labeIIed Raji ceIIs were incubated for Ih with porphyrins

(o'D'3g7=4'o') and irradiated '

O HPD aggregate fraction

O HPD intermediate fraction

I HPD slow fraction
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51 Cr-Iabe1 led

(o.D.397=4.0)
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Fig. 4.I0

Photoactivity of Pure PorPhYrins

Raji cells were incubated for Ih with.porphyrins

and irradiated.

O HVD aggregate (pI0 column)

t HVD intermediate fraction (pI0 column)

tr HVD slow fraction (PIO column)

AHP
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celIs were incubated for lh with porphyrins

i rrad i ated .

O HPD fast-running band

I HPD slow-running band

r



Fis. 4.12

Fluoresce nce uPtake of HPD in Rai i celIs

Ra j i ceI ls $¡ere incubated

examined under a fluorescence

with HPD (O. D .397=4.0 ) for lh and

microscope (4OOX magnification) '



Table 4.2

Fluorescent uptake of porphvrin fractions by nai i ceIls

HPD

HPD retained fraction (YMIO ultrafilter)

HPD passed f ractíon (YI"110 ultraf i lter )

HPD aggregate (P10 column)

HPD intermediate fraction (pI0 column)

HPD slow fraction (PI0 column)

Protoporphyr in

Haematoporphyr i n

Hydroxyethyl vinyl deuteroporphyrin

Pos

Pos

Weak Pos

POS

Pos

Weak Pos

Pos

Neg

Pos

Porphyr i n Fluorescence

CeIts were incubated fot lh

examined under a fluorescence

in porphyrin (O. D.397=4.0 ) and

microscope.
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incubated in Hp were negative. This correlated with the order

of photoactivity demonstrated by 51"t release and indicates

that a crucial requirement for photoactivity may be uptake of

the porphyrin into the cells.

TV . Photoc totoxicit of x ins ttexternalt'to the ceIIs.

Cells vrere suspended in porphyrin (O.D - 3g7=O -4) and

irradiated without any preincubation. HPD ' HPD retained

fraction (YMIQ uttrafilter) and HVD aII caused rapid 5lC.

release (Fig. 4.13). PP sras slightly less active than HPD, HPD

passed fraction (YM10 ultrafilter) was less active and HP was

nearly inactive (Fig. 4.14). This order of activity was the

same as that observed when porphyrins and cells \átere incubated

for Ih before irradiation.
The location ' of the porphyrin could be either in the

external medium, or during the time needed to irradiate the

cells, it could attach to the ceII surface or be taken up into

the ceIls. CeIls htere suspended in HPD (O. D.392=0'4 ) and

examined immediately under a fluorescence microscope. There was

faint red fluorescence around the rim of the cells but none in

the cytoplasm, indicating very rapid binding of porphyrin on

the cell surface.

(v) . Photocvt otoxicitv of porphvrins aft er extended incubation

followed bv efflux
5ICt release after 2Ih incubation in porphyrin followed by

effLux is shown in Fig. 4.15. HPD retained fraction (YMIO

ultrafilter) was slightly more photoactive than HPD. HPD passed

fraction (YMI0 ultrafilter) was much Iess photoactive.

photoactivities were not altered by extended incubation

cells in porphyrins. The extended incubation did not

inactive porphyrin to become phototoxic'

Relat ive

of the

cause an
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Photoactivi ty of porphyrins "external" to the ceIIs
5I"r-IabelIed Raji cells were suspended in porphyrin solutions

(O.D.397=0.4) and irradiated at once.

O HPD

O HVD

rPP
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Photoact iv i t of or h rin fractions after ext nded incubation

followed bv efflux

Raj i cells were incubated for 2L h with porphyrins

(o.D.3g7=4.0), was-hed and incubated for 4h in fresh serum rich

medium with 5lar. The cells were washed and irradiated.

O. HPD

O HPD retained fraction (YMl0 ultrafilter)

I HPD passed fraction (YMI0 ultrafilter)
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(vi). Photocvtotoxicity of PorPhYrin C

In contrast to HPD, porphyrin C $tas not photoactive

in vitro, even at very high porphyrin concentrations

(O. D .397=60.0, equivalent to 350u9/ml ) (Fig . 14.6 ) .

FluOrescence vJas not detected, suggesting porphyrin C was not

taken up by the cells. Biogel p10 chromatography of porphyrin C

showed a single peak which comigrated with HPD slow fraction,

indicating porphyrin C was not highty aggregated.

(d). Discussion

The photocytotoxicity in vitro of some of the components

of HPD has been assessed by 5ICt release from Raji cells after

irradiation. As discussed in Chapter 2t 51c, release was a

measure of gross membrane damage leading to cell lysis, and

correlated with trypan blue uptake. 5lct release, measured

immediately after irradiation, v¡as not as sensitive in
detecting photodynamic damage to cells as inhibition of 3tt

thymidine uptake or colony formation. However, it was

satisfactory as a screening test for photoactivity in vitro of
porphyrins with good reproducibility within an assay.

The concentrations of porphyrins used in the assays $rere

determined from the measurement of O. D.397. Since the

extinction coefficients vary between porphyrins IBarrett,
19691 ' there will be some inaccuracies in concentration.
Hor^rever the smallness of the quantitres of porphyrin isolated
from pIO columns or from electrophoresis made the determination
of dry weight impractical.

Photoactivity of porphyrins eras assessed by examining the

rate of 5rcr release. A number of porphyrin preparations had

profiles of 51ct release similar to HpD. These vrere HpD
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aggregate, HPD retained fraction, PP and all the aggregation

states of HVD. The HPD intermediate and HPD slow fractions

vJere less active. HPD passed fraction, pure HP and porphyrin C

(alI less aggregated) $tere inactive. Thus the photoactivity of

the'porphyrins increased with increasing aggregation state.

These results are in agreement with other published

reports. Pure HP was inactive in vitro [Kessel, L982a, 1982b]

and in vivo IDougherty, 1983] and any photoactivity in

commercial Hp could be attributed to impurities. Kessel If982a]

showed LI2lO cells preferentially accumulated the PP and HVD

contaminants in commercial HP.

Studies by t'loan and coworkers also confirmed the above

results. The least polar components in HPD photosensitized NHIK

3025 cells in vitro but HP was not photoactive [Moan et aI. '
1982b i L982c¡ Moa.n and Sommer , L9841 . The photosensitizing

efficiency of the components of HPD increased with decreasing

polarity, with a corresPonding increase in uptake of porphyrinr

measured both by fluorescence and 3tt-porphyr:n uptake. l'loan and

Sommer t19831 reported that intermediate-sized hydrophobic

þorphyrins $tere accumulated in vitro rather than the large

aggregates. They did not directly determine the size of

porphyr ins aggregates, but deduced it from the relative

sharpness of the HPLC Peaks.

Kessel has also confirmed that hydrophobicity is a major

factor in determining photoactivity in vitro lKessel' 198I;

1982a- Ig82bl . Hydrophobic porphyrins were readily taken up by

LI210 celIs but were washed out of the cells. Hydrophilic

porphyrins vtere slowly accumulated and $¡ere not readily washed

out of cells. This contra<licts the above results where HPD
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passed fraction, a mixture of relatively hydrophilic porphyrins

by HPLCr $tâs not taken up or retained by Raji cells after long

incubation. This discrepancy may reflect the celIs . and

porphyrins used and also differences in sensitivity of the

assays used to detect photodynamic damage to ceIIs.

Moan and Sommer tI98Il showed irradiation of HP resulted

in the highest quantum yield of 'o, and the hydrophobic

component the lowest. This is in the reverse order to the

photoactivi ty observed in vitro, implying the quantum yield of
,O, is not a major factor in determining photocytotoxicity of

porphyr i ns .

Photoactivity corresponded to fluorescence of porphyrins

within the ceIIs. Kessel t1977bl reported the ability of a

porphyrin to bind to the ceII surface was the most important

factor in determining its photosensitizíng ability. The

intensity of fluorescence is affected by the nature of the

porphyrin and the site of local ízation within the cell as weII

as the amount of porphyrins present. Porphyrin aggregates are

not fluorescent lMoan and Sommer, 1981; Moan et aI., 1983b].

Bright cytoplasmic fluorescence $ras observed after incubating

celIs in HPD aggregate, suggesting porphyrins disaggregate

within celIs. Therefore aggregation is required for uptake but

the photoactive porphyrin within the celI may not be an

aggregate. tloan and sommer t1984l suggested non-aggregated

porphyrins were more efficient photosensitizers within the

ceII, since the action spectrum of photodynamic inactivation

closeJ-y corresponded to the fluorescence excitation spectrum of

non-aggregated porphyrins. This is in agreement with KesseI

I1982a] who found that the intracellular porphyrin was HP'

since Hp is not taken up by cells, the disaggregation of an



75

aggregate containing HP may occur within the cell. The high

quantum yietd of 'O, after irradiation of HP suggests HP would

be a effective photosensitizer once it is within the ceII.

In conclusion, the requirements of a porphyr in for

photocytotoxicity in vitro are hydrophobicity, Possibly to

allow binding to Iipid-rich regions in cell membranes, and a

highly aggregated state. It has been suggested HPD may be taken

up by phagocytosis [Moan and Christensen, I98O]. This may occuú

more readily with Iarge aggregates. The tumour localizing

capacity and chemical structure of these large aggregates wilI

be considered further in Chapter 5.
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CHAPTER 5

PHOTOCYTOTOXICITY IN VIVO OF HPD COMPONENTS

(a). Introduction

The previous chapter discussed the in vitro photocytotox i c

activity of some of the components of HPD. Photoactivity of

porphyrins correlated with a high degree of aggregation and

with the presence of more hydrophobic porphyrins. HP, which was

hydrophilic and not highly aggregated, hras inactive in vitro.

The photoactivity of porphyrins in vivo must also be

considered. Tumour-Iocalizing capacity will PIay a major role

in determining the phototoxic activity of porphyrins. Since the

tumour vasculature is an important site of photodynamic damage,

interactions between porphyrins and the vasc.ulature wiIl also

be important in det.ermining phototoxicity.

The transplantable tumour model in mice described in

Chapter 3 has been used to examine the phototoxic and skin-

sensitizing capacities of some of the components of HPD.

(b). Methods

(i). Preparation of Porphyrins

Porphyrins vüere prepared and analysed as described in

Chapter 4. Since HVD could not be prepared in large quantities

by acid-ether extraction, testing in vivo was not posSible.

Photof rin II viras a gif t f rom Dr. T. J. Dougherty. Atl porphyrins

were tested f.or purity by HPLC and fox aggregation state by

Biogel plQ chromatography before being administered to the

mice. Concentration of porphyrins htas determined by measuring

o. D. ggZ in I : I Ethanol : 0. lN NaOH and compåred to HPD as a

standard. HPD (5mg/m1 determined by dry weight) when diluted
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given porphyrins

24}:, later with

Iamp. TC59 r skin

!ùere assessed as

l,tice with Lewis lung carcinoma vtere

(50mg/kg i.p. ) and the tumours irradiated

225J./sq cm Iight from the incandescent

photosensitivity and uptake of porphyrins

described in Chapter 3.

(c). Tumoricidal Activity of Porphyrins

The relative tumoricidal activity of the porphyrins is

shown in Table 5. I. HPD, HPD retained fraction (YMIQ

ultrafi lter ) and Photofr in I I all showed simi Iar

photoactivity, with a TCSO of 5-6 days. HPD passed fraction

(Y¡,110 ultrafilter) and HP were inactive, having no visible

effect on the tumours. PP had very Iittle phototoxic activity

but an occasional tumour disappeared after irradiation.

The photoactivity of porphyrin C was tested using a short

interval between injection and irradiation, since fluorescence

uptake studies (see below) showed porphyrin C was cleared very

quickly from the mouse. The photoactivity of porphyrin C

compared to HpD is shown in Table 5.2. llhen the tumours !ùere

irradiated lh af ter in jection of porphyrin C ' TCSO \^ras 4 days '
comparable to the response if the tumours \^Iere irradiated 24hr

after injection of HPD. The efficacy of treatment diminished

over the next hour with no response 2h after injection of

porphyr in C. lr]hen tumours $¡ere treated 2h af ter HPD in jection ,

TCSO was 8-9 days.

Correlation between tumour fluorescence and phototoxicity(d ).

Twenty four hours after injection of porphyrin' there was



Table 5. I

In vivo photoactivitv of PorPhYrins

Mice were injected with porphyrín (50m9/kg i.p) and tumours

irradiated 2{¡ Iater with 225J/sq cm Iight. For skin

photosensitivi ty, the Ief t f ootpad \^¡as irradiated wi th II0J/sq

cm. Results are expressed as the mean +,S.D. of 2 experiments'

Fluorescence of frozen sections vJas assessed 24h after

injection of porphyrin.

HPD 5

HPD retained fraction 5

HPD passed fraction 0

HPO

PPO

Photofrin II 6

79 +

+

2L

9.9

6.1

.0

Pos

69 Pos

0 B

+

+ Weak Pos

0 2 Neg

Neg

Pos

-0.2 + 3

55.4 +

.0

tt.5

Porphyr i n TC so

( days )

% Increase in FI uorescence

Footpad Thickness



Table 5.2

Compar i son of the photoactivitv of HPD and PorPhYrin C

Porphyrin C

Porphyrin C

Porphyrin C

HPD

HPD

I

1

2

2

4.0 Pos

lfeak Pos

Vleak Pos

Pos

Pos

*
5 <I

0

8.5 + 0.

5.0

5

24

Porphyr i n
( 5Oms/ks )

Interval porphyrin to
Irradiation (hours)

TC
(da 5

v
0s

Fluorescence
)

* : 4/LO tumours were non-palpable 24 h post irradiation.

Mice were injected with 5omg/kg porphyrin i.p. and tumours

irradiated with 225J/sq cm Iight. Fluorescence of fxozen

sections of tumours râ¡as assessed after the same interval

between porphyrin injection and irradiation as for

photoactivity.
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intense red fluorescence in tumours of mice injected with HPDt

HPD retained fraction and Photofrin II (Table 5.I.). Tumours

from mice injected with HPD passed fraction were weakly

fluorescent. Injection of PP and HP did not result in any

fluorescence in the tumours. Photoactivity corresponded to

fluorescence in the tumours.

Uptake of porphyrin C was examined by removing tumours I-

24in after injection. Bright red fluorescence v¡as seen Ih after

injection but was greatly reduced in the later samples. No

fluorescence $tas detected 241n after injection (Tab1e 5.2).

Photoactivity correlated with the tumour response to PDT.

(e) . Skin Photosensitivity
The percentage increase in footpad thickness 24}:r after

irradiation is shown in Table 5.I. HPD, HPD retained fraction

and Photofrin II atI caused approximately the same cutaneous

photosensitivity while HPD passed fraction, HP and PP did not

photosensitize the skin. Skin photosensitivity correlated with

tumour response to PDT. Skin photosensitivity induced by

porphyrin C Ih after injection vras not reproducible, with some

mice showing increases in footpad thickness of up to 50% and

others showing no response.

(f). Discussion

has

of

this

the

The validity of TCSO as

been discussed in Chapter

some of the components of

a measure of the efficacy of PDT

3. The relative Photoactivities
HPD havê been investigated using

assay.

The photocytotoxic activity in vivo of HPD was

fraction retained by YMI0 ultrafilter. This

I imi ted

fraction

B iogel

to

is
pr0similar to the HPD aggregate fraction isolated by
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chromatography. This is in agreement with a number of reports

that the aggregated hydrophobic fraction of HPD is entirely

responsible for the photocytotoxic activity in vivo IDougherty

et al.¡ 1983; Moan and sOmmer, 1983; Evensen et aI., I984b;

Kessel and Chou, 1983; Kessel and Chengr 19851. Pure HP and PP

were inactiver âs $tas HPD passed fraction whích consisted of

Iess aggregated material. Pure HP or PP did not localize in

sarcoma I80 tumours in mice lKessel , L982b] . Berenbaum et aI '

li-982l also found that HP, PP and HVD did not localize in

tumours and $¡ere not photoactive in vivo. Commercial HP was

photoactive in a rat tumour [Tomio et aI . ¡ 1983] . Hovrever this

photoactivity may be accounted fot by hydrophobic contaminants

in commercial HP, similar in composition to HPD aggregate

IDougherty, 1983].

The photoactiv.ity of the porphyrins correlated $¡ith uptake

of porphyrin in the tumour as detected by fluorescence. This

suggests that the critical requirement fot photoactivity

in vivo is uptake and retention of porphyrin in the tumours'

HPD passed fraction, HP and PP vJere not taken up or retained in

the tumours. PP was photoactive in vitro (Chapter 4), thus it

can be taken up by cells in tissue culture but the mechanism

for its uptake and retention in the tumour must be lacking in

mice. Skin photosensitization only occurred with porphyrins

that also resulted in tumour fluorescence and destruction.

Therefore it is unlikely that a porphyrin wiII be found that is

highly photoactive in tumours but does not photosensitize the

skin. A photoactive porphyrin with a short retention time in

the body may be the most useful method of minimising

photosensitivity.
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The commercial product, Photofrin II has been postulated

to be the active component of HPD [Dougherty et al., 1983]. It

exists in aqueous solution in a highly aggregated state,

demonstrated by gel chromatography IDougherty et aI., 1983] and

spectroscopic data IPoletti et â1., 1984]. Dougherty reported

photofrin II had greater tumoricidal activity with less skin

sensitization than HPD. Half the amount of Photofrin II $¡as

required to achieve similar tumour levels when compared to HPD

[Dougherty et al., 1984a]. Kessel and Chou I1983] also showed

an improved ratio of uptake in tumour compared to skin using an

aggregated fraction of HPD. The above results show Photofrin II

had similar photoactivity to HPD and HPD retained fraction

(yÌ4I0 ultrafilter). This discrepancy may reflect the different

tumour systems used. HPD, HPD retained fraction and Photofrin

II aII caused a similar degree of cutaneous photosensitivity.

Gomer and Razum t19841 also reported HPD and Photofrin II

caused comparable skin damage. Therefore using the photoactive

fraction of HPD did not have any therapeutic advantages with

the same efficacy of tumour destruction and skin

photosensitivity as HPD.

The chemical structure of the photoactive fraction of HPD

is stiII controversial. Using nuclear magnetic resonance (NMR)

and mass spectra, Dougherty has proposed that the photoactive

fraction of HPD (Photofrin II) consists of a number of ísomers

of an Hp dimer joined by ether linkages [oougherty et aI. '
I984a; 1984b1. KesseI has proposed alternative structures where

HP molecules are joined by ester linkages lKessel et aI., 1985;

19861. However the photoactive fraction of HPD is not a dimer

in solution. BiogeJ. pI0 chromatography and ultrafiltration

studies described in chapter 4 suggest a larger aggregate'
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Ultracentrifugation studies lSwincer et al., 1985] provided

evidence for a molecular vteight of greater than 20 r000.

Therefore if the active fraction is a porphyrin dimerr there

must be a considerable degree of stable self-aggregation in

aqueous solutions.

Analysis of HPD aggregate by NMR lWard and Swincer ' 1985]

also suggested a polymeric structure, possibty of 30-40

porphyrin units. NMR studies gave no evidence as to the nature

of the covalent bond between the porphyrins. HPD aggregates

were stable in both aqueous and organic solvents and did not

disaggregate upon dilution. They appear to have a structure

quite different to the weak aggregates formed by HP or Èhe

large aggregates (molecular weight greater than I00r000) formed

by protoporphyrin in aqueous solution [Swincer et aI.¡ 1985].

hlard and Swincer [1,985] postulated that HPD aggregate is formed

by stacking of the tetrapyrrol rings. This arrangement would be

favourable for transport through the hydrophilic environment of

the blood. The stacks may then unfold in the hydrophobic

environment of the cell membrane and the linear arrangement of

porphyrins wilI readily insert into the cell membrane where a

nucleophilic group could cleave off individual porphyrins'

These monomeric porphyrins wiIl be fluorescent and may then

migrate to more sensitive sites in the ceII '
The requirements for a photoactive and tumour-localizing

porphyrin therefore appear to be a relatively hydrophobic

nature and a highly aggregated state. Ho!.tever porphyrin C does

not match these reguirements as it is not highly aggregated

(chapter 4). Porphyrin c is rapidly cleared from the body, so

aggregation may only be necessary for long-term retention of
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porphyrins in tumours.

Porphyrin C may be potentially therapeutically useful.

Its short retention time in the body means that long term

photosensitivity would not be a problem and adequate tumour

responses may be achieved by treating the tumours shortly after

porphyrin injection. Scourides et al.¡ [1985] have reported

good localization of porphyrin C in the tumours of mice 2h

after injection with only very low levels of fluorescence in

normal tissues. Therefore ne!'r porphyrins with different rates

of uptake and retention may be useful in improving the efficacy

of PDT.
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CHAPTER 6

PHOTOCYTOTOXICITY IN VITRO AND ANTIBODY SPECIFICITY OF

HAEMATOPORPHYRI N -ANTIBODY CONJUGATES

(a) . Introduction

The use of drugs or radioisotopes bound to tumour-sPecific

antibodies is being investigated for the detection of tumours

or to improve selectivity of drug uptake. Labelling of tumour-

specific monoclonal antibodies with L23f or 131I followed by

external body scintigraphy, has been used sucessfully for

imaging breast carcinoma and metastases from ovarian and

gastrointestinal adenocarcinoma [Epenetos et al., L982¡

Zalcberg et aI.¡ 19831. Monoclonal antibodies targeted against

tumours have also been used for therapy. I3Ir -Iub"lI"d
monoclonal antibody was used to deliver high doses of radiation

Iocally to metastatic ovarian carcinoma but with low doses to

the rest of the body. A reduction in tumour maSS was shown

lCourtnay-Luck et aI., 1984l.

Complexes between chemotherapeutic drugs and anti-tumour

antibodies may improve specificity and efficacy of treatment.

Chlorambucil-antibody complexes were used to treat a

transplantable mouse melanoma with a better therapeutic

response than free chlorambucil IDe weger et al., 1982] .

Monoclonal antibodies have also been used to deliver toxic

molecules such as Ricin Ar abrin and diphtheria toxin, to

tumours without systemic toxicity INevi.IIe and YouIe, 1982¡

Raso t L982¡ I',loolten et aI . ¡ L982). Reduction in size of animal

tumours and antibody specific cytotoxicity

observed.

in vi tro vJas

The coupling of porphyrin to antibody has the potential to
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increase specificity of uptake of porphyrin into tumgurs'

thereby reducing the photosensitizatíon of normal tissues. Mew

and coworkers coupled HP to a monoclonal antibody directed

against the mouse DBA/2J myosarcoma ¡4-I. They showed that the

conjugate was phototoxic against erythrocytes and exhibited

antibody-directed specificity of uptake into mouse tumours IMew

et aI., 1983; Wat et aI., 19841. The growth of tumours v¡as

inhibited by treating with HP-antibody and light.

The potential of HP'antibody conj ugates to del iver

porphyrins to tumours was examined as a method of increasing

specificity of uptake and hence increasing efficacy of

treatment. As an in vitro model , HP lttas coupled to polyvalent

rabbit antihuman immunoglobulin and the antibody specificity

and photosensiti zing ability of the con j ugate !ì¡as tested

against normal human lymphocytes.

(b) . I,Iethods

(í). Preparation of HP-antibody coniugate

The coupling method described by Mew et aI. I1983] was

used. Haematoporphyrin dihydrochloride (HP, 20mg) (Roussel) was

dissolved in I.25nl water and 0. 8mI N 'N-dimethylformamide
(Sigrna) and 2Omg I-ethyl-3- (3-dimethylaminopropyl) -carbodi imide

(EDCI , Sigma ) in 0. 6mI water l¡/as added . Af ter 30min at room

temperature, I5mg rabbit antihuman immunoglobulin (Smg/ml,

Dakopatts) h¡as added. The solution vJas stirred at room

tem,perature for 5h and the pH maintained between 6 and 7 with

O. IN HCI or 0. lN NaOH as appropriate. Monoethanolamine ( 50uI ,

Sigma) was added and the reaction mixture incubated overnight

at room temperature. The solution \^¡as then dialysed against

0.00IN phosphate buffer , p|l.4 for 4 days with 3 changes of
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buffer per day. Dialysis overnight was against PBS' pH7.4.

The dialysed solution was fxeeze dried, redissolved in 3mI

pBS and passed through a sephadex G25 column tO remove

unconjugated HP. The column was eluted with PBS (flow rate

0.5m1,/min) , 2min fractions collected and O.D.¡92 (porphyrin)

and o.D.zgo (protein) measured. The porphyr.in and protein peaks

coincided and the peak f ractions vrere pooled ' VisibIe,/U ' V'

spectroscopy of the conjugate (Varian 635 spectrophotometer)

showed a protein peak at 280nm with the characteristic

porphyrin spectrum (soret band at approximately 380nm and

smaller peaks at 500' 530r 570 and 630nm, Fig' 6'I)'

protein concentration (determined spectrophotometrically)

vras 2.6mg/ml. eorphyrin concentration vJas 46.Sug/ml (determined

spectrophotometrically as described in Chapter 4, by taking

absorbance at 397nm of a standard HPD solution of Sug/ml as

0.8). The ratio of HP:antibody protein vras 17.9ug HP/mg

protein. A second preparation of HP-antibody conjugate had a

protein concentration of 4.8m9/ml and porphyrin concentration

of l00ug/m1. The ratio of HP:antibody was 20.8ug HP/mg protein'

To assess the effect of the carbodi imide coupl ing

procedure on antibody specificity, rabbit antihuman

immunoglobul in v,ras passed through the coupl ing procedure as

described above in the absence of HP. This solution $¡as

designated "antibody controI". The protein concentration of

the antibody control was 0.66m9/ml.

( ii ) . Thin Iaver chromatoqraphv of HP-antibodY conjugate

Hp-antibody conjugate was run on Merck silica gel thin

Iayer chromatography (TLC) sheets without fluorescence

indicator with eluting solvent ethanol:acetic acid 95:5 v/v'
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The plates !ùere viewed under a ultraviolet lamp.

(iii). Antibodv specificitv of HP-antibodv coniugate

Lymphocytes v¡ere isolated from heparinised blood from

normal volunteers by FicoIl-Hypaque density gradients IBoyum,

f9681. The lymphocytes $¡ere washed in PBS'. resuspended in

PBS/IOåFCS and incubated fot Ih at 37o . After washing, the

cells vrere suspended in PBS at 5XI0 6 /nt. The percentage of B

cells hras determined by incubating lymphocytes ( I00ul ) witft

fluoresceinated F(ab)2 polyvalent goat antihuman immunoglobulin

(L.2mg/mL, Katlestadt) for Ih on íce [Forbes et aI., 1978].

Àfter washing in PBS, the cells vrere resuspended in FCS (20uI)

and percentage of fluorescent cells counted under a Zeiss

fluorescence microscope.

T ceIIs râtere isolated by incubating lymphocytes

(I0xI06/^t) for Ih at 37o with IOB sheep red blood cells in PBS

[oivakaran and Wangel , L983]. The sheep red blood cells were

pretreated fox l5min at 37o with a sulphydryl reagent,

aminoethyl isothiuronium bromide (AET) at a ratio 1:4 packed

sheep red blood celIs:0. 143M AET, pH9.0 [KapIan and Clark,

L9741. The rosetted cells $¡ere resuspended and run on a

Ficoll-Hypaque density gradient. The pellet contained rosetted

T cells. Sheep red blood cells were lysed from rosettes by

suspending the pellet in Iml water for 20 sec before adding 20

ml- pBS. T cells $rere resuspended in pBS (5X106 /^t) . Percentage

T cells was determined by rosetting for Ih witf¡ 0.53 AET-

treated sheep red blood cells [Forbes et aI. ¡ L978] and

percentage B cell contaminant \âJas determined as descr ibed

above.

Lymphocytes (I00uI) were incubated for lh on ice witfr

graded concentrations of HP-antibody in PBS' "antibody control'l
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or untreated antibody. Total final volume v¡as 200u1. The celIs

were washed three times in PBS, resuspended in fluoresceinated

swine antirabbit imrnunoglobulin (25uI, Dakopatts) and 5OuI PBS,

and incubated for 30min on ice. The cells vrere washed three

times in PBS, resuspended in 20uI FCS and percentage of

fluorescent cells counted.

(iv) . Photoactivity of HP-antibody conjugate

Lymphocytes (I00uI) were incubated fox th on ice with HP-

antibody or antibody control (4.Sug/mt HP, 39Oug,/ml antibody

protein). This concentration of conjugate resulted in maximum

binding to lymphocytes (see results of Hp-antibody binding

studies in Fig. 6.3). The cells were washed three times and

resuspended in PBS (0.5X106/^r). CeIls htere irradiated with

white Iight from a Leitz Projector witf¡ a 250Vù quartz halogen

Iamp. At approximately 5min intervals, 50ul aliquots $tere

removed , added to 50uI of 0.3? trypan blue and percentage

trypan blue-positive cells counted.

(v) . sindinq of HP-antibody con-iuqate to Lewis lunq carcinoma

ceIIs

Lewis lung carcinoma ceIIs were grovtn

harvested as described in Chapter 3.

photocytotoxicity of the HP-antibody qonjugates

described above using the same concentrations

conjugate as for lymphocYtes.

in vitro and

Binding and

were tested as

of HP-antibody

(vi Blockinq HP'antibodv bindinq with free antibodY

Lymphocytes (I00uI) were incubated for lh on ice with

2mg/mL F(ab), goat anti human immunoglobulin (KaIIestadt) ,

washed three times with PBS' resuspended in PBS (100u1) and

labelled with graded concentrations of HP-antibody conjugate as
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above. After incubation with fluoresceinated

immunoglobulin second antibody, the percentage of

cells was counted.

kinq HP-antibody binding with free HP

Lymphocytes (I00ul) were incubated for th at 37o with

graded doses of unconj ugated HP ( 0-t00ug /nL) , washed ,

resuspended in PBS (100uI) and labelled with HP-antibody or

antibody control as described above. Percentage of fluorescent

ceIIs was counted.

(c). Results

(i). TLC of ttP-antibody con j ugate

Examination of unconjugated HP on TLC showed an intense

red fluorescent spot (Rf=0.85) with a fainter spot that

remained on the origin. HP-antibody conjugate showed an intense

red fluorescent spot at the origin onIy, indicating that

unbound HP was a very minor contaminant in the conj ugate.

( Íi ) . Bindinq of HP -antibodv coniugate to normal lymphocytes

When normal lymphocytes $¡ere incubated with HP-antíbody'

there vJas a linear increase in the percentage of fluorescent

cells (Fig. 6.21, indicating that HP-antibody bound to all the

Iymphocytes rather than only to the B cells. This suggests a

lack of antibody specificity. In a second experiment (Fi9.

6.2) , there \^ras a plateau at 452 f luorescent cellS. The

antibody control (passed through the coupling procedure) gave

zoeo f luorescent cells (Fig . 6.2). B cell percentage $¡as I83 '
indicating the coupling procedure itself did not alter the

antibody specificity.

. Bindinq of HP -antibodv to T cells( ii i )

Surface marker analysis of the isolated T celI population
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sho$¡ed 922 AET sheep red blood cell rosettes (T cells) and 3t

surface immunoglobulin positive ceIIs (B cells) . Labelling of

the T ceIIs with increasing concentrations of HP-antibody

resulted in 40È fluorescent ceIIs (Fig. 6.2) rindicating T ceIIs

also bound HP-antibody conjugate. This confirmed the lack of

antibody specificity of HP-antibody conjugate.

(iv). Photocvtotoxicitv of HP-antibody conjugate

The photodynamic activity of HP-antibody conjugate is

illustrated in Fig. 6.3. CeIl death was proportional to light

dose, with t0O% of the ceIIs being kiIled after 35min

irradiation. However, only 15 and 35å of the lymphocytes from

experiments I and 2 were fluorescent after labelling with HP-

antibody followed by fluorescent antiimmunoglobulin. This

indicated some cells were killed which did not have detectable

HP-antibody bound to the surface.

(v) . Interactions between HP -antibodv and Lewis lung carcinoma

cells

All Lewis lung carcinoma celIs bound HP-antibodyt

demonstrated by 100A fluorescent celIs. However the cells v¡ere

negative for surface immunoglobulin and did not bind antibody

control, confirming the lack of antibody specificity of HP-

antibody conjugate.

The photodynamic activity of HP-antibody bound to Lewis

Iung carcinoma cells is shown in Fig. 6.4. All the cells had

been killed after irradiation for 5Omin.

(vi ) . Block inq HP-antibodv bindinq with free antibody

Preincubation of lymphocytes with F(ab)t goat antihuman

immunoglobulin blocked binding of fluoresceinated antihuman

immunoglobulin to B cells, indicating that the surface

immunoglobulin on the B cells was saturated by antibody (Table
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6.1). Howeverr prêincubation with free antibody did not block

binding of HP-antibody to lymphocytes. Therefore, HP-antibody

does not bind to the cells through surface immunoglobulin (the

specific antibody receptor) .

(vii). BIoc kinq HP-antibodv bindinq with free HP

Preincubating lymphocytes in free HP had no effect on

binding of HP-antibody (Fig. 6.5). ninding of control antibody

to the lymphocytes was also unaffected by preincubating with

HP. The proportion of fluorescent cells remained at 2OZ.

(d). Discussion

The use of tumour-specific antibodies to target the

delivery of porphyrins into tumours has great potential to

improve specificity of uptake of porphyrins by tumours while

avoiding photosensitization of normal Structures. It is

therefore important to determine if this method can be used for

improving the efficacy of PDT.

Hp was covalently coupled to a polyvalent rabbit antihuman

ímmunoglobulin antibody, using carbodiimide which forms an

amide bond between free NH2 groups on the antibody protein and

carboxyl groups on HP. Unconjugated HP was removed by dialysis

followed by Sephadex G25 column chromatography. No free HP was

detected by TLC.

The carbodiimide coupling process does not modify the

structure of the antibody such that specificity for surface

immunoglobulin on B cells is lost. The same percentage of

fluorescent cells was detected using untreated antibody and

antibody passed through the coupling procedure without HP.

When lymphocytes $rere incubated with graded doses of HP-

antibody and then }abelled with a fluorescent second antibody,
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there was a linear increase in the percentage of fluorescent

cells until most celIs $¡ere labelled. Isolated T cells and

Lewis lung carcinoma cells also bound HP-antibodyr corlfirming

that Hp-antibody bound to ceIIs lacking surface immunoglobulin.

HP-antibody therefore displays a lack of antibody specificity.

The possibility that HP-antibody could be binding to

lymphocytes by the F" receptor for IgG rather than by surface

immunoglobulin $tas considered. This was unlikely, since the

percentage of HP-antibody positive cells in both T cells and

tymphocytes $¡as higher than the percentage of F.-Positive

lymphocytes in normat blood (approximately f53) lForbes et al.,

197 81 .

uptake of HP-antibody could also be mediated by a

receptor for porphyrins on the ceII membrane. Preincubating

lymphocytes in fr.ee HP had no effect on the binding of HP-

antibody. However, pure HP was not taken up to any extent by

cells in vitro (Chapter 4). Commercial HP was used for the

above experiments. The hydrophobic contaminants in commercial

HP wilI bind to ceIls IKesseI, I982a] so any hypothetical

porphyrin receptors could be at least partially blocked. HP-

antibody conjugates may also be taken up non-specifically into

cells by phagocytosis. It has been suggested that HPD uptake

is partially mediated by phagocytosis lMoan and Christensen,

l980 I .

Hp retained its photocytotoxic properties when covalently

coupled to an antibody. Lymphocytes from two subjects had

detectable HP-antibody only on 15 and 35? of the ce1Is

respectively, but aII the cells vrere killed after irradiation.

This could be due to several mechanisms. The phototoxic agent
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1(probably -o2) t may diffuse from one ceII to another. HP-

antibody, released when the cells die, may bind to and

photosensitize other cells. A further alternative is that low

concentrations of HP-antibody bound to aIl cells but was not

detectable by the fluorescent second antibody and was

sufficient for a phototoxic reaction.

A commercial polyclonal antibody preparation wiIl contain

considerable quantities of contaminating proteins such as

albumin, all of which wiII be conjugated with HP and may bind

to the cells. Ho$¡ever, these HP-IabeIled contaminants will not

be detected by the fluoresceinated antiimmunoglobulin second

antibody and wiII not contribute to the unexpectedly high

percentages of fluorescent celIs. The binding of these HP-

labelled protein contaminants to lymphocytes would explain the

photodynamic destruction of aII cells when only a proportion

had detectable HP-antibody on the surface.

HP v¡as coupled to a monoclonal anti T ceII antibody

through the carbohydrate moiety on the F. region with retention

of photodynamic activity and antibody specificity [Oseroff et

al., 1985a; 1985b1. Oseroff comments that the random binding of

HP to amino acids which occurs in carbodiimide coupling would

not be expected to conserve antíbody specificity because of

major alterations in antibody conformation. The above

experiments show that the coupling procedure itself does not

alter antibody specificity, but when HP is coupled, antibody

specificity is Iost, possibly due to major alterations in

antibody shape or structure.
The discrepancy between the antibody specificity

demonstrated by Mew et aI. [1983] and the above results is not

easily explained. It may be due to the different antibodies
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used. A monoclonal antibo.dy may be of higher purity than the

polyclonal antibody used above. However MevJ used diluted

ascites as the monoclonal antibody preparation. This would be

expected to contain albumin and other contaminating proteins,

all of which would be coupled to HP. Antibody purity aPpears

not to be essential for specificity of binding of HP-antibody.

The inability to demonstrate antibody-sPecific binding of

HP-antibody conjugates implies that there are major problems in

this method of directing porphyrins into'tumours. However, the

successful antibody-guided delivery of porphyrin into tumours

by other authors suggests this method should be further

investigated.
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CHAPTER 7

PHARMACOLOGICAL MODULATION OF PDT WITH CYTOTOXIC DRUGS

(a) . Introduction

Many of the patients being considered for PDT may be

concurrently treated witn cytotoxic drugs or undergo subsequent

therapy. Therefore, interactions between cytotoxic drugs and

PDT should be investigated to allow planning of more effective

treatments. These interactions may either enhance or inhibit

the efficacy of PDT. Better tumour destruction could be

achieved or alternatively, lesser doses of cytotoxic drugs

could be used with a corresponding reduction in morbidity. An

additional benefit would be the reduction of cutaneous

photosensitivity if less HPD were required for an adequate

treatment. Interactions between PDT and cytotoxic drugs may

also give some clues as to the mechanism of tumour destruction

by PDT.

Studies btere therefore undertaken, both in vitro and

in vivo, to examine the effect of PDT in combination with six

drugs used frequently fox cancer chemotherapy r eâch

representing a major group of cytotoxic drugs.

(b) . Concurrent administration of HPD and cytotoxic drugs

before PDT

l,lethods

The transplantable tumour model in mice described in

Chapter 3 was used to assess the effects of cytotoxic drugs on

the efficacy of PDT. Mice with Lewis lung carcinoma were given

HPD (3Qmg/kg) and cytotoxic drugs i.p. in doses described in

Table ?.L. The drugs vJere reconstituted according to the



Table 7.L

Drugs assessed for synergy with PDT

0. 1, o.2

0. 5-4.0

5, I0

L2, 50

0.00r,

0.025

0.2, 0.4

Methotrexate: David BuIl Laboratories Pty. Ltd

Doxorubicin HCI (Adriamycin) : Farmitalia,

Carlo Erbi s.p.A. ' Milan

Cyclophosphanide (Endoxan-Asta) : Bristol

S-F1uorouraciI: Roche

Vincristine sulphate (Oncovin): EIi LilIy (Aust)

Thiotepa: Lederle

Dose

(mg/kg)

Drug
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manufacturerrs instructions and diluted in salíne immediately

before use. The drug doses chosen represented the upper and

lower ends of the therapeutic range recommended by the

manufacturer. Twenty four hours later, the mice vÙere given a

second dose of cytotoxic drug i.p. and the tumours irradiated

with 225J/sq cm from the incandescent lamp. TCSO and cutaneous

photosensitivity were determined as described in Chapter 3.

Each result represents the mean + S.D. of two experiments.

Differences between treatment groups were analysed by unPaired

T tests.
Resu1 ts

The tumours of mice treated with 3omg/kg HPD and 225J/sq

cm light without cytotoxic drugs responded with a TCSO of

3.6+0.47 days (three exPeriments). HPD or light alone did not

affect the rate of tumour growth (Chapter 3 ) .

The potentiation of PDT by Adriamycin administered at the

time of HpD injection and before irradiation is illustrated in

Fig. 7.L. The increase in TCSO from 3.6 to a maximum of 8 days

vtas dependent on the dose of Adriamycin. A single dose of

Adriamycin (3mg/kg) at the time of irradiation had a lesser

effectr with a TCSO of 5 days. Control experiments of

Adriamycin alone (3mg/kg), Adriamycin plus HPD, or Adriamycin

plus light aII had no visible effect on the rate of tumour

growth. After administration of 3m9/kg Adriamycin' one mouse

in each group usually died so higher doses of Adriamycin vrere

not used.

The effect of five different cytotoxic drugs on the

response of Lewis lung carcinoma to PDT is shown in Fig. 7.2.

Slight increases in TCSO hrere observed -with cyclophosphamide'

vincristine and thiotepa but were not statistically significant
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at p<0.05. S-Fluorouracil had no effect at the doses tested.

Methotrexate (0.2mg/kgl caused a two-fold increase in TC5O from

3.6 to 6 days, significant at the p(0.02 level. Drug alone,

drug plus HPD or drug plus light aII had no visible effect on

tumour growth. At the higher drug doses, it was common for one

mouse in each group to die.

The effect of cytotoxic drugs on cutaneous

photosensitivity $ras also examined. There was considerable

erythema and oedema in the treated footpad of most mice 24}:r

after treatment with HPD and Iight only. Problems with

reproducibility did not aIlow detection of a significant

difference between this group and those also treated with

cytotoxic drugs. Cytotoxic drugs did not appear to inhibit

cutaneous photosensitivity.

(c). Influence of cytotox i c druqs on uptake of HPD

Methods

Uptake of HPD lvas assessed by fluorescence of frozen

sect i ons aS descr ibed in Chapter 3 . I"tice wi th Lewi s lung

carcinoma v¡ere given HPD (3Omg,/kg) plus cytotoxic drugs i 'p' at

the higher doses shown in Table 7.L. Twenty four hours later t

the mice vrere killed, the tumours frozen and sections examined

for intensity of fluorescence.

ResuI ts

Fluorescence vJas more intense in tumours from mice

receiving HpD plus cytotoxic drugs than in control tumours from

mice receiving HpD only. The most intense fluorescence was seen

following administration of Adriamycin or methotrexate, the

drugs that resulted in the greatest potentiation of PDT. There

$tas no increase in fluorescence after concurrent injection of
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5-fluorouracil. This drug did not alter the TCSO'

(d). Ef fect of administration of Adriamycin after PDT

l'lethods

Mice vrere given HPD (3Omg,/kg i'p') forrowed 24l:, rater by

225J/sq cm light to the tumours. Twenty four and forty eight

hours af ter irradiation, Adriamycin (3m9/kg i.p. ) I^¡as

administered and TC5O determined.

Resu I ts

Administration of Adriamycin after PDT resulted in a TCSO

of 5 days in two separate exPeriments. This prolongation $¡as

not statistically significant at p<0.05 but suggests a slight

potentiation of the photodynamic effect. Thus Adriamycin

administered before PDT was much more effective in prolonging

the duration of tumour control.

(e). Effect of Adriamvcin on the photoac tivitv of HPD in vitro

Methods

TheinfluenceofAdriamycinonthephotocytotoxicactivity
of HPD in vitro vÍas examined using the 51C, release assay

described in Chapter 2. 5lCt-labeIIed Raji cells (10XIO6/^t in

RpMI 1640) were incubated for th at 37o with HPD (25ug/ml-) and

Adriamycin (0-200ug /nl-). The ceIIs vrere washed once '
resuspended in PBS, irradiated fox 0-20min and percentage 51Ct

determined immediately after irradiation as previously

described. In Some experiments, Raji cells !{ere incubated with

HPD, resuspended in PBS containing O-zOug/mI Adriamycin and

immediately irradiated. Background percentage 5IC' release,

determined from cells incubated with HPD or HPD plus Adriamycin

but not exposed to Iightr wâs subtracted from aII experimental
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values. Adriamycin alone or Adriamycin plus Iight without HPD

did not cause any 5lc, release above the background.

Uptake of HpD in Raji cells vras assessed by fluorescence

as described in Chapter 2 aftet incubating the cells for Ih

with HpD (25ug/m]-) and graded doses of Adriamycin.

Alternatively, Raji ceIIs vrere incubated with HPD (25ug/ml-),

washed and resuspended in 0-20ug/ml Adriamycin. CelIuIar

fluorescence was examined at once and again after 30min.

ResuI ts
The influence of Adriamycin on 5ICt release from HPD-

sensitized naji ce1ls is shown in Fig. 7.3. In the absence of

Adriamycin, there l¡¡as a Iinear increase in 5ICt release with

increasing irradiation time until maximum 5IC, release (65-753)

was reached. Adriamycin caused a dose-dependent inhibition of
5IC. release. There was a Iinear relationship between dose of

Adriamycin and inhibition of 5Ic, release (Fig. 7.4).
5ICt release was also inhibited by suspending HPD-

sensitized Raji cells in graded doses of Adriamycin in PBS and

then irradiating the cells (Fi9 . 7. 5 ) . The relationship

between dose of Adriamycin and 5lct release is illustrated in

Fig. 7.6.

The influence of Adriamycin on the uptake of HPD by Raji

celIs was assessed by fluorescence. Red HPD fluorescence

decreased with increasing doses of Adriamycin and vJas absent in

the ceIIs incubated in 20Qug/ml Adriamycin. The orange-yeIlow

fluorescence of Adriamycin made detection of the red HPD

fluorescence difficult. The effect of Adriamycin on the

fluorescence of cells pretreated with HPD was also examined -

Àfter 30min in Adriamycin (I0 or Zlug/mJ-) ' HPD fluorescence h¡as

greatly diminished, suggesting Adriamycin may cause efflux of
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HPD from the cells.

(f). Discussion

There have been few reports of interactions between PDT

and cytotoxic drugs used for cancer chemotheraPy. Gillio and

Cortese t19g5l demonstrated increased mortality when mice given

Adriamycin in addition to HPD were irradiated to the whole

body. Tumour response vras not examined. Dougherty t1984bl

reported severe reactions to PDT in patients treated with

Adriamycin and then given PDT to cutaneous tumours. In the

above experiments r Adriamycin caused an increase in the

efficacy of photodynamic destruction of tumours. Creekmore and

Zaharko t1983l also showed that actinomycin D or L-

phenylalanine mustard htere synergistic with HP and Iight in the

inactivation of LL?LO ceIls.

In the present study, the transplantable tumour model

described in Chapter 3 was used to investigate interactions

between PDT and cytotoxic drugs. The drugs chosen represented

some of the major classes of compound in common clinical use.

Doses used corresponded to the therapeutic range for human

tumours and were approaching toxic levels for mice.

The Lewis lung carcinoma appears to be relatively

resistant to chemotherapy. Several studies have examined the

sensitivity of Lewis Iung carcinoma to cyclophosphamide. Karrer

et ar. tr967l reported that 3o0m9rzkg cycrophosphamide every

fifth day did not increase survival in mice with Lewis lung

carcinoma. However Steel and Adams tf975l found that Lewis lung

carcinoma ceIls vrere sensitive to cyclophosphamide (20'

300m9/kg) as judged by in vitro colon y formation. Mayo lL972J

reported that cyclophosphamide cured early tumours and h¡as
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effective as adjuvant chemotherapy after surgery' but did not

cause regression of established tumours. Stephens et al. t1981l

reported that Lewis lung carcinoma viras sensitive to 40-L2Omg/kg

cyclophosphamide, I00-30Omg/kg 5-fluorouracil and responded

slightly to 0.5-2.Omg/kg vincristine. Lewis Iung carcinoma was

sensitive to Adriamycin at high doses (5-2Amg/kg), with delays

in tumour growth and reduction in size [Martini et aI., 1977¡

DoneIIi et aI. ¡ 1979; Broggini et aI. r 19831 . For the present

Study, drug doses vrere chosen that would not be effective

aloner so that synergistic effects between cytotoxic drugs and

PDT would be detected.

Adriamycin and methotrexate $¡ere the most effective drugs

in potentiating the tumour response to PDT. Both these drugs

were associated with increased intensity of HPD fluorescence in

the tumour, suggesting that the potentiation of PDT by drugs

results from greater uptake or retention of HPD in the tumour.

The role of the vasculature in PDT was discussed in Chapter 1.

Cytotoxic drugs could act by damaging the vascular system to

aIlow greater HPD uptake. After irradiation, the drugs could

also increase the destruction or inhibit repair of capillaries

in pDT-treated tumours. Inhibition of repair from sublethal

damage to tumour cells caused by PDT is also a potential

mechanism by which cytotoxic drugs may enhance'PDT. Adriamycin

lDonelli et aI., L979; Broggini et aI., 1983; Dorr and Alberts,

LgB2l and HPD [Berns et aI., L982] both accumulate in the
be.

mitochondria so cumulative damage to the celIs could expected.

^Similarly HPD [Lee See et al.¡ 1984; Weishaupt et al., L976)

and Adriamycin IDorr and AIberts, I9B2; SaLazat and Cohen'

19841 both have been postulated to inactivate cells by radical--
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mediated mechanisms so additive effects may be ,expected. The

other drugs tested did not shosr any synergy with PDT although

both cyclophosphamide and s-fluorouracil [Mayo, L972¡ Stephens

et al.r 198Il affect the growth of Lewis lung carcinoma. Higher

drug doses could not be tested as toxicity was observed at the

doses used.

In contrast to the synergy observed between Adriamycin and

pDT in vivo, Adriamycin caused marked inhibition of 5ICt

release from HPD-sensitized Raji ceIls in vitro. Adriamycin

inhibited uptake of HPD and also appeared to cause efflux of

HPD from the cells. Adriamycin may inhibit uptake of HPD by

its effects on the plasma membrane. It increases hydrophilic

glycoproteins in the membrane IKesse1. I L979]. Since the most

phototoxic component of HPD is the most hydrophobic (Chapters 4

and 5), uptake of the active component of HPD may be expected

to be reduced. Adriamycin is known to modify other cell surface

molecules, for example the Con A receptor []'lurphree et al . r

l-g76l so alterations in HPD uptake and efflux could be

expected. The inhibition in vitro of PDT by Adriamycin does not

have any therapeutic significance since it does not occur

in vivo.

Reduction of cutaneous photosensitivity by cytotoxic drugs

v¡as not observed within the Iimitations of the assay. The

footpads of aII mice responded witfi marked erythema and oedema

after irradiation.

In conclusion, the interactions between PDT and cytotoxic

drugs merit further investigation. Synergy was detected between

PDT and Adriamycin or methotrexate. Thus the combined use of

both therapies, while not having the desired effects aloner maY

Iead to tumour control with tolerable side effects.
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CHAPTER B

MANIPULATION OF PHOTODYNAMIC ACTIVITY BY GLUCOCORTICOIDS

(a) . Introduction

The previous chapter considered the modification of the

response of tumours to PDT by concurrent administration of

cytotoxic drugs. Since glucocorticoids are also used frequently

in the treatment of cancer, it was decided to investigate any

interactions between PDT and glucocorticoids. The

antiinflammatory action of glucocorticoids may lead to altered

tumour destruction or may affect the rate of recurrence of

tumours. The action of glucocorticoids on the vascular system

may also affect uptake of HPD and hence efficacy of PDT-

(b). Effect of administration of glucocorticoids before PDT

Methods

The transplantable tumour model in mice described in

Chapter 3 was used to assess the influence of glucocorticoids

on pDT. Mice witn Lewis lung carcinoma or 816 melanoma were

given HPD (3Omg/kg i.p.) and methylprednisolone acetate (Depo-

medrol , Upjohn) (0.6-3 .\mg/kg i.p. ) or hydrocortisone sodium

succinate (Efcortelan, GIaxo) (I5mg/kg i.p.). Equivalent doses

of the two glucocorticoids eJere chosen [Haynes and Murad,

I980l . Twenty four hours Iater, a second dose of glucocorticoid

$ras given and the tumours irradiated witfr 225J /sq cm fot Lewis

Iung carcinoma and IlOJ/sq cm for 816 melanoma. TCSO was

determined as previously described. All results are expressed

as the mean + S.D. of two experiments. Differences between

treatments $rere analysed by unpaired T-tests.
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Resul ts

Mice with Lewis lung carcinoma treated witn HPD (3omg/kg

i.p.) and 225J/sq cm tight without glucocorticoids responded

with a TCSO of 3.6+0.47 days (three experiments). Mice rrrith 816

melanoma treated with HPD (3Qmg/kg i.p.) and IIQJ/sq cm tight

without glucocorticoids responded with a TCSO of 5 days (two

experiments).

Hydrocortisone sodium succinate (L|mg/kg) administered

with HPD and before irradiation to mice with Lewis lung

carcinoma did not significantly alter the TCSO, which remained

at 3 days. SimilarIy, hydrocortisone sodium succinate did not

alter the response of 816 melanoma to PDT' with the TCSO

remaining at 5 days. Hydrocortisone sodium succinate alone,

hydrocortisone sodium succinate plus HPD without Iight t Qx

hydrocortisone sodium succinate plus Iight had no visible

effect on the growth of either tumour. When hydrocortisone

sodium succinate vrlas administered at the time of

transplantation of tumours, the time for appearance of palpable

tumour vras still 7-I0 days for both tumours.

Methylprednisolone acetate administered with HPD and

before irradíation had a marked influence on the resPonse of

Lewis lung carcinoma to PDT (Fig.8.I). The TCSO increased to 5

days after administration of a low dose of glucocorticoid

(0.6mg/kg). There was then a dose-dependent inhibition of the

tumour response until, with 3ng/kg, only 50t of the tumours

r¡rere impalpable 24]n after treatment (TCSO of one d"y) . There

vras no reduction in size of tumours in mice treated with

methylprednisolone acetate aIone, methylprednisolone acetate

plus HPD, or methylprednisolone acetate plus Iight. When

methylprednisolone acetate (3.omg/kg) \â¡as administered at the
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time of transplant with Lewis lung carcinoma, tumours

became palpabte 7-10 days later, indicating

methylprednisolone acetate had no effect on the rate of

growth.

There râ¡as also a marked inhibition of the response of 816

melanoma to pDT after administration of methylprednisolone

acetate (3mg/kg) concurrently with HPD and before irradiation.

Most tumours vtere stiII palpable 24ln after irradiation. Control

experimentsr âS described above, showed that methylprednisolone

acetate alone had no effect on the rate of tumour growth and

did not cause regression of the tumours.

(c). Effect of administration of qlucocor t ico ids after PDT

still

that

tumour

Methods

Mice with Lewis lung carcinoma were given HPD (30m9/kg

i.p) . followed 24]¡ later by irradiation of the tumours with

225J/sq cm Iight. Mice with B16 melanoma were given HPD

(3omg/kg i.p.) fotlowed 24:n later by irradiation of the tumours

withllOJ,/sqcmlight.Twentyfourandfortyeighthoursafter

irradiation, the mice $¡ere given glucocorticoids i.p. in doses

described in Fig. 8.2. TCS0 was determined as previously

descr ibed .

Resu I ts

AII the glucocorticoids caused marked potentiation of the

response of Lewis lung carcinoma to PDT (Fig . 8. 2 ) .

Hydrocortisone sodium Succinate vüas the most effective '

l,tethytprednisolone acetate !Ías more effective than

methylprednisolone sodium succinate (Solu-medrol t Upjohn) '
suggesting that a longer lasting form of glucocorticoid may be

more effective.
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Effect of administration of qlucocorticoids after PDT

Mice with Lewis lung carcinoma $¡ere given HPD (30m9/kg

and the tumours irradiated 24]n later. Glucocorticoids

administered i.p. 24 and 48h after irradiation.

A: No glucocorticoid.

B: methylprednisolone acefate ¡ O.6mg/kg

C: methylprednisolone acetate r 3. 0m9,/kg

D: methylprednisolone sodium succinate, 0.6m9/kg

E: methylprednisolone sodium succinater 3.0m9/kg

F: hydrocortisone sodium succinate, 3.0m9/kg

G: hydrocortisone sodium succinate, 15.0n9/kg
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Recurrence of B16 melanoma $ras also inhibited. by

administration of hydrocortisone sodium succinate 24 and 48h

after irradiation. TCSO v¡as increased from 5 days to 7.5+0.5

days (p<0.01) and to 8.5+0.5 days (p<0.00I) after 3 or L5mg/kg

glucocorticoid respectively. The effect was not as marked as

that observed with Lewis lung carcinoma (Fig. 8.2).

(d ). Influence of ol ucocorticoids on skin photosensitivitv

Methods

Mice with Lewis lung carcinoma were given

i.p.) and methylprednisolone acetate (3mg/kg i.p).

hours later, the left footpad v¡as irradiated with

light and percentage increase in footpad thickness

as described in Chapter 3.

Resu I ts

HPD ( 3Omgr/kg

Twenty four

225J/sq cm

determined

Administration of methylprednisolone acetate had no effect

on skin photosensitivity. The mean percentage increase in

footpad thickness was 36+20e" in mice treated wittt HPD only and

41+I4E in mice treated with HPD plus methylprednisolone

acetate.

(e) . Effect of qlucocorticoids on uptake of HPD

Methods

Mice with Lewis lung carcinoma were given HPD (3Omg/kg)

and methylprednisolone acetate (0.6-3.0mg/kg) or hydrocortisone

sodium succinate (f5mg/kg) . Mice with B16 melanoma !.rere given

HPD (30mg/kg) and methylprednisolone acetate (3.0m9/kg) or

hydrocortisone sodium succinate (I5mg/kg). Twenty four hours

Iater, the mice $¡ere killed and fluorescence of fxozen sections

examined as described in Chapter 3.
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ResuI ts

The intensity of fluorescence in Lewis lung carcinoma

progressively decreased when increasing doses of

methylprednisolone acetate hrere administered concurrently with

HPD. Fluorescence was very faint in tumours after high doses

of methylprednisolone acetate (3.Ong/kg) . Hydrocortisone sodium

succinate (15 mg/kg) administered concurrently with HPD dÍd not

alter the intensity of fluorescence. The efficacy of PDT

corresponded witn the intensity of fluorescence in the tumours.

Methylprednisolone acetate (3.omg/kg) also caused a

reduction in intensity of fluorescence in 816 melanoma while

hydrocortisone sodium succinate (15m9/kg) caused a slight

increase in intensity of fluorescence.

(f). Influence of glucocorticoids on phototoxicity in vitro

Method

Lewis lung carcinoma cells $¡ere grown in vitro and

harvested as described in Chapter 3. The cells (l0xl06 /^t) were

incubated f or th in RPl"tI 1640/LOAFCS with HPD (0'5Qug,zml ) . The

cells hrere washed and resuspended at 0. 2XlO 6 /^l in RPMI

L64O/LOåFCS and irradiated for 0-20min as descr.ibed in Chapter

2. euadruplicates (I0QuI) of the irradiated ceIls were plated

out in in flat bottomed microculture plates (Linbro) and I0OuI

of hydrocortisone sodium succinate (0-I00Qug/mt ) in RPMI

L64O/LOBFCS added to each weII. The plates were incubated for

zilr: at 37o in 5BCO2. 3n-ttymidine (IuCi) was added l8h before

harvesting the cultures. Thirty minutes before harvestingr 50uI

of 0.0Iå trypsin in PBS was added to each well. The cultures

were harvested with a Skatron cell harvester and the filter

discs counted as described in Chapter 2. Results were obtained
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not treated with HPD or hydrocortisone sodium succinate or

irradiated htas taken as I0Oå. Percentage inhibition of 3n-

thymidine uptake was calculated and each point represents the

mean + S.D. of quadruPlicates.

ResuI ts

The infruence of HpD and right on 3H-tnymidine uptake by

Lewis lung carcinoma cells is illustrated in Fig . 8. 3.

rnhibition of 3n-tnymidine uptake was dependent on the dose of

both HPD and Iight. 3H-tf,ymidine uptake by Lewis lung carcinoma

cells r^ras also progressively inhibited by increasing doses of'

hydrocortisone sodium succinate (Fig. 8.4)'

The effect of combining the two treatments is shown in

Fig. 8.5. Doses of HPD and hydroCortisone sodium succinate were

chosen to cause suboptimal inhibition of 3H-thymidine uptake'

Inhibition by HPD and glucocorticoid !Ùas additive rather than

synergistic. There was Iight-dependent inhibition of 3H-

thymidine uptake when cells vtere cultured in hydrocortisone

sodium succinate. This could be due to sIight hyperthermia to

the cells during irradiation causing increased susceptibility

to glucocorticoid-induced inhibition of 3H-tnymidine uptake'

r07

(g). Di scuss i on

Glucocorticoids administered after PDT greatly potentiated

the therapeutic effect by slowing the rate of recurrence of

tumours. The most effective glucocorticoid $Jas hydrocortisone

sodium succinate. In contrast r a hiqh dose of

methylprednisolone acetate administered at the same time as HPD

strongly inhibited the response to treatment. These effects

$¡ere seen with both Lewis lung carcinoma and B16 melanoma' The
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inhibition of PDT by methylprednisolone acetate vras dose-

dependent, with the lowest dose of methylprednisolone acetate

(0.6m9lkg) resulting in a prolonged TCSO.

Intensity of fluorescence in the tumours decreased with

increasing doses of methylprednisolone acetate, implying that

glucocorticoid inhibited the uptake of HPD. Reduced therapeutic

response vilas associated with reduced intensity of f Iuorescence.

Hydrocortisone sodium succinate (15m9/kg) did not alter either

the fluorescence intensity or the response of the tumours to

PDT.

Both the inhibition of uptake of HPD into tumours by

concurrent administration of glucocorticoid and the inhibition

of tumour recurrence by administration of glucocorticoid after

an effective PDT treatment need to be explained.

Localization of HPD is 5 times greater in the vascular

stroma than in tumour cells [Bugelski et aI., I98I] .

Glucocorticoids may inhibit uptake of HPD by decreasing

capillary permeability IClaman, L975¡ Haynes and Murad' 1980].

Henderson et aI. [1985] showed tumour cells are not killed

immediatety after irradiation but die at a rate similar to that

occurring after vascular occlusion, imptying the tumours die by

infarct. Thus any effect of glucocorticoids to preserve the

vasculature wiII protect against photodynamic damage.

Digestion of phagocytosed material may be depressed by

hydrocortisone IHandin and Stossel, I978] . Since a proportion

of HPD may be taken up by phagocytosis lMoan and Christensen,

I9801, glucocorticoids may depress uptake of HPD by this

mechani sm.

Glucocorticoids are transported through the body by

binding to plasma proteins [Guyton' 198I] and porphyrins also
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bind to albumin and haemopexin (discussed in Chapter I).

Competition between HPD and glucocorticoid for binding sites on

albumin or other proteins may affect transport of HPD' with

unpredictable effects on the uptake of HPD into tumours.

A primary event in porphyrin-induced photodynamic damage

may be rupture of lysosomes with release of hydrolytic enzymes

(discussed in Chapter 1). This process may be inhibited by

glucocorticoids which stabilise lysosomal membranes [Weissmann'

1964; Guyton, I98Il. However lysosomal damage may not be a

prerequisite for photodynamic damage (Chapter t).

Administration of glucocorticoids after PDT may inhibit

repair of photodynamic damage and division of tumour celIs.

Repair of the microvasculature may also be retarded by

glucocorticoids. When Lewis lung carcinoma cells vtere gror^rn in

the presence of hydrocortisone, there was a dose dependent

inhibition in the rate of 3n-tnymidine uptake, imptying celI

division was inhibited. Hovrever, this inhibition of growth $¡as

not evident in the transplantable mouse tumour r since the rate

of tumour growth h¡as not affected by concurrent administration

of hydrocortisone sodium succinate at the time of

transplantation. However locaI glucocorticoid concentration in

the tumours of the mice may be much lower than that required to

cause inhibition of growth in vitro. The division of Lewis lung

carcinoma cells was also sensitive to treatment with HPD and

Iight. When cells $rere treated in vitro with both HPD and light

and hycirocortisone sodium succinater the inhibition of 3"-

thymidine uptake was additive rather than synergistic.

Both the inhibitory effect of glucocorticoids on PDT and

inhibition of tumour recurrence may have important implications
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for the clinical aPplication of PDT. It may be necessary to

suspend glucocorticoid treatment for some time before PDT to

obtain an adequate tumour response t ox alternately use higher

doses- of HpD or light during treatment with glucocortícoids.

Administration of glucocorticoids after an effective PDT

treatment may- reduce the Iikelihood of tumour recurrence.

Unfortunately glucocorticoids had no detectable effect on the

majog side effect of skin Photosensitivity.
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CHAPTER 9

INFLUENCE OF VASOACTIVE DRUGS ON PHOTODYNAMIC THERAPY

(a). Introduction

The role of the tumour vasculature in the photodynamic

destruction of tumours sras discussed in Chapter I. HPD

accumulates and is preferentially retained in the vascular

stroma [Bugelski et aI., 1981] . Similarly, tumour necrosis

appears to be a result of vascular damage -

By modifying the state of the tumour vasculature,

vasoactive drugs could influence both the upta[e of HPD and the

efficacy of tumour destruction. Vasodilation, an increase in

blood flow or an increase in capillary permeability .ooid aII

be predicted to increase HPD uptake, similarty vasoconstriction

may,inhibit uptake. These influences could be clinicatly useful

in improving the efficacy of PDT. Many patients may be

concurrently treated with vasodilators so any interactions

between the two therapies should be documented. The mechanism

of action of PDT may also be investigated by examining the

influence of vasoactive drugs on the destruction of tumours.

(b). Influence of verapamil on the efficacy of PDT

l.,lethods

Mice with Lewis lung carcinoma vrere given HPD (30m9/k9

i.p.) and verapamif (Isoptin, KnoII, 4.G., 2.0 or 10.0m9,/kg

i.p) . The lower dose of verapamil was double that previously

reported to cause vasodilation of the blood vessels of rat

tumours IXaelin et aI., 1982]. Twenty four hours later, tumours

were irradiated with 225J/sq cm and TCS0 determined as

described in Chapter 3. In other experiments, verapamil
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(2.Ong/kg i.v.) vras administered either concurrently wittr HPD

( i.p. ) or immediately before irradiation. Alternatively'

verapamit (2mg/kg i.p. ) vras administered 24 and 48h af ter

irradiation.
Resu I ts

Verapamil (2 ox IOmgr/kg i.p. ) administered wíth HPD

potentiated the response of the tumours to PDT (Fig. 9.I).
There $ras no relationship between TC5O and dose of verapamil,

suggesting an optimum effect was reached with the 1ower dose.

Verapamil (2mg/kg) administered intravenously $¡as equally

effective. Verapamil administered 24 and 48h after irradiation

also increased the TCSO to 6 days. The mice given verapamil

immediately before irradiation did not recover from the

anaesthetic, so it was not possible to assess the response of

the tumours to PDT under these conditions.

Fluorescence in frozen sections of, tumours was examined

24hl after injection of verapamil (lOmg/kg) plus HPD. There vras

an increase in intensity of fluo¡escence r suggesting verapamil

increased uptake or retention of HPD in the tumours.

In control experiments, verapamil onlyr verapamil plus

Iight, and verapamil plus HPD, all had no effect on the growth

of the tumours.

(c). Influence of Noradrenaline on PDT

I'lethods

l'lice with Lewis lung carcinoma were given HPD (5omg/kg

i .p. ) concurrently with noradrenaline (Levophed ' Winthrop; 0. I

or 0.2mg/kg i .v. ) . These doses of noradrenaline had been

previously shown to reduce blood flow in rat tumours ll'lattsson

et âI., f9781. The tumours were irradiated either 2 ox 24h
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Fis. 9.I

Effect of verapamil on the efficacY of PDT

Mice with Lewis lung carcinoma $¡ere given HPD and verapamil and

tumours irradiated 24in later. Alternatively, verapamil Ûúas

administered 24 and 48h after irradiation-

A: HPD (3Omgrzkg i.P.)

B: HPD plus veraPamil- (Zmg/kg i.P. )

C: HPD PIus veraPamiL (2mg/kg i-v.)

D: HPD plus veraPamil (Iomg/kg)

E: VerapamiL (zng/kg) administered 24 and 48h after PDT

* p(O.O2 ** p<0.01
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after injections. In alternative experiments, mice were given

HPD (50m9/kg i.p.) and 24}:. Iater, noradrenaline (0.2m9/kg i.v.)

was administered approximately 5 min before irradiation.

Noradrenaline (200u1 of 0.02m9lm1, 0.2m9/kg total body

weight) was injected loca1ly into tumours concurrently with HPD

(S0mg/kg i.p.). Two hours later, the mice were anaesthetised

and the tumours irradiated.

Results

Noradrenaline inhibited the response of the tumours to PDT

when administered concurrently with HPD and the tumours

irradiated 2h later (Fig. 9.2) . However, TC50 l^tas not

significantly altered by administering noradrenaline

concurrently with HPD and irradiating the tumours 24t:, later

(Fig. 9.2) . Noradrenaline administered 5min before irradiation

also had no effect on the TCSO. Local administration of

noradrenaline into the tumours concurrently with HPD (i.p.)

followed 2h later by irradiation, greatly inhibited the

response to PDT. Some of the tumours \^¡ere still palpable 24Ï:.

after irradiation (TCSO of less than I day).

Noradrenaline (0.2ng/kg) alone, noradrenaline plus HPD

(5Omg/kg) without Iight t ot noradrenaline followed by

irradiation of the tumours 5min or 24h later r aII had no

visible effect on the tumours. Local administration of

noradrenaline also had no effect on tumour growth. The mice

$¡ere lethargic with ruffled fur immediately after i.v.

administration of 0.2mg/kg noradrenaline, but recovered within

30min. Higher doses of noradrenaline were not tested.

Noradrenaline inhibited uptake of HPD in tumours when

administered concurrently with HPD 2h before tumours htere

removed. Fluorescence \á¡as f ainter af ter 0.2m9/kg noradrenaline
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Effect of noradrenaline on the efficacy of PDT

Mice with Lewis lung carcinoma were given HPD i.p. plus

noradrenaline i.v. 2h before irradiation. Alternativelyt

tumours were irradiated 24r¡ after HPD and noradrenaline was

administered either with HPD or 5 min before irradiation'

A: HPD (SOmg/kg) 2h before irradiation

B: HPD prus noradrenaline (0'Img'/kg) 2h before irradiation

c: HPD plus noradrenaline (o.2mg/kg) 2h before irradiation

D: HPD (3Omg/kg) 24in before irradiation

E: HPD 24h before irradiation plus noradrenaline

(0.2mg/kg) 5min before irradiation

F: HPD plus noradrenaline Q 'Zmg/kg) 24l:, before

irradiation.
* p(O.O5
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than 0.Img/kgr which correlated with a greater inhibition of

efficacy of PDT. Intensity of fluorescence vtas not altered by

concurrent administration of HPD plus noradrenaline 24h before

the tumours vJere removed. This correlated with a lack of

modÍfication of the efficacy of PDT.

(d). Effect of Propranolol on PDT

l'lethods

Mice with Lewis lung carcinoma $¡ere given HPD (3omgr/kg

i.p. ) and propranolol (Inderal , ICr Australia; 0.2-L.Omg/kg

i .v. ) and the tumours irradiated 24]r| later . Doses of

propranolol vrere chosen to approximate those used clinically'

In some exPeriments, mice were given HPD (3Qmg/kg) followed 24}:r

Iater by propranolol (I.Omg/kg i.v.) approximately 5 min before

irradiation.
Resul ts

The effect of propranolol on the efficacy of PDT is shown

in Fig. 9.3. The results are equivocal, with a statistically

significant increase in TCSO with 0.5m9/kg propranolol but not

witho.2orr.Omglkg'Propranorol(r'Omg,/kg)administered5min

before irradiation did not alter TCSO which remained at 3 days

(Fig. 9.3). Higher doses of propranolol $¡ere not used as the

mice became lethargic immediately after injection of I.0mg/k9'

Propranolol only (I.0m9/kg) , propranolol plus HPD and

propranolol plus light aII had no effect on the growth of

tumours.

Intensity of fluorescence in the tumours after injection

of HPD v¡as not altered by propranolol, indicating that

propranolol had no effect on uptake of HPD into the tumours'

This corresponded wíth a probable lack of effect of propranolol
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Fis. 9.3

Effect of propranolol on the efficacy of PDT

Mice with Lewis lung carcinoma bJere given HPD plus propranolol

i .v. 2Aln before irradiation.

A: HPD (3Omg/kg)

B: HPD plus proPranolol (0.2ng/k1)

C: HPD plus proPranolol (0.5m9lkg)

D: HPD plus ProPranolol (I.Omgrlkg)

E: HpD 24:h before irradiation plus propranolol (I.Omgrzkg)

5min before irradiation.
* p(O.O2
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on the efficacy of PDT.

(e). Influence of hydralazine on PDT

Methods

Mice with Lewis lung carcinoma $¡ere given HPD (3Omgr/kg

i.p.) plus hydralazine (Apresoline, Ciba-Geigyr Aust. Ltd.; 5

or l0mg/kg i.v.) and the tumours irradiated 24 h later. Doses

of hydralazine vlere chosen to approximate those in clinical

use. In some experiments, mice $¡ere given HPD (30m9/kg)

followed 24h.Iater by hydralazine (IOmg,/kg) approximately 5min

before irradiation.

Results

Hydralazine, administered either concurrently with HPD or

immediately before irradiation, had no effect on the response

of the tumours to PDT (Fig. 9.4). Intensity of fluorescence in

the tumour s 24}:. after injection of HPD was not altered by

hydralazine. This corresponded with a Iack of effect of

hydralazine on the efficacy of PDT. Hydralazine alone '
hydralazine plus HPD without Iight or hydralazine plus light

all had no effect on the growth of the tumours. Immediately

after administration of hydralazine (10m9/kg) ' the mice $tere

very lethargic, so higher doses of hydralazine were not tested.

(f). Blockinq the effects of noradrenaline

Noradrenaline may inhibit uptake of HPD and hence efficacy

of PDT by its vasoconstricting action. An appropriate

vasodi lator may block these effects. This was tested by

administering intravenously a mixture of noradrenaline and

propranolol concurrently with HPD (i.p.) and irradiating the

tumours 2h later.
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Fiq. 9.4

Effect of hydralazine on the efficacy of PDT

Mice with Lewis lung carcinoma \^rere given HPD plus hydralazine

i.v. 24h before irradiation.

A: HPD (3Omg/kg)

B: HPD plus hYdralazine (smglkg)

C: HPD plus hydralazine (IOmg/kg)

D: HPD 24:h before irradiation plus hydralazine (IOmgrzkg)

5min before irradiation
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Mice with Lewis lung carcinoma

noradrenal ine (0.2n9/kg¡ and

intravenously followed immediately by

the tumours irradiated 2h later.

previously described.

Results

II6

Method

were given a mixture of

þropranolol (0.5mgrlkg)

HPD ( 50mg/kg i.P. ) and

TC v¡as determined as
50

Concurrent administration of noradrenaline and propranolol

with HPD did not significantly alter the inhibition of PDT by

noradrenaline. TC50 was 5.5+0.5 days, compared to 4.5+0.5 days

after noradrenaline. PDT without any vasoactive drugs gave a

TCSO of 8.5+0.5 daYs.

Concurrent administration of noradrenaline and propranolol

greatly inhibited uptake of HPD. Fluorescence intensity was

similar to that observed after noradrenaline plus HPD. This

corresponded to the degree of inhibition of the efficacy of

PDT.

(g). Influence of verapamil on the photoactivity of HPD

in vitro
The mechanisms by which verapamil potentiates PDT may

result from its vasodilating activity or its calcium channel

blocking activity, both of which could increase the uptake or

retention of HPD in tumours. Other unknown properties of

verapamil may also be involved. To attempt to differentiate

between these effects, the influence of verapamil on the

photodynamic destruction of tumour cells in vitro !üas examined.

Any effects of verapamil in vitro wiII not be due to

vasodilation and wiII be more likely due to the calcium channel

blocking activity.
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Method

The influence of verapamil on the photocytotoxic activity

of HPD in vitro $¡as examined using the 5I"t release assay

described in Chapter 2. Lewis lung carcinoma cells vtere grown

and harvested in vitro as described in Chapter 3. S1Ct-labelled

Lewis lung carcinoma cells (1oxlo'/^, in RPMr I640) were

incubated for th at 37o with HPD (2ïug/mL) and verapamil (O-

IQQug/ml). The cells were washed once, resuspended in PBS'

irradiated for 0-20min and percentage 5I"= release determined

immediately after irradiation as previously described.

Background percentage 51C, release, from celIs incubated in HPD

or HPD plus verapamil but not irradiated, was subtracted from

aII experimental values. Uptake of HPD into Lewis lung

carcinoma cells vJas assessed by fluorescence as described in

Chapter 2 afEex incubating cells fot Ih in HPD plus graded

doses of verapamil.

Results

The lack of effect of verapamil on 5IC. release from HPD-

sensitized Lewis lung carcinoma celIs is illustrated in Fig.

9.5. The same profiles of 5I.= release s¡ere observed when cells

hrere incubated with HPD in the presence and absence of graded

concentrations of verapamil. However, there was an increase in

the intensity of HPD fluorescence after incubating the cells in

the presence of verapamil, suggesting increased uptake of HPD

without a corresponding increase in photodynamic damage to the

cells. Verapamil alone (I0-50ug/nL) or verapamil plus Iight did

not cause 5lC, release above background. Higher concentrations

of verapamil could not be tested. There $tas elevated 51C,

release f rom ceIIs incubated in verapami I only ( I00ugr/ml ) ,

indicating that concentrations toxic to the cells had been
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reached.

(h). Discussion

The influence of vasoactive drugs on the efficacy of PDT

has been examined using the transplantable tumour model in

mice. Verapamil potentiated the uptake of HPD into tumours,

resulting in enhanced efficacy of PDT, and, when administered

after pDT, also inhibited recurrence of tumours. Noradrenaline

inhibited both uptake of HPD and efficacy of PDT, while

propranolol and hydralazine had very little effect.

Modification of the state of the tumour blood vessels

could alter the efficacy of PDT by a number of mechanisms.

These include dilatation or vasoconstriction to modify the rate

of blood flow, thereby influencing the amount of HPD that is

delivered to the tumours. Alterations in the permeability of

the vessel walls may also affect the uptake of HPD. As

discussed in Chapter B, alterations in capillary permeability

by glucocorticoids may be responsible for inhibition in HPD

uptake. The susceptibility of the vasculature to photodynamic

damage could also be altered by vasoactive drugs, Ieading to

altered responses of the tumours to PDT.

The state of dilatation of the tumour blood vessels may be

important in regulating uptake of HPD. There is some

controversy as to whether tumour blood vessels are able to

respond to vasoactive drugs. The blood vessels in the border

between rat tumours and muscle showed adrenergic innervation,

but no vessels with adrenergic innervation htere observed in the

tumour tissue lMattsson et aI., 1977i . The morphology of the

tumour vasculature varies with the age and histological type of

the tumour [¡,tattsson and Petersen r I9Bf ] . The vascular bed of
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young and small tumours consists of a fine capillary bed of

normal vessels with intact innervation. As the tumour enlarges,

the blood vessels in the tumour become stretched and tortuous,

Iose adrenergic innervation and show a relative lack of smooth

muscle. It is difficult to predict the reactivity of tumour

blood vessels to vasoactive drugs-

The influence of vasoactive drugs on tumour btood flow has

been examined in a number of systems. Blood flow in rat tumours

was reduced by locaI administration of noradrenaline IMattsson

et aI., t980l and vasoconstriction $¡as observed directly by

microangiography [tlattsson et aI., 198f]. Tumour blood fIow was

also reduced by i.v. administration of noradrenaline IMattsson

et aI. r 19781 . This reduction in blood flow was blocked by

phenoxybenzamine (an alpha-receptor blocking agent). In the

experiments described above, noradrenaline reduced the uptake

of HPD into tumours. This reduction could be due to

vasoconstriction of the tumour blood vessels. The inhibitory

effect of noradrenaline $¡as not blocked by Propranolol, a beta

blocking agent. This wouId, be expected , since noradrenaline

acts mainly on atpha receptors with Iittle beta receptor

activity IWeiner ' 1985] .

Rather than noradrenaline acting directly on the tumouf

blood vessels, uptake of HPD into tumours may be blocked

indirectly by noradrenaline acting on the blood vessels of the

per itoneum to reduce systemic absorption of HPD. Local

administration of noradrenaline into the tumours concurrently

with HPD ( i.p. ) was more effective in inhibiting tumour

destruction than i.v. administration of noradrenaline' This may

reflect a greater ÌocaI concentration of noradrenaline in the
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tumour. Vasoconstriction of the tumour blood vessels or

surrounding vasculature must be involved in determining

efficacy of uptake of HPD. Hovrever r vasoconstriction of other

normal blood vessels in the body could also affect delivery and

uptake of HPD into the tumour.

The ability of tumour blood vessels to undergo

vasodilation is controversial. The tumour vasculature may be

maximally dilated because of a lack of contractile elements in

the vessel waIls and therefore wilI be insensitive to

pharmacological agents. This htas suggested by a lack of

reactivity of tumour vasculature to isoprenaline r papaverine

and dihydralazine IPetersen and Mattsson, L984]. The response

of tumour vasculature to vasoactive drugs, including

propranolol , decreased as the tumours enlarged lV']ickersham et

aI.¡ Lg77l. The lack of effect of propranolol and hydralazine

on the uptake of HPD and hence on the efficacy of PDT could be

due to the inability of the tumour blood vessels to respond to

drugs if they are already in a state of maximum vasodilation.

Hydralazine acts by directly relaxing vascular smqoth muscle

lRudd and B1aschke, 1985] so tumour blood vessels with a lack

of smooth muscle would not be expected to be responsive to

hydralazine.

Administration of noradrenaline r Propranolol or

hydralazine immediately before irradiation did not alter the

TCSO. The influence on PDT of verapamil administered

immediateJ-y before irradiation could not be tested r âS the

combination of verapamil and anaesthetic was Iethal to the

mice. Therefore, the state of the tumour vasculature at the

time of irradiation did not appear to influence the outcome of

PDT.
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It wiII be necessary to develop methods to assess directly

changes in the tumour blood vessels to confirm the role of

vasoactive drugs in modifying responses to PDT. The present

studies do not demonstrate directly whether the tumour blood

vessels are altered by the drugs. Tumour blood flow

measurements by radiolabelled microspheres Iselman et aI. ¡

19841, quantitative microscopy or microangiography IPetersen

and Mattsson, 19841 would provide information on the state of

the tumour vasculature. Vlithout these measurements, the

mechanisms by which vasoactive drugs influence the efficacy of

PDT cannot be proved.

Verapamil enhanced the efficacy of PDT by increasing

uptake or retention of HPD in the tumours. It also delayed

recurrence of tumours when administered after PDT. Both these

interactions may be very useful clinically to improve the

efficacy of PDT. Possible mechanisms fox these effects include

the calcium channel'btocking activity or the vasodilating

activity of verapamil.

Verapamil may act as a peripheral vasodilator in humans

[McMahon and Sheaffer , L982) . Hohtever, its ability to alter

tumour blood flow is controversial. Tumour blood flow was

increased by verapamit but without altering blood flow in

normal rat tissue, suggesting verapamil could be used to

enhance delivery of chemotherapeutic drugs to tumours IKaelin

et al . ¡ L9821 . In contrast, Rob'inson et al . I 1985] did not

detect enhancement by verapamil of tumour blood flow in a mouse

fibrosarcoma. It is questionable whether the potentiation of

PDT by verapamil is due to its vasodilating activity. The other

vasodilators tested, propranolol and hydralazine, had no effect

on uptake of HpD and hence on the efficacy of pDT, suggesting
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that vasodilation does not play a role in increasing the

efficacy of PDT. vasodilation of the tumour vasculature is

also unlikely to be involved in the inhibition by verapamil of

tumour recurrence after PDT.

The calcium channel blocking activity of verapamil appears

more likely than vasodilation to be the cause of the increase

in uptake or retention of HPD in tumours. There have been a

number of reports of verapamil either enhancing the effect of

cytotoxic drugs or converting cytotoxic drug resistance to

sensitivity. Verapamil enhanced the cytotoxic effect of

daunorubicin on Ehrlich ascites carcinoma cells IS1ater et al.¡

I9821 . Tumour cell Iines ( inctuding Lewis Iung carcinoma)

resistant to vincristine and Adriamyc in in vitro $tere made

sensitive by verapamil ITsuruo et a1., L982; 1983a; I983b;

I983cl. The intracellular concentrations of cytotoxic drugs

vrere elevated r suggesting that verapamil inhibited outward

transport of drugs from the cells. The conversion to drug

sensitivity by verapamil was also observed in mouse tumours

treated with vincristine ITsuruo et aI.r 1983at 1983c; 1985].

Verapamil (10mg/kg) prolonged growth delay of two mouse tumours

by melphalan IRobinson et aI., 1985] . Potentiation of cytotoxic

drugs by verapamil was also shown in human tumours. The

destruction by Adriamycin of human bladder cancer celIs

ISimpson et aI. ¡ 1984] and ovarian carcinoma celIs IRogan et

al., 19841 was potentiated by verapamil. A clinical trial to

examine the effect of verapamil on the treatment of

Adriamycin-resistant ovarian carcinoma has been commenced

IRogan et a1 . ¡ I984 ] .

Studies in vitro indicated that verapamit did not
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influence the degree of photodynamic damage to Lewis lung

carcinoma celIs. Increased HPD fluorescence $¡as noted in cells

incubated in HPD plus verapamil but this $ras'not reflected in

increased 5Ic, release. This discrepancy could not be explained

but may reflect the inadequate methods for assessing HPD

uptake. There !'¡as therefore no evidence that verapamil acts

directly on tumour cells to increase photodynamic damage. The

site of action of verapamil may be in the cells of the

vasculature. Rather than increasing HPD uptake by vasodilation,
verapamil may increase permeability of the blood vessels to HPD

by calcium channel blocking and also inhibit efflux of HPD from

the cells of the vascular stroma. In this manner, the vascular

system would be more susceptible to photodynamic damage,

leading to increased response to PDT.

V{hen administered after PDT, verapamil also delayed

recurrence of tumours. Elevated intracellular calcium levels
may inhibit repair of photodynamic damage and regrowth of both

the tumour cells and the supporting vascular system. It is
unlikely that vasodilation would play a role in inhibiting
repair of the tumour or the tumour vasculature. Alternatively,
a yet unidentified property of vera¡lamiI may be involved in
these interactions.

In conclusion, the major effect of the vasoactive drugs

appears to be the modification of uptake of HpD, resulting in
altered efficacy of treatment. Further studies are needed to
define precisely the effect of the vasoactive drugs on the

state of the tumour vascurature and their influences in
modifying the outcome of pDT.
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CHAPTER 10

GENERAL DISC SION AND CONCLUSIONS

The photodynamic and tumour-Iocal ízing properties of HPD

are used for the treatment of malignant tumours in man. As

discussed in Chapter Ir the therapeutic role of photodynamic

therapy (PDT) has not yet been adequately defined. Tumours

which respond to PDT with a therapeutically useful result have

been identified. Methods have been developed to deliver light

to the tumours. Dodimetry, both for HPD and light, is gradually

being refined.
PDT is a local treatment and necrosis of the tumour is

Iimited to the area that receives an effective light flux.

Effective penetration of red Iight through tissues is variable

but is probably less than l0nwr with presently available Iight

sources [Dougherty et aI., 1985] . Large tumour masses cannot be

effectively treated by a single irradiation. Even if repeated

administration of tight caused necrosis of a large tumour,

ulceration and poor healing could mean that the treatment would

not be of practical help to the patient. Therefore the tumours

most appropriate for PDT are small localized tumours.

Another major problem that limits the efficacy of PDT is

the relatively poor therapeutic ratio. This is a reflection of

the relatively low selectivity of uptake of HPD into tumours

compared to normal tissues. Since normal tissues are

photosensitized, adjacent structures may also be damaged during

irradiation. Haemorrhage could occur if there was necrosis of

underlying blood vessels during PDT. The high leveIs of

porphyrin in the skin cause severe cutaneous photosensitivity.

This Iimits the application of PDT to patients where the
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benefits of treatment outweigh the problems associated with

photosensitivity. The efficacy of PDT 'would be greatly improved

if the therapeutic ratio between tumours and normal tissue

could be increased. Higher concentrations of HPD in the tumours

would result in more effective treatment. Alternatively' a

Iower total dose of HPD could be administered to the patient'

resulting in the same concentration of HPD in tumours but much

Iess in normal tissues.

Efficacy of treatment wiII be improved both by increasing

the degree of initial tumour destruction and by reducing the

rate of recurrence of tumours after PDT. PDT should be

considered in the context of other anti-cancer treatments. A

single treatment rnodality is not always used. Patients are

often treated with a combination of surgery, radiotherapy or

chemotherapy. A combination of chemotherapeutic drugs is also

commonly used. The most effective use of PDT may be as one of a

combination of treatment modalities. IndividuaIly, each

treatment may have inadequate effects but the combination may

provide good initial tumour clearance and a reduction in the

rate of recurrence of tumours. This may also allow lower doses

of cytotoxic drugs or radiotherapy to be used with a reduction

in morbidity.

In this thesis, a number of approaches to improving the

efficacy of PDT have been examined.

(1). Improvement of the specificity of uptake of HPD into

tumours compared to normal tissue. This improvement could be

achieved by finding porphyrins with superior tumour-Iocalizing

abilities. Alternatively, HPD could be targeted into a tumour

by using a tumour-specific antibody.
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(2'). Use of a combination of the cytotoxic effects of PDT

with those of other agents to obtain enhanced tumour

destruction.
(3). Improvement of the therapeutic effect of PDT. This

could be achieved in several vlays:

(i). Enhancement of the uptake of HPD into tumours.

(ii). Reduction of the efflux of HPD from tumours.

(iii). Improvement in the sensitivity of the tumour

to photodynamic damage.

(iv). Reduction in the rate of regrowth of tumours.

The chemical composition of HPD was examined to identify

the phot.otoxic and tumour-localizing porphyrins. The removal of

inactive porphyrins from HPD may a1low a lower total dose of

porphyrin to be administered, while still resulting in the same

concentration of porphyrin in the tumour. This may Possibly

reduce cutaneous photosensitivity. The tumour-localizing and

photodynamic properties of HPD in a transplantable mouse

tumour were confined to a highly-aggregated hydrophobic

component. This fraction resulted in the same degree of tumour

destruction and skin photosensitization as HPD itself.

Specificity of uptake of BPD into tumours and the efficacy of

PDT was not improved by this approach.

The tumoricidal properties of another porphyrin, porphyrin

Ct were examined. Porphyrin C caused tumour destruction to the

same extent as HPD but had the advantage of being cleared very

quickly from the mouse. Therefore , whi Ie the ini tial

tumoricidal effect and cutaneous photosensitization vJere the

same as with HPD, the duration of photosensitivity would be

greatly reduced. Nevù porphyrins with different rates of uptake

and clearance may be preferable to HPD.
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The antibody-targeted delivery of porphyrins to tumours

hras examined as a method of improving,the specificíty of uptake

of HPD. It has been claimed in previous reports that antibody-

directed delivery of HP to tumours results in improved tumour

destruction after irradiation. An in vitro model was developed

to assess any potential improvement in the sPecificity of

uptake of porphyrin. The HP-antibody conjugate was phototoxic

ín vitro but the specificity of binding of ttre antibody tof

surface immunoglobulin on B lymphocytes vtas destroyed. The

reasons for this are not clear. HP may cause alterations in

the conformation of the antibody molecule, destroying antigen-

binding sites. Binding of porphyrin to its natural binding

sites on the ceIIs persisted, rather than binding of the

conjugate to cells being directed by the antibody specificity

of the conjugate. This appears to be a large problem in using

antibody-guided delivery of porphyrins and discouraged further

attempts to utiLíze this approach.

pharmacological manipulation may be the most useful method

of improving the efficacy of PDT. The combination of the

cytotoxic effects of PDT and chemotherapeutic drugs caused

improved tumour destruction. Adríamycin and methotrexate $tere

both synergistic with PDT. Since many patients are being

treated concurrently with other drugs, it is also important to

document interactions between PDT and other agents. In this

wây, the role of PDT as one of a range of anti-cancer

treatments may be defined.

Improvements in uptake of HPD with a corresponding

increase in the efficacy of PDT has been achieved in several

ways. Uptake of HPD in tumours (assessed by fluorescence) was
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increased when other drugs vJere administered concurrently with

HPD. Adriamycin, methotrexate, low doses of methylprednisolone

acetate and verapamil were all effectiïe in this way. Although

the uptake of HPD into tumours was increased, cutaneous

photosensitivity persisted. The increase in fluorescence could

also have resulted from inhibition by the drugs of efflux of

HPD from the tumours. The improvement in uptake of HPD and in

the duration of tumour control offers the Possibility of

adequate therapy with lower doses of HPD and a reduction in

cutaneous photosensi tivi tY.

some drugs must be avoided since they reduce the uptake of

HPD into tumours and inhibit the resPonse of tumours to PDT'

The concurrent adninistration of high doses of

methylprednisolone acetate or noradrenaline with HPD greatly

inhibited uptake of HPD into tumours, thereby inhibiting PDT.

Efficacy of PDT wiII be improved if there is a reduction

in the rate of recurrence of tumours after PDT. Administration

of glucocorticoids after PDT greatly increased the duration of

tumour control in mice. A number of possible mechanisms v¡ere

considered. Glucocorticoids may prevent repair of the tumour

vasculature or alternatively slow the rate of regrowth of

tumour ceIIs. This new approach requires further extensive

investigation as it could be very useful in the clinical

situation. Glucocorticoids could be administered for a few

days after PDT to minimise recurrence of tumours.

Pharmacological manipulations may also be useful in

examining mechanisms of tumour destruction by PDT. The

vasoactive drugs may be used to manipulate the state of the

tumour vasculature and determine its role in l0calization Of

HpD and in the destruction of tumours. The vasoconstrícting
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drug, noradrenaline, inhibited uptake of HPD and reduced the

efficacy of PDT but the vasodiJ.ators, propranolol or

hydralazine had no effect. Alteration of the state of the

vasculature could increase the sensitivity of the tumour

vasculature to photodynamic damage and hence increase the

efficacy of tumour destruction. Inhibition of regrowth of the

vasculature by pharmacological agents may also inhibit repair

and regrowth of the tumour cells. Future studies, which are

outside the scope of this thesis, will involve the development

of models for the measurement of tumour blood flow. These

measurements wilI give a more direct measure of the effects of

vasoactive drugs on the tumour vasculature and on photodynamic

destruction of tumours.

In conclusion, these studies show clearly that the

efficacy of pDT may be influenced greatly by the concurrent use

of other pharmacological agents. This may occur by a number of

mechanisms. HPD uptake into tumours may be increased, efflux of

HPD from tumours may be inhibited, recovery from sublethal

damage and rePlication of tumour ceIIs may be inhibited '
regrowth of the tumour vasculature could be inhibited, and the

susceptibility of tumour ceIIs and vasculature to photodynamic

damage may be increased. This opens up a previously unexplored

area of investigation with considerable therapeutic potential.

The role of PDT in cancer treatment may not be as an isolated

modality except in small superficial tumours but as one of a

combination of available treatments for cancer.



130

AET:

BSA:

CHO:

APPENDIX A

ABBREVIATIONS

ami noethyl i soth i ouroni um bromide

bovine serum albumin

Chinese hamster ovarY cells

chromium-5I

deuterium oxide

electron spin resonance

foetal calf serum

nuclear magnetic resonance

hydroxyl radical

singlet oxygen

superoxide anion

optical density

polyacrylamide geI electrophoresis

5 1",

D2o:

ESR:

FCS:

HEPES: N-2-hydroxyethylpiperazine-Nl-2-ethanesulphonic acid

HP: haematoporphyrin dihydrochloride

HPD: haematoporPhyrin derivative

HPLC: high performance liquid chromatography

HVD: hydroxyethyl v.inyl deuteroporphyrin

HZOZ: hydrogen peroxide

i.p. : intraperitoneal

i.v.: intravenous

J i joules

LDL: low density liPoProtein

m9{: milliwatts

NADPH: dihydronicotinamide adenine dinucleotide phosphate

NBT: nitroblue tetrazolium

NMR:

'oH :

,o 
r,

oz-'

o.D.

PAGE:



13r

PBS: Dulbeccors phosphate buffered saline

PDT: PhotodYnamic theraPY

PP: protoPorPhyrin

S.D.: standard deviation

SDS: sodium dodecyl sulPhate

SOD: superoxide dismutase

TCSO: time in days for 509 recurrence of tumours after

TLC: thin layer chromatograPhy

PDT
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SUMMARY

Phototoxicity of haematoporphyrin derivative (HPD) and some of its
component polphyrins was assayed using Lewis Lung Carcinoma tránsplanted
in C57BL mice. Skin photosensitivity was assessed by measuring percentage

increase in footpad thickness after exposure to light'
HPD and its aggregate fraction photosensitised the skin, was active in

tumour destruction and caused fluorescence in the tumour while the non-

a1gregate fraction ând pure haematoporphyrin were inactive, both in treat-
ment of tumours and in sensitising the skin. The commercial product, Photo-
frin II wa-s also photoactive and plotoporphyrin was slightly active.

It is concluded that the therapeutic activity of HPD is associated entirely
with the aggregate fraction and compounds effective in tumour phototherapy
also sensitise the skin.

INTRODUCTION

Photochemotherapy with HPD has been used in the treatment of malignant
tumours in man [1,2,3,?,8].Intravenously injected HPD isretained selectively
in tumours and is activated by red light (approx. 630 nm). Tumour destruc-

tion has been attributed to release of singlet oxygen [4,5,6]. The only major

side effect so far reported is skin photosensitivity.
HPD is a complex mixture of porphyrins which can be separated into

several fractions by polyacrylamide gel chromatogfaphy. The activity as

measuredin vitro [9] and in vivo [10] is concentrated in afast-running frac-

tion. The aggregated porphyrins show greatest phototoxicity in a tissue culture
assay and porphyrins with vinyl side chains also show greater phototoxicity

[11]. We now report studies of the phototoxicity and skin sensitizing capac'

*To whom conespondence should be addressed.
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ity of porphyrins in a transplantable mouse tumour model, and skin photo-
sensitivity using a foot pad assay.

MATERIALS AND METHODS

Mouse tumour assay

Lewis lung carcinoma cells (Dr. L. Dent, Flinders Medica-l centre), were

transplanted into the back of C5?BL mice by subcutaneous injection of
approximately 106 cells per mouse. After 7-10 days, when the tumours
were 5-7 mm in diameter, mice in groups of 10 were given porphyrins (25-
60 mg/kg, i.p. or i.v.). Twenty four hours later mice were anaesthetised with
Sagatal (May and Baker Aust. Pty. Ltd.), the fur over the tumour shaved and

a 1-cm diameter area over the tumour was irradiated with red light as specified.

Mice were palpated daily for recurïence of tumour. The end point was the
number of days for 5 out of 10 mice to regrow palpable tumour' The assay

was modified from Dougherty [10].

Preparation of porphyrin fractions
HPD t2l, haematoporphyrin, protoporphyrin, HPD aggregate and HPD

non-aggïegate were prepared and characteiised as previously described [11]
and administered in isotonic saline. Photofrin II was supplied by Dr. T.J.
Dougherty, Roswell Park Memorial Institute. The concentration was deter-
mined by measuring OD¡s, of a solution of porphyrin diluted ín 5O% ethanol/
0.1 N NaOH.

Shin photosensitiuity
Mice in gïoups of 10 were given porphyrins i.p. and the left footpad was

irradiatêd 24 h later with a light dose of 11,2 J lcm2 . Twenty four hours later
the thickness of both feet was measured with a micro-meter and percentage

increase in footpad thickness was calculated using the right foot as an un-

treated control.

Light sources-4 gold metal vapour laser [12] (Quentron Optics Pty, Ltd) with wave-

length 627.8 nm was used to generate average light intensities of 400 mW,

"orptua 
to a 400 ¡.rm quartz fibre and positioned to create a l-cm diameter

spot.
An incandescent filament lamp [13] fitted with a perspex lens 10 mm in

diameter and 50 mm length delivered 2.5 W uniformly over 1 cm at 620-
?20 nm wavelength. The effective tight flux at 630 nm was 890 mw, deter-

mined from the relative light flux absorbed by HPD at 630 nm (Wilksch,

lgS2,unpublished data). ihe skin of the mouse was sprayed with water and

irradiated in 50-s exposures with 10-s pauses to prevent thermal effects'

Fluorescënce of tumours
Tumours were removed 24 h after injection of porphyrin and snap frozen
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Fig. 1. Relationship between TCro and HPD dose. Mice were given 25-60 mg/kg HPD

eiiher i.v. 1o ) or i.f . (.. ). Light dóÀe was 225 Jlcm2 . Each point represents the mean of 2
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sections (6 gm) were cut at -L "C on an IEC microtome and examined

under a Zeiss fluorescence microscope with excitation wavelength 42O-
490 nm.
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Fig. 2. Relationship between TCro and light dose. Mice were given 50 m-g/kg HPD i-p. and

tu}ours irradiateòwith increasiñg light doses from èither the gold laser (o) or the incan-

descent filament lamp (r). Each point represents the mean of 2 experiments.
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RESULTS

Relationship between TCroand HPD dose (Fig. 1).

There was a linear relationship between TC56 and HPD dose. The TC56

for HpD given i.v. was 1 day greater thaú when given i.p. for all doses tested.

since the difference was not large; i.p. injections were used routinely.

Retatianship between TC5s and light dose (Fig' 2)

There was a linea¡ relationship between TC5e and light dose, with either
lamp or gold laser. The gold laser is slightly more efficient than the lamp.

Histology
Tumours 24 h afier treatment with HPD and light showed extensive

necrosis (Fig. 3a) and isolatèd viable cells. In contrast, tumours treated with
HPD or light atone or untreated showed viable cells with small a¡eas of
necrosis (Fig. 3b).

Fluorescence studies
Twenty four hours after i.p. injection of porphyril, frozen sections o-f

tumours from animals given HPD, HPD-aggtegate and Photofrin II showed

extensive red fluorescence. Tumours from animals receiving HPD non-aggre-

gate fluoresced weakly (Table 1). Protoporphyrin and haematoporphyrin
did not result in any fluorescence in the tumours.

Relatiue efficiencies of components of HPD in uiuo (Table 1)
Haematoporphyrin and HPD non-aggregate caused no tumour phototox-

icity under ineìonAitions tested. Increasing the light dose to 300 J/cm2 also

gave no response. HPD aggregate and Photofrin II caused the same photo-
ioxicity as HPD. Protoporphyrin i.p. and i.v. showed very little photoactivity'
The ptrotoactivity corresponded with the fluorescence of porphyrin within
the tumours.

Shin photosensitiuity (Table 1)
HPD, HPD aggregate and Photofrin II all induced approximately the same

photosensitivity while HPD non-aggregate, haematoporphyrin and protopor-
phyrin did not photosensitise the skin.

DISCUSSION

This paper describes the measu¡ement of phototoxicity of HPD and some

of its component porphyrins in vivo; using Lewis lung carcinoma transplanted
subcutaneously into C5?BL mice, measuring the time to 50% recurrence of
tumours after treatment (TC5e). The TC56 was proportional to both the light
dose añd the porphyrin d-ose.

studies with sMT-F mammary tumour in BALB/c mice have shown that
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TABLE 1

Porphyrin TC,o
( days)

% increase in
footpad thickness

Tumour
fluorescence

HPD
HPD Aggregate
HPD Non-aggregate
Haematoporphyrin
Protoporphyrin
Photofrin II

79 !.21
69 t 9.9
0.8 t 6.7

0 12.0
-0.2 1 3.0
55.4'l 11.5

Positive
Positive
Weak positive
Negative
Negative
Positive

5

5
0
0
0
6

All mice were injected with 50 mg/kg porphyrin i.p. and tumours were irradiated with
225 Jlcm2 light from the filament lamp,24 h post injection. For skin photosensitivity,
the left footpad \¡/as irradiated with 110 J/cm':. Results are mean values of at least 2 experi-
ments.

doses of 3.5-10.0 mg/kc HPD were effective [10]. we found 50 mg/kg was

necessaly to obtain a-satisfactory tumour response' in agreement with Elling-

sen [14] who successfully treated Lewis lung carcinoma in BuD, mice, using

a regime of 50 mg/kg HPD and 160-360 J light at 630 nm.
Tie agg¡egated fraction of HPD contained the photocytotoxic activity in

vivo. Non-aggregated HPD and haematoporphyrin had no activity. This con-

firms reports by other authors 110,151. The activity correlated with the

uptake åf porphyrin as demonstrated by, fluorescence of ftozen sections.

similarty, skin photosensitivity was only demonstrated with porphyrins that
a-lso caused tumour fluorescence and destruction. This suggests that the critical

requirement for in vivo phqtotoxicity is uptake into the tumours, and HPD

nor.-uggr"gute, haematoporphyrin and protoporphyrin cannot be taken up

into the tumours. Pr.otoporphyrin is photoactive in vitro, [11,16] implying
it can be taken up into cells in tissue culture but the mechanism for the

selective uptake and retention in the tumour must be lacking in mice'

Photofrin II has been postulated to be the active component of HPD [10].
It exists in aqueous solution in a very highly aggfegated form, demonstrated
by gel chromãtography [10] and spectroscopic data [17]. Dougherty [10]
reported a greater tumour phototoxicity using Photofrin II than HPD. We

found Photofrin II had similar phototoxic activity to both HPD and HPD

aggïegate prepated by ultrafiltration. This discrepancy may reflect the differ-
ent tumour systems used. HPD aggregate and Photofrin II also caused similar
skin photosensitivity to HPD. Gomer and Razum [18] also reported that
HPD and Photofrin II caused comparable acute skin damage.

Carpenter [19] reported stronger fluorescence and greater tumoul selec-

tivity when HPD was injected i.v. compared to i.p. in mice with transplanted
mammary adenocarcinoma. Tomio [20] reported equivalent tumour respon-

ses in Yoshida ascites hepatomas in rats with intravenous or intraperitoneal
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injection of commercial haematoporphyrin. In our studies intravenous HPD
had a slightly greater photocytotoxic effect than intraperitoneal HPD, al-
though no ma¡ked difference was detected in the fluorescence in the tumours.
This probably reflects insensitivity of visual detection of fluorescence.
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SUMMARY

INTRODUCTION

*To whom all correspondence should be addressed.

0304-3835/85/$03.30 o 198ó Elsevier Scientific Publishers lreland Ltd'
Published and Printed in Ireland

The effect of glucocorticoids on tr¡mour destruction by photodynamic

therapy (PDT) *ith hu"-utoporphyrin derivative (HPD) and light has been

examined in a transplantablô mouse tumour model. Administration of
glucocorticoid after i¡radiation enhanced the effect of PDT on both Lewis

íung carcinoma and 816 melanoma. Administration of methylprednisolone 
,

acelate in depot form concurrently with HPD inhibited the response to PDî
while solublé hydrocortisone sodium succinate had no effect' Correctly

timed administiation of glucocorticoid may have a place in treatment of
human tumou¡s by PDT u¡ith HPD. Glucocorticoid did not reduce the tem-

poraFy photosensitivity of the skin induced by HPD'

10?

Photodynamic therapy with HPD relies on selective uptake and retention

of HPD inmalignant tissue and activation by light of \A'avelength 620--f40
nm [9,10,12].hne precise mechanism of tumour destruction is unknown

but singlet oxygen and other oxy{adicals have been implicated [19,26].
Results have been encoupging, particularly in the treatment of lung carci-

noma 12,7,15'l and bladder carcinoma [3'18].
Sincl manyof the patients undergoing PDT may be treated concurrently

with glucocorticoids, iheir effec|s on tumour responses and the side effect of
skin photosensitivity were studied.
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METHODS

Mouse tumour øssaY

Photocytotoxic activity of HPD in vivo was assayed using a previously

reported method tgl. Twã tumours, Lewis lung carcinoma and 816 mela-
rough male or female Cõ?BL mice'

roximately 26 g and were main-
(Milling Industries, Adelaide, S.A. )

and water ad libitum. Mice in $oups of 10 were given HPD, 30 mg/kg i'p"
7-tO a"yr after subcutaneous injection of 10ó cells, when tumou¡s were 5-
? mm in diameter. Twenty four hours later the tumou¡s were inadiated with

an appropriate dose of red light. Glucocorticoids were administered i'p'
eithéiconcurently with the gpo aoA at the time of treatment or 24 h and

48 h after heatment. unless otherwise indicated, all mice received 2 doses

of glucocorticoid. Tumours were then palpated daily and the- time for 5 out

of ro to recur (TCro) was determined. The difference in TCso between

groups treated wittriiucocorticoids or HPD and light only was analysed by

an unpaired ú-test.

Drugs
HPD was prepared as previously described [12]. Hydrocortisone sodium

succinate ( Elcortelan, Giaro ), methylprednisolone sodium succinate (Solu-

medrol, upjohn) and' methylprednisolone acetate (Depo-medrol, upjohn )
*"t" pt"p*Ld as directed Ul lfre manufacturer and diluted in sterile saline

beforã i.i. injection at dosei stated below. Doses of equivalent potency of
rryarocortisone and methylprednisolone were calculated from Ref. 16'

Lþht æurces
An incandescent filament lanp [8] was used to i¡radiate the tumours with

red light (610-680 nm) at the doses shown below'

Skin photosensitiuitY
Mice with Lewis lung carcinoma were given 30 mg/kg HPD and 3 mg/kg

methylprednisolone ""õt"t 
i.p. Twenty fou¡ hours later the left footpad was

irradiated with red light for ZOO s. Footpad thickness was measuÌed'24}:

after t¡eatment withã micrometer and the percentage increase compared to
the untreated right foot was calculated.

Fluorescent detection of HPD uptahe
Mice with Lewis lungcarcinoma were given 30 mg/kg HPD a¡rd 0.6-3.0

mg/kg methylprednisolone acetate or 15 mg/kg hydrocortisone sodium

succinate. Mice with 816 melanoma ïvere given 30 mg/kg HPD and 3'0 mg/

kg methylprednisolone acetate or 15 mg/kg hydrocortiso-ne sodium succi-

nãt". t*"rrty four hours later the mice were killed and fluorescence ex-

amined as previously described [8].
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RESULTS

Retøtionship between light dose ønd TC5sfor 816 melanoma

There was a linea¡ relationship between TC56 and the light dose (Fig. 1)'
indicating that the TC5s is a valid measure of the efficacy of treatment. This

relationship was previously seen with the Lewis lung carcinoma [8].

Administration of gluco cort ico ids b efore írradiat ion
The results in Fig. 2 show a linea¡ relationship between dose of methylpre-

dnisolone acetate administered before inadiation and TC5s. Lewis lung carci-

noma is impalpable 2!h after the sta¡rdard treatment schedule but when
methylprednisolone acetate (3.0 mg/kg) was also administered, half the
tumourì were impalpable, resulting in a TC5q of 1 day. At 2.0 mg/kg there
was le*s inhibition and at 1.0 and 0.6 mg/kg the tumou¡ response was

augmented. Mice treated with methylprednisolone acetate alone, methyl-
pt"dttirolotte acetate + HPD or methylprednisolone acetate + light showed

no reduction in tumour size. When methylprednisolone acetate (3.0 mg/kg)
was administered at the time of transplant with Lewis lung carcinoma there
wa¡i no change in the interval before tumours were fi¡st palpable, indicating
that methylprednisolone acetate alone had no effect on the rate of tumour
growth (data not shown).- 

Hydrocortisone sodium succinate (15 mg/kg) administered before irradia-
tion to mice with Lewis lung carcinoma did not alter the tumou¡ response

$'ith,TCso of 3 days.
Hydrocortisone sodium succinate administered with HPD and at the time

of iradiation did not alter the efficacy of treatment of 816 melanoma, but
methylprednisolone acetate at these times caused ma¡ked inhibition of

lo

,, ,2 33

LI6HT DOSE (J/M2 x lo5)

Fig. 1. Relationship between TC,o for 816 melanoma and light dose' Mice with 816
melanóma were given HPD, 30 mg/kg i.p. and 24 h later, tumours were irradiated with
increasing doses of red light. Each point represents the mean of 2 experiments'
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6

0 0.6t 2 3

DOSE DEPO-MEDROL (mg¡ks )

Fig. 2, Relationship between dose of methylprednisolone acetate and T€ro. Mice with
Lewis lung carcinoma were given HPD, 30 mg/kg plus methylprednisolone acetate i.p.
TVenty four hours later, a further dose of methylprednisolone acetate was given and the
tuùrours treated with 200 s light.

6

A BC DE FG

Fig. 3. Administration of glucocorticoids after PDT. Mice with Lewis lung carcinoma
were given HPD, 30 mgikg followed 24 h later by 200 s irradiation to tumours. Gluco-
corticoids were administered i.p.24 h and 48 h after treatment. (A) No glucocorticoid;
(B) methylprednisolone acetate, 0.6 mg/kg; (C) methylprednisolone aceüate, 3.0 mg/kg;
(D) methylprednisolone sodium succinate, 0.6 mg/kg; (E) methylprednisolone sodium
succinate, 3.0 mg/kg; (F) hydrocortisone sodium succinate, 3.0 mg/kg; (G) hydrocorti-
sone sodium succinate, 15.0 mg/kg, ¿, P < 0.05; o, P < 0.01;o, P < 0'001'
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tumour response (Fig.  ). Hydrocortisone sodium succinate alone, hydro-
cortisone sodium succinate + HPD, ol hydlocortisone sodium succinate +
light treatment had no visible effect on tumoul growth. When hydrocorti-
sone sodium succinate was administered at the time of transplantation, the
time for appearance of tumour did not change (data not shown).

Admínistrat ion of glucocortícoids after irradiation
All glucocorticoids had a highly inhibitory effect on the- rate of recu¡rence

of Lewis lung carcinoma (Fig. 3). Hydrocortisone sodium succinate was the
most effective; methylprednisolone acetate was more effective than methyl-
prednisolone sodium succinate, suggesting that a longer lasting form of
glucocorticoid may be more effective.

Recu¡rence of 816 melanoma was also inhibited by administration of
hydrocortisone sodium succinate after inadiation (Fig. 4). The effect was
'not 

as ma¡ked as that obsen¡ed with Lewis lung carcinoma (Fig. 3).

Uptake of HPD demonstrated by fluorescence
Administration of methylprednisolone acetate (3.0 mg/kg) concurrently

with HPD caused a marked reduction in the intensity of HPD fluorescence in
Lewis lung carcinoma. Intensity of fluorescence was progressively reduced
by increasing doses of methylprednisolone acetate. Hydrocortisone sodium
succinate (1õ mg/kg) at this time did not cause any alteration in intensity of
fluorescence.

't0

A BC DE
Fig. 4. Interaction between glucocorticoids and PDT of 816 melanoma. Mice with 816
melanoma were given HPD, 3O mglkç,,followed 24 lnlatet by 100 s light to tumours,
(A) No glucocorticoid; (B) hydrocortisone sodium sucçinate, 3.0 mg/kg administered
24 h and 48 h post PDT; (C) hydrocortisone sodium succinate, 15'0 mg/kg administered
24 h and 48 h post PDT; (D) hydtocortisone sodium succinate, 15.0 mg/kg administered
with HPD and at time of irradiation; (E) methylprednisolone acetate, 3.0 mg/kg admini-
stered with HPD and at time of irradiation. o, P < 0.01; o, P < 0,001.
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Methylprednisolone acetate (3.0 mg/kg) also caused a reduction in inten-
sity of HPD fluorescence in 816 melanoma while hydrocortisone sodium
suõcinate (15 mg/kg) caused a slight increase in intensity of fluorescence.

Skín photosensitiuity
Administration of methylprednisolone acetate had no effect on skin

photosensitivity. The mean percentage increase in footpad thickness was

36 t 2OVo for mice pretreated with HPD only and 4l x L4Vo with HPD plus

methylprednisolone acetate.

DISCUSSION

Glucocorticoids administered after PDT with HPD greatly potentiated the

therapeutic effect by slowing the rate of recu¡rence of tumours. By contrast,

a high dose of methylprednisolone acetate administered at the same time as

njeãtion of HPD strongly inhibited the response to treatment. These effects

wãre observed in two types of tumour. The inhibition of the tumour respon-

se by methylprednisolone acetate was dosedependent. The lowest dose of
methylprednisolone acetatp examined (0.6 mg/kg) resulted in a prolonged

TCro.
Fluorescence of HPD in the tumou¡s decreased with increasing doses of

methylprednisolone acetate implying that glucocorticoid inhibited the
uptake of HPD. Reduced therapeutic response vvas associated with reduced

intensity of fluorescence.
Both the inhibition of uptake of HPD into tumours by concurrent admini-

stration of glucocorticoid and the inhibition of tumour recurrence by
administration after an effective treatment with light need to be explained'

Localization of HPD is 5:1 in favour of the vascula¡ stroma rather than

the tumou¡ cells [4]. Glucocorticoids may inhibit uptake of HPD by decreas-

ing capillary permeability [6,16]. The preservation of the va^sculature by
glucocorticoids may also protect against photodynamic damage' Henderson

itZl rt o*"d tumou¡ cells and not killed immediately after irradiation but
die at a rate similar to that occu:rring after vascula¡ occlusion.

Digestion of phagocytosed material may be depressed by hydrocortisone

t14l,A proportion of HPD is taken up by phagocytosis [20], so uptake may

be depressed by glucocorticoids.
Glucocorticoids a¡e transported by binding to plasma proteins [13] and

porphyrin is thought to bind to albumin and haemopexin [11,21]. Compe-

lition 
-between 

HPD and glucocorticoid for binding sites on albumin or other
proteins may affect transport of HPD, with unpredictable effecLs on uptake
by tumours.

A prirnary event in porphyrin induced photodamage may be rupture of
lysosomes with release of hydrolytic enzymes lL,6'23,24i. This process may

be inhibited by glucocorticoids which stabilise lysosomal membranes

ÍL3,271. However,lysosomal damage may not be a prerequisite for photo-
damage Í22,251.
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Administration of glucocorticoids may inhibit repair of photodynamic

damage and division by tumour cells. In vitro experiments are in progress to
determine if the rate of cell division is directly affected. Repair of the micro-

vasculature may also be reta¡ded by glucocorticoids'
Both the inhibitory effect of glucocorticoids on PDT and inhibition of

tumou¡ recurence may have important implications for the clinical applica-

tion of PDT. It may be necessary to suspend glucocorticoid treatment for
some time before PDT to obtaìn an adequate tumour lesponse' or alternately

use more vigorous treatment conditions during treatment with glucocorti-

coids. Administration of glucocorticoids after an effective PDT t¡eatment
may reduce the likelihood of tumour recturence. Unfortunately, glucocorti-

coids had no detectable effect on the skin photosensitivity'

REFERENCES

1 Allison, 4.c., Magnus, t.A. and Young, M.R. (1966) RoIe of lysosomes and of cell
membranes in photosensitization' Nature, 2O9, 87 4-87 8.

2 Balchum, o.J.,Doiron, D.R. and Huth, G.c. (1984) Photoradiation therapy of endo'
bronchial lung cancers employing the photodynamic action of hematoporphyrin
derivative. Lasers Surg. Med., 4, 13-30.

3 Benson, R,C., Kinsey, J.H., Cortese, D.A', Farrow; G.M. and Utz, D'C' (1983) Treat-
ment of trancitional cell ca¡cinoma of the bladder with hematoporphyrin derivative
phototherapy. J. Urol., 130, 1090-1095.

4 
-Bugelski, 

P.1., Porter, C.W. and Dougherty, T.J. (1981) Autoradiographic distribution
of ñematoporphyrin derivative in normal and tumor tissue of the mouse. Cancer Res.,

47,4606-4612.
5 Christensen, T., Volden, G., Moan, J, and sandquist, T. (1982) Release of lysosomal

enzyme6 and lactate dehydrogenase due to hematoporphyrin derivative and light
irradiation of NHIK 3025 cells-in vitro. Ann. Clin. Res., 14,46-62'

6 Claman, H.N. (19?5) How corticosteroids work. J. Allergy clin. Immunol., 55, 145-
1ã1.

7 Cortese, D.A, and Kinsey, J.H. (1982) Endoscopic management of Iung cancer with
hematoporphyrin derivative phototherapy. Mayo Clin. Proc., 57 ,543-647 '

8 Cowled, P.A. and Forbes, I.J. (1985) Photocytotoxicity in vivo of HPD components.

Cancer Letters, 28, 111-118.
9 Dahlman, 4., Wile,4.G., Burns, R.G', Mason, G.R., Johnson, F'M' and Berns, M'W'

(1983) Laser photoradiation therapy of cancer. Cancer Res',43, 430-434'
t0 òougherty, T.J., Kaufman, J.E., Glidfarb, A', Weishaupt, K.R., Boyle, D' and

Mittelman, A. (1978) Photoradiation therapy for the treatment of malignant tumors.
Cancer Res., 38, 2628-2636.

11 Evensen, J.F., Moan, J., Hindar, A, and somer, s. (1984) Tissue distribution of
3H-hematoporphyrin derivative and its main components, ?6Ga and t3tl-albumin in
mice bearing Lewis lung carcinoma. In: Porphyrin Localization and Treatment of
T\rmors, pp. b41-562, Èditot.r D.R. Doiron and C.J. Gomer. Alan R. Liss, New York.

l2 Forbes, 1.J., Cowled, P.A., Leong, A.S.-Y., Ward, A.D', Black, R.B', Blake, A'J' and

Jacka, F.J. (1980) Phototherapy of human tumours using haematoporphyrin deriva-

tive. Med. J. Aust., 2,489-493.
13 Guyton, A.C. (1981) In: Textbook of Medical Physiology. chap. 77: The Adreno-

cortical Hormones, pp. 944--958, W.B. Saunders, Philadelphia, London, Toronto.
14 Handin, R.L and stossel, T.P. (19?8) Effect of corticosteroid therapy on the phago'

cytosis of antibody-coated platelets by human leukocytes. Blood, 51,777-779.



!57

t14

15 Hayata, Y., Kato, H., Konaka, C., Ono, J' and Takizawa, N. (1982) Hematoporphyrin
derivative ai¡d laser photoradiationin the treatment of lung cancer. Chest, 81, 269-
277.

16 Haynes, R.C. and Murad, F. (19S0) Adrenocorticotrophic hormones, adrenocoriical
steroids and their synthetic analogs; inhibitors of adrenocortical steroid biosynthesis.
In: the Pharmacological Basis of Therapeutics, 6th edn.' Chap. 63, pp. 1466-1496.
Editors: L.S. Goodman and A. Gilman. Macmillan, London, New York.

17 Henderson, 8.W., Dougherty, T.J. and Malone, P.B. (1984) Studies on the mechanism
of tumor destruction by photoradiation therapy. In: Porphyrin Localisation and
Tleatment of Tumours, pp. 601--612. Editors: D,R' Doiron and C.J. Gomer. Alan R.
Liss, New York.

18 Hisazumi, H., Miyoshi, N., Naito, K. and Misaki, T' (1984) Wiole bladder wall photo-
radiation therapy for ca¡cinoma in situ of bladder: a preliminary report. J. Urol,, 131,
884-887

19 Lee See, K., Forbes, I.J. and Betts, w.H. (r984) oxygen dependency of photocyto-
toxicity with haematoporph¡nin derivative. Photochem. Photobiol., 39, 631-634.

20 Moan, J. and Christensen, T. (1980) Porphyrins as tumor localizing agents and their
possible use in photochemotherapy of cancer' Tumor Res', 15, 1-10'

21 Morgan, W.T., Smith, A. and Koskelo, P' (1980) The interaction of human serum
albumin and hemopexin with prophyrins. Biochim. Biophys. Acta, 624,27 t-285.

22 Sandberg, S. (1981) Protoporphyrin-induced photôdamage to mitochondria and
lysosomes from rat liver. Clin. Chim. Acta, 111' 55-60.

23 Stateí, T.F. and Riley, P.A. (1966) Photosensitization and lysosomal damage. Nature,
209, 151-164.

24 Torinuki, w., Miura, T. and seiji, M. (1980) Lysosome destruction and lipoperoxide
formation due to active oxygen generated from haematoporphyrin and UV irradia-
tion. Br. J. Dermaüol., LOz,77-27.

25 Wakulchik, S.D., Schiltz, J.R. and Bickers, D. (1980) Photolysis of protoporphyrin
treated human fibroblasts in vitro: studies on the mechanism. J. Lab. Clin. Med., 96,
158-167.

26 Weishaupt, K.R., Gomer, C.J. and Dougherty, T.J. (1976) Identification of Singlet
oxygen as the cytotoxic agent in photoinactivation of a murine tumour. Cancer Res.,
36,2326-2329.

2? Weissmann, G. (1964) Labilisat'ion and stabilisation of lysosomes. Fed' Proc., 23,
1038-1044.



Cowled, P. A., Mackenzie, L. & Forbes, I. J. (1985). Interactions between 

photochemotherapy with HPD and light and cytotoxic drugs. Australian and 

New Zealand Journal of Medicine, 15(1), 127. 

 

 

 

 

 

 

 

 

 

 

 

 

NOTE:   

This publication is included in the print copy  

of the thesis held in the University of Adelaide Library. 

 

It is also available online to authorised users at:  

http://dx.doi.org/10.1111/j.1445-5994.1985.tb02631.x 

 

 

 

 

http://dx.doi.org/10.1111/j.1445-5994.1985.tb02631.x


BIBL IOGRAPHY

Aida, M., Hirashima, T. (1983).
Cancer of the EsoPhagus.
In: Lasers and HematoPorPhYrin
Ed: Hayata , Y. , DoughertY t
York.
pp 57-64.

159

Derivative in Cancer.
T.J. Igaku-Shoin, TokYo' Nevr

Altison, 4.C., l"lagnus¡ I.A.¡
RoIe of lysosomes
photosensitization.
Nature 209, 874-878.

(1e66).
ce11 membranes

Young t
and

M.R.
of ln

Andreoni, A. , Cubeddu, R. , De Silvestri r S. r LaPorta , P.,
Jori, G., Reddi, E. (I982a).
Hematoporphyrin derivative: experimental evidence for
aggregated species.
Chem. Phys. Lett. , 88, 33-36 .

Andreoni, A., Cubeddu, R., De Silvestrir S-, LaPorta, P',
SveIto, O. (1982b).
Two-step laser activation of hematoporphyrin derivative.
Chem. Phys. Lett., 88' 37-39.

Andreoni, 4., Cubeddu, R. , De Silvestri, S. , LaPorta , P ',
Ambesi-Impiombato, F.s., Esposito, M., Mastrocinque, þ1.,
Tramontano, D. (1983 ) .
Effects oi laser irradiation on hematoporphyrin-treated
normal and transformed thyroid cells in culture.
Cancer Res. , 43, 2076'2080.

Auler , H., Banzer, G. (L942).
Untersuchungen uber die
geschwuls tkranken Menschen
Z. Krebsforsch. r 53r 65-68.

BaIchum, O. J. r Doiron ' D.R. r Huth,
Photoradiation theraPY of
employing the PhotodYnamic
der ivat ive .
Lasers Surg. Med., !, 13-30.

RoIIe der
und Tiren.

Porphrine bei

Iung cancers
hematoporphyr i n

c.c. (r984).
endobronchial
action of

Barker ¡ D.S. ¡ Henderson, R.W. , Storey, E. (I970 ) '
The in vivo localization of porphyrins.
Br. J. Exp. Path., 5I, 628-638.

Barrett, J. (I969).
Porphyrins and related compounds.
In: Data fox Biochemical Research, 2nd edition,
Ed: DavJSonr R.M.C., EIIiott, D.C. r Elliott' hl'Ht
Jones, K.M. University Press, Oxford.
pp 300-325.

Bellnier , D.A. , Dougher|-Y , T. J. (1982 ) .
Membrane lysis in Chinese hamster ovary
hematoporphyrin derivative plus light.
Photochem. PhotobioI., 36, 43-47.

ceIIs treated with



BeIInier, D.A.r Linr C-W. (I983).
phoù,odynamic destruction ot cultured human bladder tumor
ceIls by hematoporphyrin derivative: effects of porphyrin
molecular'aggregation.
Photobiochem. Photobiophys., 6t 357-366.

BeIlnier, D.4., Prout¡ G.R.¡ Lin, C-W. (I985)'
Effect of 514.5nm Argon ion laser
hematoporphyrin derivative-treated bladder
in vitro and in vivo.

160

radiation on
tumor cells

J. atI. Cancer nst. , 74,617-625.

Benedict, W.F. , Lingua¡ R.W- ¡ Doiron¡ D'R' ¡ Dawson¡ J'A' ¡

t'lurphreer A.L. (I980).
Tumor regression of human retinoblastoma in the nude mouse
followiné photoradiation therapy: a preliminary report.
Med. Pediat. OncoI., 8' 397-40I.

Benson¡ R.C. ¡ Farrow¡ G.Ì'1 . ¡ Kinseyr J.H', Corteset
Zincke, H., ÍJtz, D.C. (1982).
Detection and localization of in situ carcinoma of
bladder with hematoporphyrin derivative'
Mayo Clin. Proc.¡ 57, 548-555.

Benson¡ R.C. ¡ Kinsey¡ J.H. ¡ Corteser D'A', Farro$¡t
ÍJtz, D.C. (1983).
Treatment of transitional cell carcinoma of
bladder with hematoporphyrin derivative phototherapy.
J. Uro1., 130, I090-I095.

Berenbaum, 14.C., Bonnett, R., Scourides,
In vivo biotogical activitY of
haematopor phyrin derivative.
Br. J. Cancer, 45, 57I-581.

Cancer Res., 42, 2325-2329.

P .4.
the

(1982 ) .
components

D.A. r

the

G.!1 . r

the

of

Berns, M.W. r Dahlman, 4., Johnson¡ F.M. ¡ Burns, R',
öp.tlíng , D. , Guiltinan, M. , Siemens , A' , Walter ' R' 'wiigtrt r-*. r-ú.**"t-wiIson, l'1., v{iIe, A' (I982)'
In vitro ceIIuIar effects of hematoporphyrin derivative'

Berns ¡ Þ1.V'I. ¡ Wile, A. , Dahlman, A.
Sperting, D. r Guiltinan , NL. ,
Hammer-WiIson, M. (1983 ) .
CeIlular uPtake r exgretion
hematoporphyrin derivative (HPD) .
In: Porphyrin Photosensitization.
Ed: Kessel. D. ' DoughertY, T. J
London.
pp I39-1s0.

R.,
R.,

Berns, M.W. r Hammer-wiIson, M., !{alter r R'J' t lrTright, W"
ðf¡ow' M-H., Nahabedian, I'f -, Wile, A. (1984a) '
Uptake .r,å localization of HPD and "active fraction" in
tissue culture and in serially biopsied human tumors.
In: Porphyrin Localization and Treatment of Tumors.
Ed: Ooiron, D.R., Gomerr C.J. AIan R' Liss Inc' New York;
pp 501-520.

, Johnsonr F. r Burnst
Siemens, 4., VÙalter,

and Iocalization - of

Plenum Press, New York,



Betts, w.H., cleland, L.G. (1982) .
Effect of metal chelators and antiinflammatory drugs
the degradation of hyaluronic acid.
Arthritis Rheum., 25, I469-L476.

Berns, M.w.¡ Coffey, J., Wile, A.G
Laser photoradiation theraPy
hyperthermia.
Lasers Surg. l.led.¡ 4, 8'l-92.

Blazek, 8.R., Hariharanr P.V. (I984).
Alkaline elution studies of
photosensitized DNA damage and
ovary ceI1s.
Photochem. Photobiol., 40, 5-I3.

Bodaness, R. S. r Chan, P.C . (L977 I .
Singlet oxygen as a mediator in
catalysed photooxidation of NADPH
oxide.
J. Biol . Chem. , 252 ' 8554-8560.

I6I

(re84b).
of cancer: possible role of

on

(r98I ) .
microwave

hema toporphyr i n-der iva t i ve
repair in Chinese hamster

Bicher ¡ H.!.¡ Hetzel¡ F.W.r Vaupel , P., Sandhu, T.S
Microcirculation modifications by local ized
hyperthermia and hematoporphyrin phototherapy.
Bibtthca. Anat., 20, 628-632.

the hçmatoporPhyrin-
to NADP' in deuterium

Bohmer, R., Morstyn, G. (1985).
Uptake of hematoPorPhYrin
malignant cells: effect
and cell size.
Cancer. Res., 45, 5328-5334.

der ivat ive
of serumt

normal and
temperature t

by
PH,

Bonnett, R., Ridger R.J., Scourides,
(re8I ) .
On the nature of 'haematoporphyrin
JCS Perkin Trans. I, 3135-3I40.

P.4., Berenbaumr l'1 .

derivativet.

c.

from human
by one

combining

Bors , W., Saran, M., l'lichel, C. (1982).-Assays of oxygen radicals: Methods and mechanisms.
In: Superoxide dismutase: 2t 3L-62.
Ed: Oberley, L.W. CRC Press Inc-, Boca Raton, Florida'

Boye, 8., Moan, J. (1980).
The photodynamic effect
Photochem. PhotobioI.,

hematoporPhyrin on DNA.
223-228.

of
31r

Boyum, A. (1968).- Isolation of mononuclear cells and granulocytes
bIood. Isolation of mononuclear ceIls
centrifugation and of granulocytes by
centrifugation and sedimentation at I g.
Scand. J. CIin. Lab. Invest., 2L, (suppl. 97),

Broggini, Ì'1. , Ghersa, P. , DoneIIi, M.G. (1983 ) .
Subcellular distribution of Adriamycin in the
tumor of 3LL-bearing mice.
Eur. J. Cancer CIin. Oncol., 19r 4L9-426.

77 -89 .

Iiver and



L62

Brucer R.A. (1984).
Évaluation of hematoporphyrin photoradiation therapy to
treat choroidal melanomas.
Lasers Surg. Med., !, 59-64.

Brunner¡ K.T.¡ Mauel , J., Cerrotini, J-C., Chapiust B.
euåntitaligç assay of the lytic action of immune
ðells on "tcr-Iabetled allogeneic target cells
Inhibition by isoantibody and by drugs.
Immunol., J-4t 181-196.

(1968).
Iymphoid

in vitro;

Buettner r G.R. (1985) .
Thiyt free radical production with hematoporphyrin
derivative, cysteine and light: a spin trapping study.
FEBS Letters , L77 , 295-299.

Buettner, G.R. ' Need, M.J. (1985) .
Hydrogen peroxiáe and hydroxyl free radical production by
hematõporþtryrin derivative, ascorbate and light.
Cancer Lett. 25, 297'304.

Buettner ¡ G.R. ¡ Oberleyr L.w. (1979) .
Supåroxidå formation by protoporphyrin as seen by spin
trapping.
FEBS Lett. , 98, 18-20.

Bugelski¡ P.J.¡ Porter, C.W-, Dougherty, T.J' (198f) '
Autoradíóiraphic distribution- of hematoporphyrin
derivativé in normal and tumor tissue of the mouse.
Cancer Res. , Lt 4606'4612-

Bunti.g, W.L. , KieIy, J.M. , Owen, C.A. (1963 ) '
Rãdiochromium'IabeIed llrmphocytes in the rat'
Proc. Soc. ExP' Biol. Med., I13, 370'374 '

Cadbyr P.A. r Dimitriadis, E. , Grantr H.G. r Vfard t A'D' t
Forbesr I.J. (1982).
separaiion and analysis of. haematoporphyrin derivative
components by high-performance Iiquid chromatography.
J. Chromatog.t 23L, 27 3-28I.

Cadby ¡ P.A. ¡ Dimitriadis, E. , Grant r H. G. , hlard ¡ A' D' ¡

Forbes, I.J. (1983).
The analysis of hematoporphyrin derivative'
In :Porphyrin Photosensitization.
Ed: Xessel, D., Dougherty, T.J. Plenum Press, New York'
London.
pp 25L-263.

Carpenter, R.J., Neel, H-8. r Ryan, R.J' ¡, Sanderson, D'R'
(r977 ) .
Tumor fluorescence witfr hematoporphyrin derivative.
Ann. OtoI. r 86 ' 661-666.



Carruth, J.A.S., l'lcKenzie, A.L. (1985) '
Preliminary report of a pitot study of
therapy fôx the treatment of superficial
the skin, head and necko \

Eur. J. Surg. Oncol., lI, 47-50.

163

photoradiation
malignancies of

Chang ¡ C.I. ¡ Dougherty, T.J. (1978).-Photoradiation therapy: Kinetics
porphyrin uPtake and loss in normal
culture.
Radiat. Res. , 74t 498.

cheli , R. , Addis, F. , Mortellaro r c
Andreoni, A., Cubeddu, R- (1984).
HematoPorPhYrin derivative
spontaneous animal tumors:
oPtimized drug dose-
Cancer Lett., 23, 6I-66-

Christensen, T., Moanr J. (I979).
Photodynamic inactivation
in vitro in the Presence of
6æ€s. ¡ 3735-3737.

photochemotheraPY
clinical results

, Sandquist, T. (1982).
Iactate dehydrogenase

and tight irradiation

of synchronized human cells
hematoporPhYr in.

synchronized cells from the

the
3o^25

and
and

thermodynamics
malignant cells

of
wi th

of
in

due
of

.M.¡ Fonda, D.,

Christensen , T. , Moan, J. (1980 ) .
Binding of hematoPorPhYrin to
line NHIK 3025.
Cancer Lett., 9, 105-110-

Christensen , T., Moan , J., Vlibe , 8., Of tebro, R' (1979) '
photodynamic effect of haematoporphyrin, throughout
celI cycle of the human cell line NHIK
cultivated in vitro.
Br . J. Cancer , 39 , 64-68.

Christensen , "I ., Volden, G-, Moanr J.
Release of lYsosomaI enzYmes and
to hematoPorPhYrin derivative
NHIK 3025 celIs in vitro.
Ann. Clin. Res. , L4 , 46-52 -

Christensen, T. ¡ Sandquist , "1. ,
l'loan, J. ( 1983 ) .
Retention and PhotodYnamic
derivative in celIs after

Feren , K., Waksvik, H.',

effects
prolonged

presence of PorPhYrin.
Br. J. Cancer , 9, 35-43-

Christensen, T.,l{ahl , A., Smedshemmer, L' (1984)'
Effects öf haematoporphyrin derivative and tight
combination with hyperthermia on ceIIs in culture.
Br. J. Cancer, 50, 85-89.

CIaman, H. (I975).
How corticosteroids work-
J. AIIergy CIin. ImmunoI., 55, 145-I5I'

of haematoPorPhYrin
cultivation in the

tn



CLezy, P.S.r Hai, T.T., Henderson, R.W., Thuc'-The chemistry of pyrrolic compounds. XLV
derivative : Haematoporphyrin diacetate as
of the reaction of haematoporphyrin with
acetic and sulfuric acids
Aust. J. Chem., 33, 585-597.

Coppola , A. , Viggiani, E. , SaIzarulo r L.,
Ultrastructural changes in lymphoma
hematoporphyrin and 1ight.
Am. J. Path. r 99, L75-L92.

RasiIe,
ceIIs

L64

L.V. (1980).
Haematoporphyr in
the main product

a mixture of

c. (1980 ) .
treated with

COrteSe¡ D.A. ¡ KinSey¡ J.H. ¡ !{Oolner ¡ L.B. ¡ Sandersgnt
Fontana, R.S. (I982).
Hematoporphyrin derivative in the detection
Iocalization of radiographically occult lung .cancer.
Am. Rev. Respir. Dis., L26r 1087-1088.

Cortese¡ D.A. ¡ Kinsey¡ J.H. (I984).
Hematoporphyrin derivative phototherapy in
of bronchogenic carcinoma.
Chest , 86, 8-I3.

Cortese¡ D.A. ¡ Kinsey ¡ J.H. I Úloolner I L.B. ,
Sanderson, D.R., Fontana, R.S. (I979).
CIinicaI application of a new endoscopic
detection of in situ bronchial carcinoma.
t'layo Clin. Proc. 54 r 635-642.

Cowled¡ P.A. ¡ Forbes¡ I.J. ¡ Swincer r A-G.,
Wardr A.D. (1985).
Separation and phototoxicity in vitro of
components of haematoporphyrin de e.
Photochem. Photobiol ., 4L, 445-45I.

the treatment

Payne¡ W.S. ¡

technique for

D.R.,

and

Trenerry, V.

some of the

Courtnay-Luck, N., Epenetos¡ A.A. ¡ Halnanr K.8., Hooker , G.,
Hughes , J.l'l .É. ¡ Krausz, T., Lambert, J-, Lavender¡ J.P. ¡

MacGregor , !Ù.G. , McKenzie, C. J. , l'lunro, A. , l'lyers ¡ M. J' ¡

Orr, J.S.r Pearser E.8., Snook, D., Webb,8., Burchellr J',
Durbin , H., Kemshead , J., Taylor-Papadimitriou, J'
(1e84 ) .
Antibody-guided irradiation of malignant lesions: three
cases illustrating a new method of treatment.
Lancet, June' 30thr PP 144I-1443.

Cowled, P.A. Gracer J.R., Forbesr I.J. (1984) .
Comparison of the efficacy of pulsed and continuous-wave
red Iaser light in induction of photocytotoxicity by
haematoporphyr in der ivative .
Photochem. PhotobioI., 39 ' 115-1I7.

C.,

Cox, G.S", BobiIlier , C., Whitten, D.G. (19821 -

Photooxidation and singlet oxygen sensitization by
protoporphyrin IX and its photooxidation products.
Photochem. Photobiol . ¡ 36 , 40L'407 .



Cozzaní, T., Jori, G., Reddi, 8., Fortunato, A', Granati, B',
Felice , Y4., Tomio , L. t Zotat, P- (I98I).
Distribution of endogenous and injected porPhyrins at the
subcellular leveI in rat hepatocytes and in ascites
hepatoma.
Chem-Biol. Interact., 37, 67-75.

165

C.,

human cells

LI2IO ceIls

ce1I fractions
sênsitivity of E

Cozzani, I.r Jori, G., Bertolini, G., Milanesit
CarIini, P., Sicuro, T., Ruschi, A. (1985).
Efficient photosensitization of malignant
in vitro by liposome-bound porphyrins.
emÉlÍõI . rnteract. ' 53, I31-I43.

Creekmore, S.P., Zaharkor D.S. (I983).
Modification of chemotherapeutic effects on
using hematoPorPhYrin and light.
Cancer. Res. r 43, 5252-5257.

Divakaran, S., Vùangel , A.G. (1983).
Characteristics of human mononuclear
separated on the basis of theophylline
rosette forming abiIitY.
Immunobiol.r 165r 500-507.

Dahlman , A. , Wile ¡ A.G. ¡ Burns ¡ R.G. ¡ Mason, G.R. ,
Johnson' F.M. ' Berns' M.V{. (1983) -

Laser photoradiation therapy of cancer -

Cancer Res., 43t 430-434.

Das, Þ1., Dixit. R., Mukhtar, H., Bickers, D.R. (1985).' noÍe of active oxygen species in the photodestruction of
microsomal cytochrome P-450 and associated monooxygenases
by hematoporphyrin derivative in rats.
Cancer Res. , E, 608-615.

De Goeij, A.F.P.M., van Straalenr R.J.C. r van Steveninck, J.
(1976 ) .photoáynamic modification of proteins in human red blood
cell mãmbranes, induced by protoporphyrin.
CIin. Chim. Acta, -7l., 485-494.

De Weger , R.A. r Dullens r H.F. r Den Otter , hl. (1982 ) .
Éradication of murine Iymphoma and melanoma ceIIs by
chlorambuc i I-antibody complexes .
Immunol. Rev., 62, 29-45.

Diamond , I., McDonaghr 4.F., Wilson¡ C.B. ¡ Granelli, S.G. ¡

NieIsen, S., Jaenicke, R. (I972).
Photodynamic therapy of malignant tumours.
Lancet , 2nd Dec. , lL7 5-1177.

Dinello, R. K. , Chang, C. K. (1978) -
Isolation and modifications of natural porphyr i ns .
In: The Porphyrins, Volume I, Chapter 7-
Ed: Dolphin, D. Academic Press, New York-
pp 289-339.



D.R. (1983).
cytochrome P-450 b
during photosensit

166

reactive
zation of

v
I

DoneIIi, M.G., Barbieri, B. , Erba , E. , Pacciarini r M-4. ¡
Salmona, 4., Garratini, S., Morasca, L. (L979r.
In vitro uptake and cytotoxicity of Adriamycin in primary
ãilmffistatic Lewis lung carcinoma.
Europ. J. Cancerr 15, LL21-II29.

oixit, R., Mukhtar, H., Bickers,
Destruction of microsomal
oxygen species generated
hematoporphyrin der ivative .
Photochem. Photobiol. ¡ 37 , L7 3-L*7 6 .

R.G., Dougherty, T. J. (1979) .
detection of lung cancer.

doxorubicin

Milan.

. r Weishauptr K.R. t

of animal tumors with

Doiron, D.R. r Prof io, 8., Vincentt
Fluorescence bronchoscopy for
Chest, 76, 27-32.

Dougherty, T.J., GrindeY, G.B., Fiel , R

Boyle, D.G. (1975).
Photoradiation theraPy II: Cure
hematoporphyrin and light.
J.Nat1. Cancer Inst., 55, II5-12I.

Dorr¡ R.T.¡ Alberts, D.S. (1982).
- Pharmacology of doxorubicin.
In: Current concepts in the use of
chemotherapy.
Ed: Jones¡ S.E. Farmitalia Carlo Erbi S.p.A.¡
pp 3-20.

Dougherty, T. J. (I983 ) .
Hematoporphyrin as a photosensitizer of tumors.
Photochem. Photobiol . ¡ 38, 337-339.

Dougherty, T.J. (1984a) .
Photodynamic therapy (PDT) of malignant tumors.
In: CRC Critical Reviews in Oncology,/Hematology.
CRC Press, Boca Raton, Florida.
2, 83-r16.

Dougherty, T.J. (1984b).
Photoradiation theraPy.
UroI., 23, (suppl.) ' 61-64.

Dougherty, T.J., Kaufman, J.E., GoIdfarb, A-, Weishaupt, K.R. t
Boyle, D.r l"littleman, A. (I978).
Phõtoradiation therapy for the treatment of malignant
tumors.
Cancer Res. , 38 , 2628-2635.

Dougherty, T.J.r Lawrencer G., Kaufman¡ J.H.¡ Boyle, D.,
Weishaupt, K.R., Goldfarb, A. (f979).
Photoradiation in the treatment of recufrent breast
carcinoma.
J. Natl . Cancer Inst. , 62 , 23L-237 .



Dougherty, T. J. ¡
(I98r).
Intersti t i aI
tumors in Pet
Cancer Res. ¡

Thomar R.E. ¡ G.,

photor ad i at i on
cats and dogs.

!, 401-404.

Dougherty, T.J., Boyle¡ D.G.¡ Weishauptr K.R.¡
Potter ¡ W.R. ¡ Beltnier, D.A. r Wityk¡ K.E.
Photoradiation tberapy clinical and drug
In: Porphyrin Photosensitization.
Ed: Kessel , D., Doughertyr T.J. Plenum
London.
Pp 3-2L.

Boyle, D

therapy

L6:'l

lilei shaupt , K. R.

primary solid

Henderson r B.A. ¡
(r983 ) .
advances.

for

Press, New Yorkt

Dougherty, T. J., Potter ¡ t{.R. ¡ Weishauptr K.R. (I984a) .
The strucùure of the active component of hematoporphyrin
derivative.
In: porphyrin Localization and Treatment of Tumors.
Ed: OoirOñ¡ D.R. ¡ Gomerr C.J. Alan R. Liss Inc. New York.
pp 301-3I4.

Dougherty, T. J., Potter ¡ Íf .R. ¡ Vfeishaupt, K.R. (I984b) .
The struciure of the active component of hematoporphyrin
derivative.
In: Porphyrins in
Ed: Andreoni ' A
London.
pp 23-35.

New York t
Tumor PhototheraPY'
, Cubeddu, R. Plenum Presst

Dougherty, T. J. r Vleishaupt¡ K.R. ¡
Photodynamic sensitizers.
In: PrinciPles and Practice
volume 2
Ed: DeVita, V.T. r HeIImant'Lippincott 

Co . r Phi ladelPhia.
pp 2272-2279.

Dubbelman, T.11.A.R. ¡ van Steveninck, J. (1984 ) 'photodynamic effects of hematoporphyrin-9gIivative
transmémbrane transport systems of murine L929 ceIls.
Biochim. Biophys. Acta , l7L, 2LO-207.

BoyIe, D.G. (I985).

of Oncology, second editiont

S., Rosenberg, S.A. ¡ J.B.

on

Dubbelmann, T.M.A.R. , de Goeij r A.F. P.M. r van
(1e78).
Photodynamic effects of protoporphyrin
erythrócytes. Nature of the cross-Iinking
proteins.
Biochim. Biophys. Acta r Ðr 14I-I5I '

Steveninck, J.

on
of

human
membrane

Dubbelman, T.M.A.R., Haasnoot, C., van Steveninckt J'
Temperature dependence of photodynamic red cell
damage.
Biochim. Biophys. Acta' 601, 220'227.

Dubbelmann, T.1"1.4.R., de Goei j, A.F.P.M. r van Steveninckt J'
(r980b).
Protoporphyrin-induced photodynamic effects on transport
processes ãcross the membrane of human erythrocytes.
Biochim. Biophys. Acta ' Ð, 133-139 '

(1980a).
membrane



Dubbelmann, T.M.A.R. , van Steveninck r A.L. ¡
(r982 ) .
Hematoporphyr i n- induced photo-ox ida t i on
cross-Iinking of nucleic acids and their
Biochim. Biophys. Acta , 7L9 | 47-52.

gastrointestinal tumours.
Lancet, 6th Nov. r 999-I005.

Evensen¡ J.F. ¡ Moan, J. (1982).
Photodynamic action and chromosomal
of haematoporphyrin derivative (HPD)
irradiation.
Br. J. Cancer, 45, 456-465.

168

van Steveninck, J

and photodynamic
constituents.

damage: a comParison
and Iight with x

(I984a) .
derivative and
in mice bearing

Ellingsen, R., Svaasand ¡ L.O.¡ Odegaardr A. (1984).
Énotóraaiation therapy (PRTi of Lewis lung carcinoma in
8.D., mice, dosimetry considerations.
lff :'Porphyrins in Tumor Phototherapy.
Ed: enãréoni , A., Cubeddu, R. Plenum Press, New Yorkt
London.
pp 2L3-220.

. , Mather, S. , Granowska, M. , Nimmon r C.C. ¡

L.R., Bl.itton¡ K.E.¡ Shepherd, J- r Taylor-
rou, J., Durbin, H., Malpas¡ J.S.¡ Bodmer¡ W.F.

Epenetos¡ A.A
Hawk ins t
Papad imi t
(r982 ) .
Target ing
monoclonal

of Iodine-I23-IabeIled tumour-associated
antibodies to ovarian, breast and

Evensen¡ J.F. ¡ Moan , J., Hi
Tissue distribution Pits main comPonentst

ndAr, A., Sommer r S.
f, JH-hemqçgporPhyrin
/G. and rrrr-arbumin

Lewis Iung carcinoma.
In: eorphyrin Localization and Treatment of
Ed: ooiioñ¡ D.R.7 Gomer, C.J- AIan R. Liss
pp 54L-562.

Evensen¡ J.F. ¡ SOmmer, S., I'loan , J., ChriStensen, T. (1984b) .
Tumor-localizing- and photosensitizing properties of the
main components of hematoporphyrin derivative'
Cancer Res. 44 , 482-486.

FieI , R.J., HovJardl J.C.¡ ì'larkr E.H-r Datta-GuPta, N' (1979)'
Interaction oi DNA with a porphyrin Iigand: Evidence for
intercalation.
Nuc. Acid. Rês.¡ 6, 3093-3118.

FieI , R.J.r Datta-GuPta, N., Mark¡ E.H.¡ Howardt J'C' (I981)'
Induct,ion of OUÃ damage by porphyrin photosensitizers.
Cancer Res. , 4L, 3543-3545-

Figger F.H.J. ¡ Peck, G.C. (I953).
Cancer detection and theraPY:
for hematoporPhyrin.
Anat. Res., 115' 306.

Tumors.
Inc. New York.

affinity of lymPhatic tissue



169

Figge, F.H.J.¡ Weiland¡ G.S.¡ Manganiellor L.O.J. (I948).
Cancer áetection and therapy. Affinity of neoplastic t
embryonic and traumatized tissues for Porphyrins and
metaltoPorPhYrins.
Proc. Soc. Expt. BiOl . Med., Ø, 640-641.

Figger F.H.J., DieI¡ lt.K., Peck, G-C., Mackr H.P. (1956)'
Évaluation of the use of intravenous hematoporphyrin
injections to improve surgical and radiation therapy of
cancer in human subjects.
Proc. AÍ1. Assoc. Cancer Res.¡ 2¡ 105.

Fogel , Yl., Gorelik, E., Segal, S-, Feldman, M. (1979)'- Differences in celI surface antigens of tumor metastases
and those of the local tumor.
J. Natt. Cancer Inst., 62, 585-588.

Forbes¡ I.J.7 Zalewski, P.D., Leong¡ A.S-Y.¡ Sage,
DaIe , 8., Cowled r P.A. (1978) .
B ceIl Ieukaemia distinguished from chronic
leukaemia by surface markers-
Aust. N.Z. J. I'led., 8¡ 532-538.

Forbes¡ I.J., Cowled P.4., Leong, A. S-Y.r
Black ¡ R.B. ¡ Blake ¡ A. J. ¡ Jacka ¡ F. J.
PhototheraPy of human tumours usi
derivative.
Med. J. Aust., 2t 489-493.

Forman¡ H.J.¡ Fisher, A.B. (I98I)¡
Antioxidant Defences.
In: OxYgen and Living Processes.
Approach.
nd: Gilbert¡ D.L. SPringer-VerIa9,
BerIin.
pP 235-249.

R.E. ¡

lymphocytic

!{ard ¡ A. D. ¡
(re8o )

ng haematoPorPhYrin

edition.

Oxford.

Ford¡ W.L.¡ Hunt¡ S.V. (1973).
The preparation qnd labelling of .Ilzmphocytes
In: Handbook of exPerimental immunologyr 2nd
Volume 2, ChaPter 23.
Ed: weir, o.u. Blackwelt scientific Publications'

AN

New

Interdiscipl inarY

York, Heidelberg,

Franken¡ K.A.P. ¡ van Delft, J.L., Dubbelmann, T.M.A.R. ¡

de VùouIf f -ñ,ouendaal , D. , Oosterhuis, J.A. , Star ¡ W.M. ¡

Marijnissen, H.P.A. (1985)
Hematoporphyrin derivative photoradiation treatment of
experimeniai malignant melanoma in the anterior chamber of
the rabbit.
Current Eye Res. 4, 64L-654.

Franco , P., MorelLi, S., Sarra, F., Nicolint A' (198I) '
lár¡iuition of cellular DNA synthesis and Iack of
antileukemic activity by non-photoactivated
hematoporphyrin derivative.
Tumori, 67r I83-I89.



Gibson, S.L. ' Hilf r R. (1983 ) .
Photosensitization of mitochondrial
by hematoporphyrin derivative and

cytochrome
related

I70

c oxidase
porphyr ins

in vitro and in vivo.
Cancer Res. ' E, 4I 9L-4L97.

Gibsonr S.L. r Cohen¡ H.J. ¡ Hilf, R. (I984) '
Evidence against the production of superoxide
photoirradia[ion of hematoporphyrin derivative.
Photochem. Photobiol. , 40, 44L-448.

GiIIio, R. , Cortese ¡ D.A. (1985 ) .
Hematoporphyriå Aerivative: interactions which promote and
inhibit its activitY in mice.
Lasers Surg. Med., 5, L67 .

Girotti t A'w' (1979) ' zart nlro{-o^ isoratedProtoporphyrin-sensitized photodamage 1n
membranes of human erYthrocYtes.
Biochem., 18 , 4403-44I1.

Girotti, 4.W., Thomas ¡ J.P. ¡ Jordan¡ J.E. (1985) .
Prooxidant and antioxidant effects of ascorbate on
photosensitized peroxidation of Iipids in erythrocyte
membranes.
Photochem. Photobiol. , 4L, 267-276.

Gomer r C. J. (1980 ) .
DNA damage and rePair in
hematoporphyr in photoradiation .
Cancer Lett., IIr 16I-I67.

Gomer , C.J. , Dougherty, T. J.2 (I979) .
Determination of 

.[3ùi:';;å 
tracl hematoporphvrin

derivative distribution ín malignant and normal tissue'
Cancer Res. , 39 ' 146-15I.

Gomer , C.J., Smith¡ D.M. (1980) -
Étrotoinactivaiion of Chinese hamster ovary ceIIs by
hematoporphyrin derivative and red Iight'
Photochem. Photobiol. , 32, 34I-348.

Gomer¡ C.J.¡ Little, F.M. (1984).
Documentation of radio..tirt" contaminants in tritium
Iabelled hematoporphyrin derivative'
In: porphyrin lõcaIiãation and Treatment of Tumors.
Ed: Doiron, D.R., GOmer, c.J. Alan R. LiSs InC., New YOrk.
pp 59I-600.

Gomer, C. J. r Razumr N. J. (1984 ) .
Acute skin response in albino mice following porphyrin
photosensitizatión under oxic and anoxic conditions.
Photochem. Photobiol ., 40, 435-439.

by

CHO cel1s following



Gomer ¡ C.J.¡ Rucker, N., l'lark, C., Benedictt
Murphree, A.L. (1982). 2
Tissue distribution of "H-hematoporphyrin
athymic "nude" mice heterotransplanted
retinoblastoma.
Invest. Ophthalmol . Vis. Sci. , 22, lI8-120.

L7L

W.F. ¡

derivative in
with human

for the
acute

to

by

Gomer I C.J. ¡ Doiron¡ D.R. ¡ Jester¡ J.V. , Szirth¡ B.C. ¡
Murphreer A.L. (1983).
Hematoporphyrin derivative photoradiation therapy
treatment óf intraocular tumors: examination of
normal ocular tissue toxicitY.
Cancer. Res. r 43, 72L-727 .

Gomer , C.J., Doiron¡ D.R. ¡ White, L., Jester¡ J.V. r Dunn, S',
Szirth¡ B.C. ¿ Razum¡ N. J. ¡ l"Iurphreer A.L. (1984a) .
Hematoporphyrin derivative photoradiation induced damage
to normal-aád tumor tissue of the pigmented rabbit eye.
Current Eye Res., 3¡ 229-237.

Gomer ¡ C.J. ¡ Doiron¡ D.R. ¡ Rucker, N., Razum¡ N.J' ¡

Fountain, S.W. (1984b) .
Examination of action spectrum, dose rate and mutagenic
properties of hematoporþnyrin derivative photoradiation
therapy.
In: eõiphyrin Localization and Treatment of Tumors.
Ed: poiioã¡ D.R.¡ Gomer C.J. AIan R. Liss Inc., New York.
pp 459-469.

Gomer , C.J., Jesterr J.V., Razum¡ N.J. ¡ Szirth, B'C' r

Murphreer A.L. (I985a) .
pholodynamic therapy of intraocular tumors
examinãtion of hematopõiphyrin derivative distribution and
Iong-term damage in rabbit ocular tissue.
Cancer Res., 45, 3718-3725.

Gomer C. J. r Rucker, N

In vitro and i

Griswoldr D.P. (L972).
Consideration of the
as a screening model
Cancer Chem. Reports

Grossweiner ¡ L.Í. (I984).
Membrane Photosensitization
hematoporPhYr in derivative .
In: Porphyrin Localization and
Ed: Doiron, D.R. r Gomer ¡ C. J.
Pp 39I-404.

., Razum, N.J.' Murphree' A-L. (1985b).
n vivo light dose rate effects related

subcutaneously implanted B16 melanoma
for potential anticancer agents.
(Part 2), 3, 315-324.

hema toporphyr in-ããäEtive photodynamic therapy.
Cancer. Res. , 45, 1973-L977 .

Goyal , G.C. , Blum, A. , Grossweiner r L.I. (1983 ) 'photosensitization of Iiposomal membranes
hematoporPhYrin derivative.
Cancer Res. , 43, 5826-5830.

by hematoPorPhYrin and

Treatment of Tumors.
AIan R. Liss Inc. r Ne!,, York.



l-72

Grossweinerr L.I., GoyaI, G.C. (I984).
Binding of hematoporPhyrin derivative to human serum
albumin.
Photochem. Photobiol., 40 r I-4.

Grossweiner , L.T., Patel, A.S. r Grossweiner r J.B. (f 982) .
Type I and type II mechanisms in the photosensitized lysis
oi- pnosphatidylcholine Iiposornes by hematoporphyrin.
Photochem. Photobiol. ¡ 36 ¡ 159-167.

Gruener, N. , Lockwood r !1. P. (1979) .
Photodynamic mutagenicity in mammalian ceIIs.
Biochem. Biophys. Res. Comm., 90r 460-465-

Haggerty' A.C.

the internal
GuIIino, P.M., Grantham, F.H., Smithr S.H

(196s ) .
Modifications of the acid-base status
milleu of tumors.
J. Natl. Cancer Inst., 34, 857-869.

.l

of

Gutter, 8., Speck, W.T., Rosenkranz, H.S.
The photodynamic modification of DNA
Bioctrim. Biophys. Acta , 4'75 , 307-314.

Guyton, A.C. (198I).
The adrenocortical hormones.
In: Textbook of Medical Physiologyr Sixth
Chapter 7'l .
Vl.B. Saunders Co.r Philadelphia, Londont
pp 944-958.

Handin, R. I. , Stossel, T. P. (I978) .
Effect of corticosteroid theraPY
antibody-coated platelets by human
BIood, 5l' 77L-779.

(L977).
by hematoporphyrin.

ed i tion ,

Toronto.

on the phagocytosis of
leukocytes.

Hambright , P., Fawwaz, R., VaIk, P., l"lcRae, J', Bearden¡ A'J'
(re7s ) .
The distribution of various water soluble radioactive
metalloporphyrins in tumor bearing mice.
Bioinorg. Chem., 5' 87-92.

Hariharan, P.V. , Courtney , J. , EIeczko,
Production of hydroxyl radicals in
haematoporPhYrin and red Iight-
Int. J. Radiat. Biol.' 37, 69I-694.

s.
cel

(1980).
I systems exPosed to

farbstoffe und
Hausmann,

Die
ihre
Wien.

w. (r908).
sensibif isierende wirkung tierischer
physiologische bedeutung .
Klin. V'lochenschr . 2L, L527-L529.

Hausmann, W. (1914 ) .
Uber die sensibiliserende
Biochem. 2., 67 , 309-3L7.

wirkung der PorPhYrine.



L73

Hayata , Y., Kato, H., Konaka, C., Ono, J ' , l'latsushima, Y',
- Yoneyama' K., Nishirniyar K. (19.82a).

fibeioptic bronchoscopic laser photoradiation for tumor
Iocalization in lung cancer.
Chest , V, 10-14.

Hayata, Y., Kato, H.r Ono, J-, l'latsushima, Y., Hayashi, N',
Saito, T., Kawater N. (1982b).
Fluorescence fiberoptic bronchoscopy in the diagnosis of
early stage lung cancer.
Recent Results Cancer Res., 82, 121-130.

Hayata , Y., Kato, H., Konakar C
(1982c).
HematoporPhyrin derivative and
treatment of lung cancer.
Chest, 81, 269-277.

Ono, J., Takizawa, N.

Iaser photoradiation in the

a,

Hayata, Y., Kato, H., Konaka, C., Hayashir N.,
Saito, T., Ono, J. (1983).
Fiberoptic bronchoscopic photoradiation in
induced canine lung cancer.
Cancer , 5L, 50-56.

Tahara, Þ1 .,

exper imentaIlY

Hayata , Y., Kato, H., Konaka , C., Ameniya, R., Onor J',
ogawa, I., Kinoshita, K., Sakai, H., Takahashir I. (1984)'
pñotoiaaiation therapy with hematoporphyrin derivative in
early and stage I lung cancer.
Chest , 86, L69-L77 .

Haynes¡ R.C.¡ Murad, F. (1980).
Adrenocorticotrophic hormones; adrenocortical steroids and
their synthetic analogs; inhibitors of adrenocortical
steroid biosynthesis.
In: The pirarmacological Basis of Therapeutics ' 6th
edition.
Ed: A Goodman Gilmanr L.s. Goodmanr A. Gilmant
Macmillan.
pp 1466-I496.

Henderson, B.!{. , BeIInier r D.A. r Ziring , B. , Dougherty ¡
(r983 ) .
Aspects of the cellular uptake and retention
hematoporphyrin derivative and their correlation with
biological resPonse to PRT in vitro.
In : Porphyrin Photosensitization.
Ed: Kessel, D., Dougherty, T.J. P1enum Press, New

London.
pP I29-I38.

Hendersonr B.W. r Dougherty, T.J., l'lalone¡ P'B' (1984)'
Studies on the mechanism of tumor destruction by
photoradiation theraPY.
f.r: porphyrin Localization and Treatment of Tumors.
Ed: Comerl C.J., Doiron, D.R. Alan R.Liss Inc.r New York.
pp 60I-6I2.

T. J.

of
the

York,



Hendef SOn, 8.W., Vr|aIdOW¡ S.l.l . ¡ Mang ¡ ,.T.S. ¡ POttef ¡ W.R. ¡

Malone¡ P.B. ¡ Doughertyr T. J. (1985) .
Tumor destruction and kinetics of tumor cell death in two
experimental mouse tumors following photodynamic therapy.
Cancer Res., 45, 572-576.

]-74

cytolys i s
to study

(1983).
carcrnoma
of dose,

Henney, C.S. (I973).
stuaies on the mechanism of rymphocyte-mediated
II: The use of various target cell markers
cytolytic events.
J. ImmunoI., 110r 73-84.

HiIf, R., Leakey¡ P.B. ¡ Sollott¡ S. J. ¡ Gibson¡ S.L.

time, and serum on uPta
Photochem. Photobiol ., 37, 633-642.

Hilf , R., SmaiI, D.8., MUrant¡ R.S. ¡ Leakey¡ P.B. ¡ GibSOnr S.L.
(1984a).
Hematoporphyrin derivative-induced photosensitivity of
mitochondrial succinate dehydrogenase and selected
cytosolic enzymes of R3230AC mammary adenocarcinomas of
rats.
Cancer Res., 44, 1483-1488.

Hilf , R., hlarne¡ N.W., SmaiI, D.8., Gibson¡ S.L. (I984b).
photodynamic inactivation of selected intracellular
enzymes by hematoporphyrin derivative and their
relationship to tumor ceII viability in vitro.
Cancer Lett., 4t L65-L72.

Hisazumi, H. , Misaki, T. , Þliyoshi, N. (1983 ) .
Photoradiation therapy of bladder tumors.
J. Urol . , 130, 685-687.

Hisazumi, H., Naito, K., Misaki., T., Koshidar K., Yamamotor H.
(1985).
An experimental study of photodynamic therapy using a
pulsed gold vapor laser.
In: Abstracts of the International Meeting on "Porphyrins
as phototherapeutic agents for tumors and other diseases."
May L-4, 1985, Sardinia, ItaIY.

Photodynamic inactivat
in vitro with hematopor

CeI IUI ar
action:
research.

ion of R3230AC mammary
phyrin derivative: effects
ke and phototoxicity.

Holmes, R., WoIfe, S.W. (I961).
Serum fractionation and the effects of bovine
fractions on human ceIIs grovrn in chemically
medi um.
J. Biophys. Biochem. Cytol ., I0 r 389-40I.

T. (1978).

serum
defined

and., subcellular mechanisms of photodynamic
the 'or. hypothesis as a driving force in recent

Ito,

Photochem. Photobiol., 28r 493-508.



rto, T. (r98r).
Photodynamic action of
kinetic aPProach.
Photochem. Photobiol. ¡

hematoporphyrin on Yeast cells

34, 52L-524.

.G.1 Jirtle, R.L.
tissue blood flow

Jacka, F., Blake' A.J. (1983).
A lamp for cancer PhototheraPy.
Aust. J. Phys., 36, 22L-226.

Jocham, D., Staehler, G., Chaussy, C., Unsold , 8., Hammer, C',
Lohrs, U., Gorisch, Vù. (1984).
Integral dye-laser irradiation of photosensitized bladder
tumois witñ the aid of a light-scattering medium.
In: Porphyrin Localization and Treatment of Tumors.
Ed: OoiiOn¡ D.R.¡ Gomerr C.J. Alan R. Liss InC., New York.
pp 249-256.

Jori, G., Pízzi, G., Reddi, 8., Tomior L., Salvato,8.,
?oxat, P., Calzavarar F. (I979).
Tissue áependence of hematoporphyrin distribution in
selected tissues of normal rats and in ascites hepatoma.
Tumori, €r 425-434.

Jori , G., Tomio, L., Reddi, E. , Rossi, E. , corti r L-,
Zorat¡ P.L.¡ Calzavara, F. (I983).
Preferential delivery of Iiposome-incorporated porphyrins
to neoplastic cells in tumour-bearing rats.
Br. J. Cancer, 48, 307-309.

175

a

(1982).
in SMT-

Kaelin, w.G., Shrivastav, S., Shandr D

Effect of veraPamil on malignant
2A tumor-bearing rats.
Cancer Res., 42, 3944-3949.

KapIan¡ M.E.¡ CIark, C. (1974).
An improved rosetting assay
lymPhocYtes.
J. Imm. Methodsr 5r 13I-I35.

Karrer , K., Humphreys, S.R., Goldinr A.
An experimental model for studying
metastasis of malignant tumors.
Int. J. Cancer, 2, 2L3-223.

Kato,

KeIIy, J.F., SnelI r 1"1.8. (1976) .
Hematoporphyrin derivative: a
diagnosis and therapy of carcinoma
J. UroI., 1I5' I50-15I.

KeIIy, J.F. r SnelI, M.8., Berenbaumr !1.
Photodynamic destruction of human
Br. J. Cancer, 3L, 237'244.

for detection of human T

(1967).
factors which influence

H., Konaka , C., Ono, J. r Kawate, N., Nishimiya, K',
Shinohara, H. , Saito , 17. , Sakai, H. , Noguchi r M. ,
Kito , T., Aizawa , K., HaYata, Y. (1985) .
Preoperaùive laser pholodynamic therapy in combination
witn operation in lung cancer.
J. Thorac. Cardiovasc. Surg., 90 r 420-429.

possible aid in
of the bladder.

c. (I975).
bladder carcinoma.

the



L76

Kessel, D. (L977a) .
Effects of photo-activated porphyrins on cell-surface
properties.
Biochem. Soc. Trans., 5r I39-I40.

Kessel , D. (1977b).
Effect of photoactivated
Ieukemia LI2I0 ceIls.
Biochem., 16, 3443-3449.

porphyrins at the ceII surface of

Kessel, D. (1979) .
Enhanced glycosylation induced by
MoI. PharmacoI., I6 r 306-312.

Adriamycin.

Kessel , D. (I98I).
Transport and binding of hematoporphyrín
related porphyrins by murine leukemia L1210
Cancer Res., 4L, l3I8-1323.

Kessel, D. (1982a) .
Determinants of hematoporphyrin-catalysed
photosensitization.
Photochem. Photobiol. , 36 ' 99'I01.

Kessel, D. (1982b).
Components of hematoporphyrin derivatives
localizing capacity.
Cancer Res. , 42t L703-I706.

derivative and
cells.

Kessel, D. (I9B4a) .
Hematoporphyrin and HPD:
phototherapy.
Photochem. Photobiol. , 39,

and their tumor-

photophysics, photochemistry and

85r-859.

detection and

tumor-

Kessel , D. (1984b).
Porphyrin localízaLion: a new modality for
therapy of tumors.
Biochem. Pharmacol ., 33, 1389-1393.

Kessel, D., Chengr M-L. (1985).
Biological and biophysical properties of the
Iocalizing component of hematoporphyrin derivative.
Cancer Res., 45, 3053-3057.

Kessel, D., Chou, T-H. (1983).
Tumor-Iocalizing components of
hematoporphyr in derivative .
Cancer Res. , 43, 1994'1999.

the porphyrin PreParation

Kesse1 , D., Changr C.K., Musselman, B. (1985).
ChemicaI, biologic and biophysicat studies
'rhematoporphyr in der ivative . "
In: Methods in Porphyrin Photosensitization.
Ed: Kessel, D. Plenum Press, New York, London.
pp 2L3-227.

on



]-77

Kessel , D., llusselman, 8., Changr C.K. (1986).
Determinants of dist,ribution by tumor-localizíng
derivatives of hematoPorPhYrin.
In: Abstracts of The First International Conference on the
CIinical Applications of Photosensitization for Diagnosis
and Treatment.
p 38.

Kínsey¡ J.H. ¡ Cortese¡ D.A. ¡ Sandersonr D.R. (1978) .-Detection of hematoporphyr in f luorescence dur ing
fiberoptic bronchoscopy to localize early bronchogenic
carcinoma.
Mayo CIin. Proc.¡ 53r 594-600.

King¡ E.G.¡ Manr G., LeRiche, J.,
Doiron r D.R. (1982) .
Fluorescence bronchoscoPy
bronchogenic carcinoma.
Cancer , 49, 777-782.

Amy, R., Profio, A.E. ¡

in the localization

Academic Press, Inc. ¡

of

us ing

P.J. ¡

wi th

Kinsey ¡ J.H.1 Cortese¡ D.A. ¡ Neel r H.B. (1983).
thermal considerations in murine tumor killing
hematoporphyr in der ivative phototherapy.
Cancer Res. , E, L562-L567 .

Klaunig ¡ J.E. ¡ Selman¡ S.H. ¡ Shulok¡ J.R. ¡ Schafer t
Britton¡ S.L. ¡ Goldblattr P.J. (1985).
l{orphologic studies of bladder tumors treated

. hematoporphyrin derivative photochemotherapy.
Am. J. Pathol.r II9' 236-243.

Kohn , K., Kessel, D. (1979) .
On the mode of cytotoxic action of
porphyr ins.
Biochem. Pharmacol. , 28 | 2465-2470.

photoact ivated

Konaka, C., Ono, J. (1983).
Skin metastases from breast cancer.
In: Lasers and hematoporphyrin derivative in cancer.
Ed: Hayata , Y. , Dougherty r T. J. Igaku-Shoin, Tokyo t
New York.
pp II0-114.

Koskelo, P., Toivoneç,
The binding of
CIin. Chim. Acta,

I., Rintola, P. (1970).
C-Iabelled porphyrins by plasma proteins.
29, 559-565.

Krinsky, N.I. (I979).
Biological roles of singlet oxygen.
In: Singlet Oxygen.
Ed : Vüasserman , H. H. , Mur ray , R. Vü.

New Yorkr San Franciscor London.
Pp 597-641.

KveIlo-Stenstrom, A.G. r l'loant
(r980 ) .
Photodynamic inactivation
hematoporphyr in.
Photochem. Photobiol. , 32,

J. , Brunborg t

of yeast cells

349-352.

G., Eklund r T.

sensitized by



protoporphyrin to

Laws¡ E.R. ¡ Cortese¡ D.A. ¡ Kinsey¡ J.H. ¡ Eagan¡ R'T' ¡
Andersonr R.E. (198I).
photoradiation therapy in the treatment of malignant brain
tumors: a phase I (feasibility) study.
Neurosurg., !, 672'678.

[,ee See, K. (1985).
The role of reactive oxygen species in photochemotherapy
with haematoporphyrin derivative.
!1.D. Thesis, The University of Adelaide,

Lee See, K., Forbes ¡ I.J. ¡ Betts¡ W.H. (1984).
oxygen dependency of photocytotoxicity with
haematoporPhYr in der ivative.
Photochem. Photobiol. , 39, 631-634.

. (1980 ) .
simplex virus bY

Lí , J-H. r chen ¡ Y-P. ¡ zhaO ¡ s-D. ¡
(1984 ) .
Application of hematoPorPhYrin
induced photodynamical reaction in
cancer: A preliminarY rePort on 2I
Lasers Surg. Med. ¡ 4, 3l-37.

Zhang¡ L-T.¡ Song ¡ S-2.

Lewin, 4.4., SchnipPerr L.E., Crumpackerr C.S
Photodynamic inactivation of herpes
hematoporphyr in der ivative .
Proc. Soc. Exp. BíoI. Med., 163 r 81-90.

Lamola¡ A.A.¡ Asher, Í., MuIler-Eberhard, U

Poh-Fitzpatrick, M. (I98I).
Fluorimetric study of the binding of
hemopexin and albumin.
Biochem. J. I L96, 693-698.

178

.t

derivative and laser-
the treatment of lung

cases.

Lim, H.W.r Giglir I. (1981).
Role of ðomplement in porphyrin-induced photosensitivity.
J. Invest. DermatoI., 76, 4-9.

Lin, C-W., BeIInier, D.4., Prout¡ G.R. ¡ Andrus¡ R.Vtl . ¡
Prescott, R. (1984).
Cystoscopic iluot"s"ence detector for photodetection of
bladder carcinoma with hematoporphyrin derivative.
J. Urol . , ÀA' 587-590 .

Lipson¡ R.L. ¡ Baldesr E.J. (1960a) .- The photodynamic properties of a particular
hematoporphyrin derivative.
Arch. Dermatol . ¡ 82, 508-516.

Lipson¡ R.L. ¡ Baldes, E.J. (I960b).
' PhotosensitivitY and heat.

Arch. Dermatol. ¡ 82, 517-52O.

Lipson ¡ R.L. ¡ Baldes ¡ E. J. ¡ oIson, A-1"1. (196Ia) '- The use of a derivative of. hematoporphyrin
detection.
J. NatI. Cancer Inst., 26, t-II.

1n tumor



Lipson¡ R.L. ¡ Baldes¡ E.J. ¡ OIson¡ A.M-
Hematoporphyrin derivative: a nevt
detection of malignant disease.
J. Thorac. Cardiovasc. Surg., 42,

Lipson ¡ R.L. ¡ Baldes ¡ E. J. ¡ Olson r A.M.
Further evaluation of the use
derivative as a nerrt aid
detection of malignant disease.
Dis. Chest , 46 , 676-679.

Lipson¡ R.L. ¡ Pratt¡ J.H. ¡ Baldes,
(1964b).
Hematoporphyrin derivative for the
cancer.
Obstet. Gynecol . , 4, 78-84.

L79

(r96lb).
aid for the endoscoPic

623-629.

(1964a).
of hematoPorPhYrin

in the endoscoPic

E. J., DockelFy, M.B.

detection of cervical

on chronic

the protein-
Iymphocytes

1n

Malik, 2., Djaldettir M. (1980b).
Destruction of erythroleukemia, myelocytic leukemia' and
Burkitt lymphoma cells by photoactivated ProtoPorphyrin.
Int. J. Cancer, 26, 495-500.

Malik, 2., Djaldetti, M. (1980a).
Cytotoxic effect of hemin and protoporphyrin
lymphocytic leukemia lymphocytes.
Exp. Hematol., 8, 867-879.

Malik , Z. , Agam , G., Djaldetti r M. (L979') .
Effect of hemin and protoporphyrin IX on
synthesizing activity of human granulocytes,
and platelets.
Acta Haemat., 61, 138-I43.

Martini, 4., Donelli, llt.G., I'lantovani, 4., Pacciarini, M.A. ¡
Fogar-Ottaviano r E. , Morasca , L. , Garatini, S. ,
Spreafico, F. (L977).
añtineoplastic activity and pharmacokinetics of Adriamycin
and daunomycin in tumor bearing mice.
Oncology, 34, L73-L78.

Mathews-Roth, M.M. (I982r.
Photosensitization by porphyrins
photosensitization by carotenoids.
J. NatI. Cancer Inst., 69, 279-285.

and prevention of

Mathews-Roth ¡ H.M.
Porphyrin phot
mice; in vitro
Photochem. Pho

Mattsson, J., Peterson, H-I. (1981).
Influence of vasoactive drugs
(review).
Anticancer Res.r lr 59-6I.

(r984 ) .
osensitization and carotenoid protection
and in vivo studies.

tobiol., 40, 63-67 .

Mattsson , J. , APPelgren r L. ,
(re77 ) .
Adrenergic innervation of
Cancer Lett., 3r 347-35I.

on tumor blood flow

B. , Peterson r H-I .

vessels.

Hamberger t

tumour blood



Mattsson , J. , Appelgrenr L., Karlsson , L. t
(r978).
Influence of vasoactive drugs and ischaemia
blood flow distribution.
Europ. J. Cancer, L4t 76L-764.

Mattsson, J., Alpsten, l'1., Appelgrenr L.,
(r980 ) .
Influence of noradrenaline on local tumour
Europ. J. Cancer , ]-6, 99-L02.

Ì'tattsson, J., ApPe1gren, K.L.¡
(r981) .
Influence of vasoactive drugs
Biblthca. Anat., 20, 6L4-6L6.

Mayo, J.G. (L9721 .
Biologic characterization
Lewis lung tumor.
Cancer Chem. Reports (part

180

Petersonr H-I.

on intra-tumour

Peterson r H-I.

blood fIow.

Karlsson, L., Petersonr H-I.

on local tumor blood flow.

of the subcutaneouslY imPlanted

2l , 3, 325-330.

Laufman , L., MaY, 8., Roachr R.

malignancy with Photoradiation

in
R3327

l'lcCaughan, J.S. ¡
(1984 ) .
Pall iat ion
therapy.
Cancer , 54,

Hicks, Vil. ,

of esophageal

2905-29LO.

MCCUIIOCh, G.A. J. ¡ FOrbeS ¡ I.J. 2 Lee See, K. , COWled ¡ P.A. ¡
Jacka ¡ F. J. ¡ Ward r A.D. (1984 ) .
Phototherapy in malignant brain tumors.
In: PorPhyrin Localization and Treatment of Tumors.
Ed: Ooiioñ ¡ D.R. ¡ Gomer , C. J. Alan R. Liss Inc. r NevJ York.
Pp 709-7L7.

t'lcCullough¡ J.L. ¡ Weinstein, G.R., Lemus ¡ L.L. ¡ RamPone, W.,
Jenkins, J.L. (1983).
Development of a topical hematoporphyrin derivative
formulation: characterization of photosensitizing effects
in vivo.
Jfffist. Dermatol . , 8I, 528-532.

I'fcMahon¡ M.T.V.¡ Sheafferr S.L. (1982).
Verapamil.
Drug IntelI. CIin. Pharm., 16r 443-447.

l"lcPhee ¡ M. S. ¡ Thorndyke, C.w. r Thomas, G. , TuI ip, J. ,
Chapma¡r, D., Lakey, W.H. (1984).
Intérstitial applications of laser irradiation
hematoporphyrin derivative-photosensitized Dunning
prostate carcinomas.
Lasers Surg. Med., !, 93-98.

Melloni, E. , Marchesini, R., Emanuelli, H. , Fava , G.,
Locati, L., Pezzoní, G., Savi, G., Zunino, F. (L984).
Hyperthermal effects in phototherapy with hematoporphyrin
derivative sensitization.
Tumori, 70, 321-325.



I'lerkel ¡ P.B. ¡ Kearns r D.R . (L9721 .
Radiationless decay of singlet molecular
solution. An experimental and theoretical
electronic-to-vibrational energy transfer'
J. Am. Chem. Soc.¡ 94, 7244-7253.

t8r

oxygen in
study of

acute
ceI I

l'lew,

Meyer-Betz, F. (I913).
Untersuchungen uber die biologische (photodynamische)
wirkung des hamatoporphyrins und anderer derivate des
blut- und gallenfarbstoffs.
Dtsch. Arch. Klin. Med. r L¡.2, 476-503.

D., Wat, C-K., Towers, G.H.N. ¡ Levy, J.G. (I983) '
Photoimmunotherapy: treatment of animal tumors with tumor-
specific monocfonãf antibodyhematoporphyrin conjugates.
J. Imm.r 130, L473-L477.

l,linowada, J., Janossy, G., Greavesr M.F., Tsubota, T1,
Srivastava, B. I:, Morikawa, S., Tatsumi, E. (1978) '
Expression of an antigen associated with
l1'mphoblastic leukemia in human leukemia-Iymphoma
I ines .
J. Natl. Cancer Inst.r 60' 1269-L277.

Mitchell r J.B. r l'lcPherson, S., DeGraf f , W., Gamson , J',
Zabell,4., Russo, A. (1985).
Oxygen dependence of hematoporphyrin derivative-induced
photoinactivation of Chinese hamster celIs. /
Cancer Res., 45, 2008-201I.

l'loan, J., Boye, E. (198I).'etroioAyñamic ef f ect on DNA and cell survival
ceIIs éensitized by hematoporphyrin.
Photobiochem. Photobiophys., 2 | 30I-307.

t'toan , J., Christensen, T. (1979) .
Photodynamic inactivation of cancer
of irradiation temperature and dose

Moan, J. (1984 ) .
The photochemical yield
in different states of
Photochem. PhotobioI.,

Moan , J., Christensen, T. (1981) .
Cellular uPtake and
hematoporphyr in .
Photobiochem. PhotobioPhYs.,

of singlet oxygen from PorPhYrins
aggregation.
39, 445-449.

of human

cells in vitro. Effect
fractionation.

poss ible

Cancer Lett., 6t 33I-335.

Moan, J., Christensen, T. (1980).-Porphyrins as tumor localizing agents and their
use in photochemotherapy of cancer.
Tumor Res., 15, 1-I0.

photodynamic

2, 29L-299.

effect of

Moan , J. , Sommer, S. (1981) .
Fluorescence and absorption properties of
of hematoporPhyrin derivative.
Photobiochem. Photobiophys., 3' 93-I03.

the components



Moan, J., Sorrimerr S. (1983).
Uptake of the comPonents of
cells and tumors.
Cancer Lett., 2I, L67-L74.

L82

hernatoporphyrin derivative bY

and
ceI Is

Moan , J., Sommer, S. (1984 ) .
Action spectra for hematoporphyrin derivative
Photofrin II with respect to sensitization of human
in vitro to
Photoc hem.

photoinactivation.
Photobiol ., 4O , 63I-634.

Moan , J., Sommer, S. (1985) .
Oxygen dependence of the
hematoporphyr in der ivative
Cancer Res., 45r 1608-16I0.

photosensitizing effect
in NHIK 3025 cells.

of

l,loan , J., Pettersen, E.o., Christensen, T. (I979) .
The mechanism of phoùodynamic inactivation of human cells
in vitro in the presence of haematoporphyrin.
Br. J. ncer , 39 | 398-40'l .

Moan, J., Smedshammer, L., Christensen, T. (1980a).
- 
Phofodynamic efiects on human cells exposed to light in
the presence of hematoporphyrin. pH effects.
Cancer Lett., 9, 327-332.

l'loan , J., waksvik, H., Christensen, T. (1980b) -
DNA bingle-strand breaks and sister chromatid exchanges
induced by treatment with hematoporphyrin and light or by
X-rays in human NHIK 3025 ceIls.
Cancer Res., 40t 2915-2918.

Moan , J., Steen¡ H.B. ¡ Feren , K., Christensen, T. (1981).-Uptake of haematoporphyrin derivative and sensitized
photoinactivation of C3H cells with different oncogenic
potential.
Cancer Lett.r L4, 29L-296.

Moan, J., Johannessenr J.V., Christensen, T.,
McGhier J.B. (I982a).
Porphyrin-sensitized photoinactivation
in vitro.
ffi;-æathol ., I09' L84-L92.

Moan, J., Christensen, T., Sommer, S. (1982b).
The main photosensitizing components of
der ivat ive .
Cancer Lett., 15' 161-I66.

Moan , J. , McGhie ¡ J.B. ¡ Christensen, T. (1982c) -

Hematoporphyrin derivative: photosensitizíng
and cellular uptake of its components.
Photobiochem. Þttoto¡iophys., 4 | 337-345.

Espevik, T.,

of human cells

hematoporphyr in

efficiency

J., McGhie, J., Jacobsen, P.B. (1983a).
Photodynamic effects on ceIIs in vitro
hematoporphyrin derivative and light.
Photochem. Photobiol ., 3'7, 599-604.

l.loan,
exposed to



Moan , J. ¡ Sandberg, S. , Christensen , T. , Elander r S. (1983b) .
Hematoporphyrin derivative: chemical composition 'photochemical and photosensiti zing Properties.
In : Porphyrin Photosensitization.
Ed: Kessel, D., Dougherty, T.J. Plenum Pressr Nevt Yorkt
London.
pp 165-179.

l.loan , J., Christensen t T., Jacobsen,
Photodynamic effects on ceIIs
hematoporphyr in der ivat ive .
Photobiochem. Photobiophys., !,

183

(1984).
vitro labelled with

P.B.
in

Moqlten¡ F.L. ¡ Schreiber, B.M. ¡
Antibodies conjugated to
antÍtumor agents.
Immunol . Rev. , 62 , 47 -73.

MosheII , A. N. , Bjornson, L. ( 1977 ) .
Photoprotection in erythropoietic
mechanism of photoprotection by beta
J. Invest. Dermatol . ¡ 68 , 157-I60.

349-358.

Zajdel r S.H. (I982) .
potent cytotoxins as specific

Moreno , G., Salet, C. (1985) .
Cytotoxic effects following microirradiation of
cêtts sensitized with haematoporphyrin derivative.
rnt. J. Radiat. Biol ., !, 383-386.

Morgan¡ 9û.T.¡ t'luller-Eberhard, U. (L9721 .
Interactions of porphyrins with rabbit hemopexin.
J.Bio1. Chem., 247 , TLBL-7 I87.

Morgan¡ W.T.¡ Smith, 4., Koskelor P. (1980).
The interaction of human serum albumin and
porphyr ins.
Biochim. Biophys. Acta, 624t 27L-285.

cultured

hemopexin with

protoporphyr ia :
carotene.

Mossman¡ B.T.¡ Gray, l'1 . J., Silberman,
Identification of neoplastic
human cervical ceII culture.
Obstet. Gynecol., 43, 635-639.

L., Lipson, R.L. (I974).
versus normal cells in

MuIIer-Eberhard , U. (I970 ) .
Hemopexin.
New Engl. J. Med., 283, 1090-r094.

MuIler-Eberhard, U., Morganr W.T. (I975).
Porphyrin-binding proteins in serum.
Ann. N. Y. Acad. Sci., 244, 624-650.

MUrphree¡ S.A. ¡ Cunningham¡ L.S. ¡ HWang¡ K.l't. ¡ SartOrelIir A.C.
(re76 ) .
Effects of adriamycin on surface properties of sarcoma 180
ascites celIs.
Biochem. Pharmacol ., 25, 1227-L231.



Musser¡ D.A. ¡ Datta-GuPta, N. (1984).
Inability to elicit rapid cytocidal effects on L
derived from porphyrin-injected mice following
photoirradiation.
J. NatI. cancer Inst., 72, 427-434.

12IO
in

r84

ceIls
vi tro

Musser ¡ D.A. ¡ V'lagner ¡ J.l'l . ¡ Weber ¡ F. J. ¡
The effect of tumor local ízíng
conversion of fibrinogen to fibrin.
Res. Comm. Chem. Path. Pharm., 26,

NevilIe, D.M., YouIer R.J. (1982).
Monoclonal antibody-ricin or
kinetic analysis of celI killing
Immunol . Rêv. ¡ 62, 75-9L.

Datta-Gupta, N. (I979).
porphyrins on the

357-38r.

ricin A
for tumor

chain hybrids:
therapy.

Nseyo¡ U.O. ¡ Dougherty, T.J., Boyle, D., Potter , W. t- inglander, i.S., Huben¡ R.P. ¡ Pontes¡ J.E. (198?t) .

nxperimental photodynamic treatment of canine bladder.
J. Urol ., 133, 3II-315.

Nseyo , fJ . , Dougher ty r T. J
Long term effect of
bladder.
Lasers Med. Surg. r 5

., Potter, l{., BoYIe,
photodynamic theraPY

, L62.

D. (1985b).
(PDT) on canine

Oseroff, A.R. (1985a).
Selective, light-induced celI killing using exogenoust
monoclonal antibody delivered or mitochondrially-retained
chromophores.
Photochem. Photobiol., 4L, (suPpl.)' 35S.

Oseroff ¡ A.R. ¡ l{imberl"y, J. r OhuOha , D., Lee, C., Alvarezt V.
(r985b).
Antibody mediated photolysis (AMPL): selective cell
killing using monoclonal antibody-directed
photosensitizexs.
Photochem. PhotobíoI.¡ 4L, (suppl.), 75S.

Ossof f , R.H., Pelzex I H.J., Atiyah' R.A. r Berkto1d, R.E
Sissonr G.A. (1984).
Potential aPplications of photoradiation therapy
and neck surgery.
Arch. Otolaryngol. ¡ 110 r 728-730.

Patrice, T., Le Bodic, M-F., Lê Bodic, L.,
Dabouis, G. , Hervouet ' L. ( 1983 ) .
Neodymium-yttrium aluminium garnet
nonsensitized and hematoporphyrin
tumor s .
Cancer Res . , 43 , '287 6-287 9 .

Spreux, T. ,

.f

in head

laser destruction of
der ivat ive-sens i t i zed

Peacock, J.H., Stephensr T.C. (1978).
Influence of anaesthetics on tumour-cell kill
repopulation in B16 melanoma treated with melphalan.
Br. J. Cancer, 38r 725-73L.

and



PerIin, D.S., l"lurant¡ R.S. ¡ Gibson¡ S-L. ¡ Hilf t
Effects of Photosensitization bY
derivative on mitochondrial adenosine
mediated proton transport and membrane
R323OAC mammarY adenocarcinoma.
Cancer Res., 45, 653-658.

I85

R. (1985).
hematoporphyr in
tr iphosphatase-

integrity of

by hematoporPhyrin

human

Perria, C. (I981).
Photodynamic therapy of human gliomas
and He-Ne laser.
I.R.C.S. l"led. Sci., 9, 57-58.

Perria, C. , Capuzzo , T. , Cavagnaro. G., Datti r R. ,
Francaviglia, N., Rivano, C., Terceror V.E. (1980).
First attempts at the photodynamic treatment of
gI iomas.
J. Neurosurg. Sci. , 4, 119-124.

Peterson, D.4., McKelveyr S., Edmonsonr P.R.
A hypothesis for the molecular mechanism
by porphyrins and light.
Med. Hypoth., 7, 20J--205.

Peterson, H-I., Mattson, J. (1984).
Vasoactive drugs and tumor blood flow-
Biorheologyr 2L, 503-508.

Poletti , A. , Murgia t
(1e84 ) .
Photophysical and
II.
In: Porphyrins in
Ed: Andreoni , A
London.
pp 37-43.

S.M. , Pasqua r A. , Reddi, E. ,

photosensiti zing properties of

Poste, G. , Bucana,
FidIer ¡ I. J.
Analysis of
liposomes and
Cancer Res. t

Profio,4.8., Doironr D.R., King, E.
Laser fluorescence bronchoscoPe
lung tumors.'
Med. Phys., 6, 523-525.

(198r).
of tumor kíIling

c. (I979).
for localization of occult

Jori, G.

Photofr in

Tumor Phototherapy.
., Cubeddur R. Plenum Press, New York,

tumeurs
Policard, A. (1924r.

Etudes sur les aspects offerts par des
experimentales examinees a la lumiere de liloods.
Compt. Rend. Soc. Biol ., 9L, L423-L424.

C., Raz, 4., Bugelski, P., Kirsh, R.,
(1982).

the fate of systemically administered
implications for their use in drug delivery.

42, L4I2-I422.

Raab, O. (f900 ) .
Uber die wirkung fluorescirender stoffe
z. BioI., 39, 524-546.

auf infusor ien.



I86

Ranadive, N.S., Menon,
Photolysis of
protoPorPhYr in.
Acta Dermatovener.

Rask¡ E.N.¡ Howellr W

The photodynamic
Am. J. Physiol.,

Ronai, P.M. (1969).
The elution of
theory.

I.4., Habermant
mast cells

(1979).
the presence

H. F.
in of

(Stockholm) , Ð, 493-497.

RasmusSen-Taxdal ¡ D.S. ¡ Ward ¡ G.E. ¡ Figge¡ F.H. J. (1955) .
Fluorescence of human lymphatic and cancer tissues
following high doses of intravenous hematoporphyrin.
Cancer, 8, 78-8I.

Raso, V. (1982).-Antibody 
mediated delivery of toxic molecules to antÍgen

bearing target ce11s.
Immunol. Rev., 62, 93-117.

Reddi, E. , RichelIi r F. , Jori, G. (198I ) .
Interaction. oi huma4.serum albumin with hematoporphyrin
and its zn¿*- and FeJ'- derivatives.
Int. J. Pept. Protein Res. , !!' 402-408.

Rettenmaier, MrA., Berman, M.L., DiSaia ¡ P.J.¡ BUrnS¡ R.G.¡
Berns, M.vü. (1984).
photoradiation therapy of gynecologic malignancies.
Gynecol. Oncol ., ! , 200-206.

Reyftman¡ J.P. ¡ Santus, R., Morliere, P., Kohen, E.- Effect of microenvironments and iron salts
peroxidation photosensitized by porphyrins
miceIles.
Photobiochem. Photobiophys., 9 t 183-192.

RObinSOn¡ 8.4.7 ClutterbuCk, R.D.r MiILat, J.L., MCEIWain, T.J.
(1985).
Verapamil potentiation of melphalan cytotoxicity and
celIuIar uptake in murine fibrosarcoma and bone marro$¡.
Br. J. Cancer, 52, 813-822.

Young , R.C. r Klecker ¡ R.9ü. ¡

resistance by veraPamil ín hüman

Rogan¡ A.M. ¡ Hamiltonr T.C. t
OzoIs, R.F. (I984).
Reversal of AdriamYcin
ovarian cancer.
Science | 224, 994-996.

.H. (r928).
action of hematoPorPhYrin.
84, 363-3?7 .

5I

( 1e8s )
on

in
i ipia
ionic

Cr from labelled leukocYtes -a new

Blood , 33, 408-413.

Roper, P.R., Drewinko, B. (r976).
vitro methods toCompar isons of in

celI lethality.
Cancer Res. , E, 2L82-2188.

determine drug-induced



Roper, P.R., Drewinko, B. (I979).
CeII survival following treatment
Cancer Res., 39, L428-L429.

with antitumor drugs.

I87

and electron
rin-sensitized
ne in aqueous

of

of

F.

Rossi, 8., Van De Vorstr 4., Jori, G- (I98I).
Competition between the singlet oxygen
transfer mechanisms in the PorPh
photooxidation of L-tryptophan and tryptam
micellar dispersions.
Photochem. Photobiol. ¡ 34, 447-454.

v
1

Rudd, P., Blaschker T.F. (1985).
AnÈihypertensive agents and the drug therapy
hypertension.
Iñ3 Goodman and GiIman's The pharmacological basis
Therapeutics, seventh edition.
Ed: CiIman, A.G. ¡ Goodman¡ L.S. ¡ RaIl, T.W., I'lurad,
MacmiIlan publishing Co. New York, Toronto, London.
Pp 784-805.

Salazar, D., Cohenr S.A. (1984).
Multiple tumoricidal effector
Adriamycin.
Cancer Res., 44, 256L-2566.

mechanisms induced bY

Salcman, M. (1980).
Survival in glioblastoma; historical
Neurosurg., Z, 435-439.

perspective.

Salet , C. , Èloreno , G. ( 1981) .
ihotodynamic effects of haematoporphyrin on respiration
and calcium uptake in isolated mitochondria.
rnt. J. Radiat. BioI., 39, 227-230.

Salet, C.
Anox

f
I

Moreno , G., Vever-Bízet, C., Brault, D. (1984).
c photodamage in the presence of porphyrins: evidence
he lack of effects on mitochondrial membranes.
chem. Photobiol. , 40, I45-I47 .

for t
Photo

Sandberg, S. (198I ) .
Protoporphyrin-induced photodamage
lysosomes from rat Iiver.
CIin. Chim. Actar IlI' 55-60.

to mitochondria and

Sandberg, S., Romslo r I. (1980 ) .
eoiphyrin-sensitized photodynamic damage of isolated rat
Iiver mitochondria.
Biochin. Biophys. Acta' 593' 187-I95.

Sandberg, S., Romslor I. (I98I).
Porphyrin-induced Photodamage
subcellular leveI as related
porphyr in.
Clin. Chim. Acta' I09' 193-201.

at
to

the cellular
the solubitity

and
of

the
the



I88

Santus, R., Kohen, C., Kohen, 8., Reyftmannt J'P' ¡
Morliere, P., Dubertret, L., Tocci, P.M. (1983).
permeation óf lysosomal membranes in the course of
photosensitizatioñ with methylene blue and
ñaematoporPhyrin: study by cellular
microspectrof Iuor imetrY .
Photochem. PhotobioI., 38 ' 7T-77 .

SchothOrst, 4.4., van Steveninck, J., Went¡ L.N.¡ Suurmondt D.
(1971 ) .
¡ìetauóric aspects of the photodynamic effect of
protoporphyrin in protoporphyria and in normal red blood
cel1s.
CIin. Chim. Acta, 33, 207-2L3.

Schuller, D.E. , l'lcCaughan, J.S., Rock, R- P. (1985) .
Photodynamic therapy in head and neck cancer.
Arch. Otolaryngol ., !!!' 351-355.

SCOurideS¡ P.A.¡ BOhmer, R. M., Hendergon, R.W.r Farragher, M.,
Morstyn, G. (1985). it-
NrNr-AiácetyI porphyrin C: it's purification, ^-c
labeIling aáa iL's photosensitizíng propertiês. 

--In: RbsÉracts of the International meeting on "Porphyrins
as phototherapeutic agents fox tumors and other diseases.t'
May L-4, 1985. Sardinia, ItalY.

Selman¡ S.H. ¡ Kreimer-Birnbaum , Y!. , Klaunig ¡ J'E' ¡
Goldblatt, P.J. ¡ Keck¡ R.W., Brittonr S.L. (1984)'
Blood flow in transplantable bladder tumors treated
hematoporphyrin derivative and Iight.
Cancer Res., 44, L924-L927.

SeIman¡ S.H. ¡ Milligan7 A.J. ¡ Kreimer-Birnbaum, M., Keck,
GoldbIatt, P.J., BEittonr S.L. (I985).
Hematoporphyrin derivative photochemotherapy
experimental bladder tumors.
J. UroI.r l33r 330-333.

wi th

R.W. ¡

of

J.r. (1984).
efficacy in

Sery t T.W. (r979).
Photodynamic killing of
hematoporphyrin and Iight.
Cancer Res., 39, 96'100.

retinoblastoma cells with

Simpson¡ W.G. ¡ Tseng, M.T., Andersonr K.C., Harty.- Verapamil enhàncement of chemotherapeutic
human bladder cancer ceIls.
J. UroI., l-32, 574-576.

slater ¡ L.M. ¡ Murray¡ siL. v{etzel , M.W., Wisdomr R.M. t
DuVaIl, E.M. (I982 ) .
Verapamil restoration of daunorubicin responsiveness
daunorubicin-resistant Ehrlich ascites carcinoma.
J. CIin. Invest. , 70 , tI3t-I134.

SIater, T.F., Riley' P.A. (1966)-
Photosensitization and lysosomal damage.
Nature | 209, I51-154.

Ln



Soma , H., Akiya, K., Nutahara, S., Kato , H., Hayatar.Y. (1982).
Treatment of vaginal carcinoma with laser photoirradiation
following administration of haematoporphyrin derivative.
Report of a case.
Ann. Chirugie Gynaecol., 7L r 133-136.

Smith, G.R. (1985).
The effects of aggregation on the fluorescence and
triptet state yield of hematoporphyrin.
Photochem. Photobiol., 4L, L23-L26

Sorata , Y., Takahama , IJ., Kimura, M. (1984 ) .
Protectíve effect of quercitin and rutin
photosensitized lysis of human erythrocytes in
presence of hematoporphyrin.
Biochim. Biophys. Acta | 799, 313-317.

189

the

on
the

of
rat

Star, W.M., Marijnissen , J. P.A. ¡ van den Berg-Blok¡ A.E. ¡
Reinhold, H.S. (I984).
Destructive effect of photoradiation on the micro-
circulation of a rat mammary tumor growing in "sandwich"
observation chambers.
In: Porphyrin Localization and Treatment of Tumors.
Ed: DoironT D.R.¡ Gomer C.J. Alan R. Liss Inc., New York.
pp 637-645.

Steel ¡ G.G. ¡ Adams, K. (f 975) .
Stem-celI survival and tumor
carcinoma.
Cancer Res., 35_, 1530-1535.

control in the Lewis lung

Stephens¡ T.C. ¡ Steel r G.G. (1980).
Regeneration of tumors after cytotoxic treatment.
In: Radiation Biology in Cancer Research.
Ed: Meyn¡ R.E.¡ Withersr H.R. Raven Press¡ New York-
pP 385-395.

Stephens¡ T.C. ¡ Courtney¡ V.D.7 Mills , J.,
Rose¡ C.M. ¡ Spooner, D. (1981) .
Enhanced cell killing in Lewis lung
pancreatic-carcinoma xenograft by
cytotoxic drugs and misonidazole.
Br. J. Cancer, 43, 45L-457.

Sugira, K., Stock' C.C. (1955).
Studies in a tumor sPectrum
phosphoramides on the growth of a
tumors.
Cancer Res. , 15, 38-5I.

Peacock, J.H.,

carcinoma and a human
the combination of

III.
variety

The effect
of mouse and

SuIIiyan, K.4., Berke , G., Amosr B. (L972) .ttcr leakage from and uptake of trypan blue by target
cells undergoing cell mediated destruction.
Transplantation, 13, 627-628.



190

Suwa, K., Kimura , T., Schaap¡ A._P. (L9771.
Reactivity of singlet molecular oxygen with cholesterol in
a phospholipid membrane matrix. A model for oxidative
damage of membranes.
Biochem. Biophys. Res. Comm . ,f2, 785-792.

Swincer,4.G., Ward¡ A.D.¡ Howlettr G. J. (1985).
The molecular hreight of haematoporphyrin derivative, its
gel column fractions and some of its components in
aqueous solution.
Photochem. Photobiol ., 4L, 4'7-50.

Taketa, C., Imakiire, M. (1983).
Cancer of the ear r nose and throat.
In: Lasers and Hematoporphyrin Derivative in Cancer.
Ed: Hayata , Y. , Dougherty, T. J. Igaku-Shoin r Tokyo, New
York.
pp 70-78.

Tappenier, H. , Jesionek, A. (I903 ) .
Therapeutische versuche mit fluoreszierenden stoffe.
Muench. Med. Wochschr., 1r 2042-2044.

Tatsuta , Y!. , Yamamoto, R., Yamamura, H. , Iishi, H. ,
Noguchi , s. , rchi i , M. , okuda, s. (1984 ) .
Photodynamic effects of exposure to hematoporphyrin
derivatives and dye-laser radiation on human gastric
adenocarcinoma celIs.
J. NatI . Cancer Inst. , '73 , 59-67 .

Timonen , T. , Saksela, E. (L977) .
A simplified isotope release assay for ceIl-mediated
cytotoxicity against anchorage dependent target cells.
J. Imm. Methods, 

,18 r L23-I32.

Tochner , 2., Mitchell, J.8., Harringtonr F.S. r Smith, P.,
Russo¡ D.T. ¡ Russor A. (1985).
Treatment of murine intraperitoneal ovarian ascitic tumor
with hematoporphyrin derivative and Iaser Iight.
Cancer Res., 45, 2983-2987.

Tomio , L., Reddi, 8., Jori , G., Zorab, P.L., Pizzi, G.B. t
Calzavara, F. (1980).
Hematoporphyrin as a sensitizer in tumor phototherapy:
Effect of medium polarity on the photosensiti zíng
efficiency and role of the administration pathway on the
distribution in normal and tumor-bearing rats.
In: Lasers in Photomedicine and Photobiology.
Springer Series in Optical Sciences, Springer-Verlag,
BerIin, Heidelbergr New York.
22r 76-82.

Tomio, L., Zorat¡ P.L.1 Corti, L., Calzavara, F., Reddir 8.,
Jori, G. (1983) .
Effect of hematoporphyrin and red light on AH-I30 solid
tumors in rats.
Acta RadioI . Oncol ., 22 , 49-53.



191

torinuki ,'W., Miura, T. ¡ Seijir M. (1980a) .
Lysosome destruction and Iipoperoxide formation due to
aêtive oxygen generated from haematoporphyrin and U. V.
irradiation.
Br. J. Dermatol . , L02 , L7'27 .

Torinuki , W., Miura , T., Seijir M. (1980b).
Lipoperoxide formaùion õt lysosome due to hematoporphyrin
and ultraviolet Iight irradiation.
Tokuhu J. Exp. l'ted.r fÐr 87-90.

Trope, C. (1975).- òifferent sensitivity to cytostatic drugs of primary
tumor and metastasis of the Lewis carcinoma.
Neoplasma, 4, l7l-180.

TSe, D.T. ¡ DUttOn¡ J.J. ¡ WeingeiSt, T.A. r Hefm5ten, V.M. ¡
Kersten, R.C. (1984).
Hematoporphyrin photoradiation therapy for intraocular and
orbital malignant melanoma.
Arch. Ophthalmol ., W, 833-838.

Tsuchiya, 4., Obara, N., Miwa , Yl., Ohi r T- r Kato , H. ,
Hayata, Y. (1983).
nematoporphyrin áerivative and laser photoradiation in the
diagnosis and treatment of bladder cancer.
J. UroI.r !|Q, 79-82.

Tsuruo, T., Iida, H., Tsukagoshi, S., Sakurai, Y. (1982).
Increased accumulatioñ of vincristine and Adriamycin in
drug-resistant p388 tumor cells following incubation with
calcium antagonists and calmodulin inhibitors.
Cancer Res. , 9, 4730-4733.

Tsuruo, T., Iida, H., Naganuma, K., Tsukagoshi, S., Sakurait Y'
(1983a) .
promotion by verapamil of vincristine responsiveness in
tumor ceII lines inherently resistant to the drug.
Cancer Res., 43, 808-8I3.

Tsuruo , T., Iida, H., Tsukagoshi, S., Sakurai, Y. (I983b).
potenùiation oi vinciistine and Adriamycin effects in
human hemopoietic tumor ce11 lines by calcium antagonists
and calmodulin inhibitors.
Cancer Res. , 43, 2267-22'12.

Tsuruo, T., Iida, H., Nojiri, M., Tsukagoshi, S., Sakurai, Y'
(1983c).
Circumvention of vincristine and Adriamycin resistance
in vitro and in vivo by calcium influx blockers.
e-æês. ¡ 9, 5-2910.

Tsuruo , 1., Iida , H. , Tsukagoshi, S., Sakurai, Y. (1985) .
Cure of .i"e bearing P388 leukemia by vincristine in
combination with a calcium channel blocker -

Cancer Treat. Repts., 69, 523-525.



Veresrei j r H. , van Steveninck r J. (1982 ) .
I"loãeI studies on photodynamic crosslinking.
Photochem. Photobiol. ¿ 35, 265-267 .

of vaginal recurrences of
following hematoporPhYrin

l.92

(1980 ) .
human fibroblasts

5).
Effect of

in vivo.

gyneco log i c
derivative

Vincentr R. , Doughertyr T. J. r Rao , lJ., Boyle , D., Potter t W.

(re84 ) .
Photoradiation therapy in the treatment of advanced
carcínoma of the trachea and bronchus.
In: Porphyrin localization and Treatment of Tumors.
Ed: COmer, C.J., DOirOn, D.R. AIan R. LiSS InC., NeW YOrk.
pp 759-766.

Vfaksvik, H., Moan, J., Christensen, T. (1980).
nfiect of hematoporphyrin and Iight on human lymphocytes
in vitro.
Effi-ês. ¡ 74, 222-223.

Wakulchik, s.D. r SchiLtz, J.R., Bickersr D-R.
Photolysis of protoporPhyrin-treated
in vitro: studies on the mechanism.
J. Lab. CIin. Med.r 96,158-167.

Vüaldow¡ S.M. ¡ Dougherty, T. J. (I984 ) .
Interaction of hyperthermia and photoradiation therapy.
Radiat. Res. , 9'l ' 380-385.

hlaldowr S.M. r Henderson, B.W. , Dougherty, T. J. (I984') .
Enhanced tumor control following sequential treatments of
photodynamic therapy (PDT) and localized microwave
hyperthermia in vivo.
Lasers surg. fiãF¡[, '19-85.

Waldow¡ S.M. ¡ Henderson, B.W. , DoughertY, T. J. (I98
Potentiation of photodynamic therapy by heat:
sequence and time interval between treatments
Lasers Surg. tled., 5| 83-94.

Ward¡ A.D.¡ Swincerr A.G. (1985).
The structure of protoporphyrin and of the aggregate
fraction of haematoporphyrin derivative in solution.
In: Methods in Porphyrin Photosensitization.
Ed: Kessel, D. Plenum Press, New York, London.
pp 267-276.

Ward¡ B.G.¡ Forbes,
(1982 ) .
The treatment
maI ignancy
pretreatment.
Am. J. Obstet.

I.J., Cow1ed 7 P.A. ¡ McEvoy¡ M.M. ¡ Cox r L.W.

Gynecol., L42 | 356-357 .

Wat, C-K., l{ew, D., Levy¡ J.G.¡ Tostersr G.H.N. (1984).
Photosensitizer-protein conjugates: potential use as
photoimmunotherapeutic agents .
In: Porphyrin Localization and Treatment of Tumors.
Ed: Ooiroñ¡ D.R.¡ Gomer, C.J. AIan R. Liss Inc.r New York.
pp 35I-359.



r93

Vüeiner, N. (1985).
Norepinephriner epinephrine and the sympathomimetic
amines.
In: Goodman and GIiman's The Pharmacological basis of
Therapeuticsr 7th edition.
Ed: GiIman¡ A.G.¡ Goodman¡ L.S.¡ RaIl¡ T.!{., Murad, F.
Macmillan Publishing Company, New York, London.
PP 145-I80.

Íüeissmann, G. (1964).
Labilization and stabilization of lysosomes.
Fed. Proc. r 23 , I038-1044.

WiCkerSham, J.K., Barrett, t{.P., FUrUkaWa, S.B.r PUffer¡ H.}f.¡
ülarner ¡ N.E. (L9771 .
An evaluation of the response of the microvasculature in
tumors in C3H mice to vasoactive drugs.
Bibl. Anat.¡ 15' 29L-293.

Weishaupt, K.R., Gomer ¡ C.J.¡ Doughertyr T.J.
Identifícation of singlet oxygen as the
photo-inactivation of a murine tumor.
Cancer Res., 36, 2326-2329.

(r976 ) .
cytotoxic agent in

mouse H-2 antibodies using

Baghdassar i an , R.,

theuPdate of
Irvine.

parenterally administered
necrotic portions of a

WigzeII , H. (1965).
Qgantitative titrations of
-'cr-labe1led target cells.
Transplant. ¡ 3 t 423-431.

Laser photoradiation therapy of cancer: an
experience at the University of California'
Lasers Surg. Med., 4t 5-L2.

WiIe¡ A.G.¡ NOvOtny, J., MaSOn¡ G.R.¡ PaSSey, V., Bern5r M.W.
(1984b).
Photoradiation therapy of head and neck cancer.
In: Porphyrin Localization and Treatment of Tumors.
Ed: poirOñ¡ D.R.¡ Gomerr C.J. AIan R. Liss Inc., New York.
pp 68I-691.

WiIe¡ A.G.¡ Coffey, J., Nahabedian. M.Y.¡
Mason¡ G.R. ¡ Berns, M.Yl. (1984a) .

Vlinkelman, J., Hayes¡ J.E. (1963 ) .
Distribution of endogenous and
porphyrin in viable and
transplantable tumor.
Nature, 2O0 ' 903-904.

Winkelman, J., Rasmussen-Taxdal t
Quantitative determination
tissue following Parenteral
BulI. Johns HoPkins HosP. t

D.S. (r960).
of porphyrin uPtake bY
administration.

L07, 228-233.

tumor



L94

za[cberg¡ J.R.¡ Thompson ¡ c.H. ¡ Lichtenstein, Yl., Leyden¡ I't.J.¡
AndreWs¡ J.T.7 SuIIiVan¡ J.R. ¡ l'lCKenzier I.F.C. (I983).
Tumour visuaiisation using a radiolabelled monoclonal
antibodY.
Aust. N.Z. J. Med., L3, 57L-577.

Zíeve¡ P.D. ¡ Sofomonr H.Dl. (I966) .
Effect of hematoporphyrin and Iight on human fibrinogen'
Am. J. PhysioI., 2L0r 139I-I395.

.l

n

I




