REVIEW

Photodynamic Therapy

Thomas J. Dougherty, Charles J. Gomer, Barbara W. Henderson,
Giulio Jori, David Kessel, Mladen Korbelik, Johan Moan, Qian Peng*

porphyrin mixture that he termed “hematoporphyrin deriva-
Photodynamic therapy involves administration of a tumor-  tive” (HPD), which was used by Lipson et af4) for tumor

localizing photosensitizing agent, which may require meta- detection. HPD contains several porphyrins, monomers as welb
bolic synthesis (i.e., a prodrug), followed by activation of the as dimers and oligomers [reviewed ()]. HPD has been par- =
agent by light of a specific wavelength. This therapy results tially purified, with the less-active porphyrins’ monomers re- 3
in a sequence of photochemical and photobiologic processesnoved, to form Photofrin@6), the most widely used photosen- &
that cause irreversible photodamage to tumor tissues. Re- sjtizer in clinical PDT. Because of the long-lasting skin =
sults from preclinical and clinical studies conducted world- phototoxicity of Photofrin, several new photosensitizers have®.
wide over a 25-year period have established photodynamic recently been introduced in clinical tria(,8). Photofrin ab- &

therapy as a useful treatment approach for some cancers. sorbs light only up to about 640 nm; light at longer wavelengthss
Since 1993, regulatory approval for photodynamic therapy penetrates farther into tissue, and most of the new sensitizers

involving use of a partially purified, commercially available have stronger absorbance at 650-850 nm. §
hematoporphyrin derivative compound (Photofrin®) in pa- o . &
tients with early and advanced stage cancer of the lung, LOcalization of Photosensitizers 2
digestive tract, and genitourinary tract has been obtained in  \ny are the tissue/cellular sites of photosensitizer localiza8

Canada, The Netherlands, France, Germany, Japan, and the tjon and photodamage important? To facilitate drug develop=
United States. We have attempted to conduct and present ament, it is often necessary to identify a target. A systematic studyz:
comprehensive review of this rapidly expanding field. of structure-activity relationships can then aid in improving the =
Mechanisms of subcellular and tumor localization of photo- therapeutic procedure. As new sensitizers are prepared, studi%
sensitizing agents, as well as of molecular, cellular, and tu- on |ocalization, both at a tissue and a subcellular level, can b&
mor responses associated with photodynamic therapy, are carried out. A recent summary of current information relating to c

discussed. Technical issues regarding light dosimetry are |ncalization sites has now been provid@j. Since the second- %
also considered. [J Natl Cancer Inst 1998;90:889-905] generation sensitizers tend to be pure compounds, not mixtures;

loci of localization can often be identified. Mitochondria, lyso- 3
Background somes, plasma membrane, and nuclei of tumor cells have been

evaluated as potential PDT targets, along with the tumor vascd(%

Photochemotherapy of cancer is often called “photodynamigture. VVascular shutdown is clearly an important aspect of PDT2
therapy (PDT).” The term “photodynamic actior(1)is used to (10), but since both vasculature and tumor are composed of
distinguish photosensitized reactions in biology from the phygdividual cells, the identification of an optimal subcellular tar- &
icochemical processes occurring in the emulsions of phoiget remains relevant. At this point, clinical efficacy has beeng
graphic films. Blum(2) suggested that this definition should bejescribed for only a small group of agents. While studies to date3

applied only to photochemical reactions in which oxygen wagiggest a hypothesis relating to localization and efficacy, it re-2

consumed. Such reactions are also called photosensitized pro-

cesses of type | and type Il depending on the nature of the

primary steps, namely, the initial involvement of radical inter- *Affiliations of authors:T. J. Dougherty, B. W. Henderson, Photodynamic
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mains to be seen whether a single target will prove advantageassswelling(22), bleb formation(22,23),shedding of vesicles
in all instances. containing plasma membrane marker enzymes, cytosolic and

Since most photosensitizing agents are fluorescent, drug lgsosomal enzyme&3), reduction of active transpo(24), de-
calization can be determined by fluorescence micros€®pyA polarization of the plasma membrafib), increased uptake of a
sensitive system is needed, since photobleaching can affect phetosensitizel(26), increased permeability to chromag4)
age acquisition and use of high fluences can cause photodamage even to cytosolic enzymes like lactate dehydroge(izge
and dye relocalization. The fluorescence yield can vary with tlhibition of the activities of plasma membrane enzymes such as
binding site, so that sites of photodamage may not be accuratsdly’ K *-adenosine triphosphatase (ATPase) and®MTPase
indicated by fluorescence. Since the cytotoxic prodt@s, can (28), a rise in C&* (29), up- and down-regulation of surface
migrate less than 0.0@m after its formation(3), sites of pho- antigens(30), lipid peroxidation(31) that may lead to protein
todamage will reflect the localization of sensitizer at the time @fosslinking(32), and damage to multidrug transportéis’).
irradiation, and many workers have thus chosen to examine sub-
cellular sites of PDT-induced alterations rather than to search fapoptosis In Vitro
sites of sensitizer binding.

In spite of the heterogeneity of Photofrin, a series of reports The discovery that PDT can lead to an apoptotic response in
(11,12)indicated that the mitochondria were among the targetsalignant cells has provided a rationale for the widespread efo
of photodamage. Consistent with these observations, a cell sfibacy observed. While apoptosis was first described in 197%
line selected for PDT resistance showed marked mitochondr(@B), it was not until 1991 that Agarwal et &34) reported an
alterationg13). In one of the first systematic studies, Hendersompoptotic response to PDT. Reports that PDT could rapidly ino
et al. (14) examined structure-activity relationships in aluce apoptosis, botim vitro (34,35)andin vivo (36,37),have
pheophorbide series. While hydrophobicity was an importaptovided an insight into the nature of photokilling. Apoptosis is
factor, a related studfl5) showed that a more important factora mechanism whereby organisms initiate cellular dedsha
was the affinity of these agents for a plasma binding site that alsmcess that is normally part of the genetic appar&d@s39).
binds benzodiazepines. Since there is a corresponding mitochthe end result is fragmentation of nuclear DNA and dlssouanorg
drial binding site, this report is consistent with the concept @ff the cell into membrane-bound particles that are engulfed b)g

lg//:sduu wouy pdpeoj

mitochondrial target being optimal for effective PDT. adjoining cells, minimizing release of inflammatory products, o
e.g., lysosomal enzymes. Malignant cell types often exhibit a|g
Damage to Subcellular Targets impaired ability to undergo apoptosis, an effect associated wits

the ability to survive chemothera§$8,40).Since a broad spec-

Because of the limited migration D, from the site of its trum of clinical PDT responses is observ®), PDT is effec-
formation(3), sites of initial cell and tissue damage of PDT aréive against otherwise drug-resistant cell types. Although a
closely related to the localization of the sensitig@x. The most apoptotic response to PDT is not always obser{a&i41),this
highly selective sensitizers currently known are the lysyl chlorimight be related to differences in intracellular site(s) of pho-
p6 for lysosomegq16), the monocationic porphyrin for mem-todamage or use of suboptimal detection systems.
branes(17), and the porphycene monomer for mitochondria The time required for initiation of apoptosis varies widely. ©
(18). Sensitizers that are not taken up by cells, e.g., uroporphyeost cells, in response to inducing agents, go through a Iatencg
rin, are extremely inefficient even though some of them giveperiod, variable in duration, which usually results in the death of>
high photochemical yield ofO,. Moreover, since most PDT greater than 80% of a cell population in 1-3 days. A novelg
sensitizers do not accumulate in cell nuclei, PDT has generdidature of apoptosis after PDT is the rapidity of execution, as2
a low potential of causing DNA damage, mutations, and cargixdged by the appearance of DNA ladders as early as 30 minute%
nogenesis(5). Sensitizers that localize in mitochondria, likeafter photodamage. It appears that neither DNA, RNA, nor pro-S
Photofrin, or are produced in mitochondria, like 5itein synthesis is needed over such a short time frame. AIthougE
aminolevulinic acid (ALA)-induced protoporphyrin IX, arethere are unique aspects to PDT, other examples of apoptottg
likely to induce apoptosis, while sensitizers localized in thesponses to oxidative stress have been rep¢ded?2). N
plasma membrane are likely to cause necrosis during light ex-Signal transduction pathways are generally involved in the®
posure (see below). Aggregated as well as hydrophilic sensiiizitiation of an apoptotic progrart¥3—45).Xue and Oleinick’s
ers are likely to be taken up by pinocytosis and/or endocytogjgoup (46) reported that among the early effects of PDT was
and therefore become localized in lysosomes or endosomeshanced phosphorylation of tyrosine residues. It was suggested
Light exposure will then permeabilize the lysosomes so thidiat the latter may serve to protect cells from the effects of
sensitizers and hydrolytic enzymes are released into the cytopblotodamage and may therefore not be involved in the apoptotic
Dyes that are present in the cytosol can sensitize tubulin poocess. A recent repod7) confirms this proposal: protein
photodamagé19). This leads to accumulation of cells in mito-tyrosine phosphorylation was inhibited by the drug staurosporin,
sis, in some cases followed by cell deé20). The probability of although this agent promotes PDT-induced apopt@3s.
cell inactivation per quantum of absorbed light is widely differ- The mechanism of apoptosis after PDT has perhaps been
ent among PDT sensitizef20). Generally, this probability is explained by recent reports that indicate an association between
lower for hydrophilic than for lipophilic sensitizers, indicatingmitochondrial photodamage and apoptotic responses, while con-
that membrane structures are notably vulnergble. current membrane photodamage can delay the apoptosis

PDT damage to the plasma membrane can be observed wiitii&,49,50).It is known that release of cytochrome c and other
minutes after light exposure. This type of damage is manifestedtochondrial factors into the cytoplasm can trigger an apoptotic

88/2 L/06/9IORJE/!3U[/LU

890 REVIEW Journal of the National Cancer Institute, Vol. 90, No. 12, June 17, 1998



respons€51,52),effects that can also be produced by enhancedules should expand our understanding of mechanisms of PDT
mitochondrial permeability53-56).Mitochondrial permeability cytotoxicity.
is known to be involved in a pore transition that can be triggered Biochemical and morphologic studi€g) have identified a
by protoporphyrin (in the dark)p4), and it is interesting to note variety of PDT cellular targets, and molecular studi@g8) have
that some other photosensitizing agents have a similar eff@gtther advanced our knowledge of sublethal responses to PDT
(57). by identifying an expanding number of genes activated by PDT-
Marchetti et al.(53) pointed out that the protoporphyrin is ainduced oxidative stress. Multiple genes encoding for stress-
ligand for the mitochondrial peripheral benzodiazepine recept@fduced proteins can be activated following PDT. Porphyrin-
a site known for its ability to trigger the pore transition. Tsuchidgediated PDT enhances the transcription and translation of
et aI(15) found a relationship between PDT efficacy and binCheme oxygenas@l)_ Likewise, PDT induces increased expres-
ing to an albumin site that mimics specificity of the benzodiaz;jon of glucose-regulated proteins and the translation of these
epine receptor, suggesting that the more effective sensitizgfgteins appears to play a role in modulating the cytotoxic ef-
bind to the mitochondrial benzodiazepine receptor. This M&Ycts of oxidative stres€62,63). Heat shock proteins are also
represent the binding site for mitochondrial photosensitizers.d\t,erexpressed following PDT when examined at eitherithe
is tempting to speculate that irradiation of sensitizers bound \Jg;q orin vivolevel (64,65).Interestingly, PDT-induced expres-
the benz_odiazepine receptor can initiate an op(_eni_n_g_of_ the Misn of heat shock proteins appears to be dependent on tHeé
tochondrial pore, followed by release of apoptosis-initiating fagyeific subcellular targets associated with each photosensitizes.
tors. Such a mechanism could account for the previously Fre opservation of strong transcriptional activation of heat
ported strus:ture-actlvny_ correlatlom$5). ) , shock proteins following PDT has been instrumental in initiating &
Information summgnzed .a_b'ove IS conS|st¢nt with the Pr¥ew studies in which PDT oxidative stress is used for the tem3
posal that PDT can dwectly |n|t|§1te an apoptotlp response, Witho a1 and spatial activation of heterologous genes ligated to the;
out the need for intermediate signal transduction pathways f Al shock protein promotéss).

may be missing in certain drug-ress@ant neoplastic cells. T € Procedures designed to alter the expression of selected gen
prompt apoptotic cell death after PDT is not expected to depend

: are also proving useful in understanding the molecular mechas.
on the state of the cell cycle or the status of genetic factors, e b N g 9]

p53, that can otherwise affect drug responsiveness. These é@ﬁms of PDT cytotoxicity. Hamster fibr_oblasts transfe_c'_ced with g
siderations are consistent with experimental findings indicatiriag uman_BgI-Z protooncoggne expression vgctor exhibited a dep
a very broad spectrum of responses to PDT in the clinic. ¢ eas.,e.d incidence of PDT—m_duced apoptosis and decreasgd Cg_

totoxicity when compared with parental ce(86). Photosensi- 3
Effects of PDT as Revealed by Techniques of tivity ha§ also been cc_)mpared \{vith HL-60 humalj promyelocytica
Molecular Biology leukemia cells genetically engineered to constitutively expres$

either wild-type p53 or mutated p53 versus parental p53 null%
Positive clinical results involving PDT have led to an exC€llS- HL-60 cells expressing wild-type pS3 were more sensitives
panded desire to identify cellular and molecular responses ad€oPOrPhyrin- and purpurin-mediated photosensitization wheny
ciated with this treatmen(58). Biochemical studieg7) per- compared directly with H.L-60 cells with dele'tt'aq or mutated p53g
formed over the past 15 years have provided a plethora &)- Moreover, porphyrin PDT photosensitivity results have §
information on subcellular targets involving PDT-mediated cyecently been observed in human colon carcinoma cells exhibz
totoxicity. Molecular biology procedures are playing an integrdfind €ither a wild-type or mutated p53 phenoty(@s). A dif- o
role in current research designed to examine the relevancef@®nt molecular approach was used to examine mechanisms
cell-signaling events induced by PDT-mediated oxidative stre§dvolved in PDT sensitivity. Cell lines with a stable PDT- §
The downstream effector molecules of signal transduction patgsistant phenotype were isolated and evaluated using messenger
ways are often proteins encoded for by early response gerRBA (MRNA) differential display methodology to identify S
These proteins function as transcription factors and act by regiiique transcript¢69). A transcript encoding for alpha-2 mac- &
lating the expression of a variety of genes via specific regulatoigglobulin receptor/low density lipoprotein receptor-related pro-,
domains. tein was consistently found expressed in parental cells but absent
PDT-mediated oxidative stress induces a transient increaséithe PDT-resistant clones.
the downstream early response genes c-fos, c-jun, c-myc, and hein vivotumoricidal reaction after PDT is accompanied by
egr-1(59). Assays of kinase activity have provided clues regard complex immune response. A variety of molecular protocols,
ing the upstream molecules expressed and/or activated in ciitduding reverse transcription—polymerase chain reaction, have
following PDT (46,60).PDT, using a benzoporphyrin, induces g@rovided an opportunity for examining the underlying mecha-
strong dose and time-dependent activation of stress-activatésins responsible for these host effects. It has recently been
protein kinase and a high osmolarity glycerol (HOG-1) proteidemonstrated that PDT can modulate the expression of interleu-
kinase in keratinocyte0). Activation of these messenger prokin 6 (IL-6) and IL-10 in tumor and normal tissuésvivo (70).
teins is implicated in the transcription of early response genesTdese results agree with an earlier study reporting that the tran-
well as the induction of cellular responses such as apoptosstiption factor AP-1 is involved in than vitro expression of
Tyrosine phosphorylation of a non-receptor-type protein (HS-6 following PDT (71). Gel mobility shift assays have also
has also been observed in PDT-treated mouse lymphoma ceééisnonstrated that PDT can activate the transcription factor,
and concomitantly shown to correlate with protection of celisuclear factor kappa B, which is also involved in regulating the
from PDT lethality (46). Future studies involving these mol-expression of numerous immunologically important gefrey.
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It will be interesting to see how the molecular modulation ahent of the vascular system promoting tumor ischemia and hyp-

cytokines affectsn vivo PDT tumoricidal action. oxia, whereas low-density protein-delivered photosensitizers in-
duce an early important damage of malignant cells through both

Mechanisms of Selective Tumor Uptake and random necrotic and apoptotic proces&®). However, several

Localization of Photosensitizers excellent tumor localizers (e.g., meso-tetraphenylporphin tetra-

sulfonate, aluminum phthalocyanine tetrasulfonate, etc.) do not
The mechanisms involved in the preferential distribution dfind to low-density protein while some poor tumor localizers,
sensitizers in tumors are not fully understood. Properties of fike hematoporphyrin, bind to low-density protef@8). Thus,
mor tissue may contribute such selective distribution. These the significance of low-density protein-binding for selective tu-
clude elevated numbers of low-density protein receptors, thwr uptake has been debat@@9,90).
presence of macrophages, and a decreased pH value. The alBoth microspheres and monoclonal antibodies directed
normal structure of tumor stroma characterized by a large intagainst antigens located at the surface of neoplastic cells have
stitial space, a leaky vasculature, compromised lymphatic drabeen used as carriers of tumor-photosensitizing ag@it92).
age, a high amount of newly synthesized collagen (that bin@ike covalent photosensitizer-antibody complexes give excellent
porphyrins)(73—75),and a high amount of lipid (that has a highresults with regard to the extent and selectivity of accumulation
affinity for lipophilic dyes) (76) also favors a preferential dis-by cell cultures, however, the efficiency of tumor targeting o
tribution of sensitizers. vivo appears to undergo serious limitations. At present, this apé
The use of delivery vehicles for formulation of porphyrinproach can be most usefully adopted for photodiagnostic purg
type photosensitizers was prompted by the observdfi@/8) poses taking advantage of the fluorescence emission properti@
that the affinity of such photosensitizers for neoplastic tissuggical of several porphyrin derivatives.
increases upon increasing their degree of hydrophobicity. Thelt has been shown that tumor-associated macrophages in arﬁ‘L
selective biodistribution of these sensitizers is enhanced by thmial tumors take up large amounts of HR8B) and Photofrin
incorporation into amphiphilic systems, e.g., phospholipi(®4,95).Thus, tumor-associated macrophages play a role for the:
vesicles or oil emulsions, which are stable in an aqueous milieimor-selective uptake of aggregated sensitizers.
yet possess apolar compartments where hydrophobic substrateEhe interstitial fluid is the fluid surrounding the cells and
are embedde(79). This theory was reinforced by early reportdocalized between their plasma membranes and the vascular
(80) that liposome-associated photosensitizers exhibited greatels. The pH value of interstitial fluid is lower and the content 5 g
efficiency and selectivity of tumor targeting as compared withf lactic acid is higher in tumors than in most normal tissues3
the same photosensitizers administered in a homogeneous a@@-102).The intracellular pH, however, is identical or slightly
ous solution(81). Some second-generation photosensitizersigher in tumors than in normal tiss(#02,103).The acidic pH
e.g., Sn-etiopurpurin, benzoporphyrin derivative, and Zin tumors offers several therapeutic possibili{i#81). The equi-
phthalocyanine, are formulated in lipid-based delivery systentibrium between different ionic species of porphyrins is complex
It is now apparent that the delivery vehicle can influence th{@04,105),but generally the lipophilicity as well as the cell
serum distribution of a photosensitizer, hence the mechanisptake increases with decreasing (H05-107).Thus, the low
and kinetics of its transport to tissues, as well as subcellutamor pH is probably one of the reasons for the selective uptak%
biodistribution. Drug delivery via lipid-type carriers clearly enof Photofrin by some tumors that takes place in tumor- beanng
hances the tendency of porphyrins to bind with lipoproteirenimals(108,109).
where they are almost completely partitioned in the lipid moiety.
In general, the use of liposomal vesicles that are in a fluid std#éechanisms of Tumor Destruction
at the body temperature of 37 °C appears to orient the photosen-
sitizer toward low-density lipoprotein. This is exemplified by the The targets of PDT include tumor cells, the microvasculatureS
data obtained with dimiristoyl-phosphatidylcholine vesiclesf the tumor bed as well as normal microvasculature, and the>
(81). A marked low-density lipoprotein-orientating action is alsinflammatory and immune host system. PDT effects on all thes§
shown by Cremophor EL emulsioif82). In any case, a certain targets may influence each other, producing a plethora of rem
degree of interlipoprotein exchange of the porphyrin occurs éponses, the relative importance of each for the overall tumoﬁ;’
the serum, although the rate of such process is dependent omatponse has yet to be fully defined. It seems clear, however, that
physicochemical properties of the porphy(B883,84). the combination of all these components is required for long-
The association of the photosensitizer to lipoproteins, in paerm tumor control.
ticular to low-density lipoprotein, could result in selective or Exposure of tumors to PDih vivo can reduce the number of
preferential release to neoplastic cgl5—87).Many types of clonogenic tumor cells through direct photodamage; this is in-
tumor cells express a high number of membrane receptors $woifficient for tumor cure. Studigd0,110-115)n rodent tumor
low-density protein, which promote the internalization of theystems employing curative procedures with several photosen-
low-density protein-bound photosensitizer by endocytotic patbitizers showed direct photodynamic tumor cell kill to be less
ways (82). The endocytosed porphyrinoids largely localize ithan 2 logs and in most cases less than 1 log, i.e., far short of the
membranous domains, including the plasma and mitochondal8-log reduction required for tumor cure. Timevitro irradia-
membrane, the Golgi apparatus, and the rough endoplasmictiea of tumor cells isolated from photosensitized tumiorsivo
ticulum (82). This distribution pattern has obvious implicationgpredicts that total eradication is feasible with a sufficiently high
for the mechanisms by which PDT induces tumor damage: thlight dose with some photosensitizgf$0,110,116) But limi-
albumin-transported photosensitizers cause an extensive imptitions appear to exist that do not allow the eradication to be
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realized forin vivo PDT treatment. Inhomogenous photosensihe vascular effects of PDT differ greatly with different photo-
tizer distribution within the tumor might be one of these limitasensitizers. Photofrin—PDT leads to vessel constriction, macro-
tions. Korbelik and Kros(117) have also shown that both pho-molecular vessel leakage, leukocyte adhesion and thrombus for-
tosensitizer accumulation and tumor cell kill decrease with tmeation, all apparently linked to platelet activation and release of
distance of tumor cells from the vascular supply. thromboxang(133,134).PDT with certain phthalocyanine de-
Another parameter that can limit direct tumor cell kill is theivatives causes primarily vascular leakgd485),and PDT with
availability of oxygen within the tissue undergoing PDT treatmono+-aspartyl chloringg results in blood flow stasis primarily
ment. Two mechanisms can produce such limitations: the pHmecause of platelet aggregatit36). All of these effects may
tochemical consumption of oxygen during the photodynamieclude components related to damage of the vascular endothe-
process and the effects of PDT on the tissue microvasculatuiem. PDT may also lead to vessel constriction via inhibition of
Since'0, arises from ground state oxygen, it follows that thithe production or release of nitric oxide by the endothelium
process can consume oxygen in the tissue environment. Ra{ii7). In preclinical experiments, the microvascular PDT re-
and substantial reductions in tissue oxygen tensions on illunsponses can be partially or completely inhibited by the admin-
nation of photosensitized tissue were repor(@d5,118,119). istration of agents that affect eicosanoid generation, such as
Mathematical modeling supports these findings and demdndomethacin(138),various other thromboxane inhibitofs33),
strates that the rate of oxygen consumption during Photofriand aspirin139,140)and this inhibition can markedly diminish
PDT can be enough to move a fraction of the tumor into vetiie tumor response. On the other hand, administration of agen
low levels of oxygenation, outpacing the rate of oxygen diffunhibiting nitric oxide synthase or scavenging nitric oxide ap-
sion from the capillaries, and shrinking the radius of oxygenatgears to enhance tumor cure, apparently by enhancing the PDE
tissue volume around thei20). The rates of‘O, generation induced disruption of vascular perfusi¢b41).
and therefore tissue oxygen consumption/depletion are highMuch of the above information was obtained from studies oni
when both tissue photosensitizer levels and the fluence ratenofmal microvasculature. Damage to the tumor-supplying nor&
light are high(115,119,121). mal vasculature may greatly affect tumor curability by PDT asﬂ
The fluence rate can be adjusted downward to slow oxygdemonstrated by the lack of tumor cures when the normal tlssue
consumption sufficiently to facilitate the maintenance of (tumogurrounding the tumor was shielded from PDT ligh42). This
tissue pQ levels during treatment. An important parameter inis also supported by reports on the effects of fluence rate o‘
fluencing the rate of tissue oxygen consumption is photobleaalascular responses. A low fluence rate treatment can lead tg
ing of the sensitizer because the reduction of sensitizer levelsutdown of normal microvascular perfusion following PDT,
also reduces the rate of photochemical oxygen consumptiwhile a high rate can protect microvascular pate(t43). In
(122). Another approach toward maintenance of tissue oxygersntrast, there were no differences in effects on either tumog:
ation during PDT is the fractionation of light delive¢¥20,123). perfusion or oxygenation when treatment was delivered at lowz:
This consists of very short (in the order of 20-50 seconds) light high fluence rate§143).In all cases, these response param-%
and dark intervals, allowing reoxygenation during the dark peters were equally and greatly reduced in tumors following PDTS
riods (119). Generally, treatment regimens using a low fluencexposure. A high fluence rate treatment inhibited tumor curabil-3
rate or intermittent light, show superior effectiveness in delayirity, implying that the protection of the tumor-surrounding nor- &
tumor regrowth(115,120,123-126). mal vasculature by high fluence rate PDT adversely aﬁectec§
Preliminary clinical studies at the Roswell Park Cancer Ifeng-term tumor control. It had been suggested earlier that PDTR
stitute show oxygen depletion also occurring during PDT ieffects on normal and tumor vessels may be qualitatively andr
patients. The kinetics for this depletion varied from very rapiquantitatively similar(144). However, the above recent studies €
(within seconds of light exposure) to slow (>10 minutes of ligrkeem to reveal important differences between PDT effects o
exposure) and to no effect at all in basal cell carcinoma lesiongrmal and tumor vasculature. S
in patients undergoing Photofrin (1 mg/kg)-PDT at a light dose Mathematical models have predicted and experimental mea=
rate of 150 mW/crA No oxygen depletion was observed irsurements have demonstrated that dynamic, dose-rate-depend@_nt
cutaneous lymphoma lesions during ALA-PDT (20% topica@hanges in tissue oxygenation can occur during PDT light deg
ALA), possibly because the effects were too superficial to Bigery. Large interlesion and interpatient variations make pre-®
detected by the interstitial oxygen probe used. dictions of these effects impossible. The need for further devel-
The oxygen supply in the tissue can also be diminished by thpment of instrumentation allowing real-time monitoring of the
damaging effects of PDT on the microvasculature. With higharameters that influence these changes (and thus PDT dose),
doses of certain photosensitizers, e.g., Photofrin, these effdas photosensitizer tissue concentration, photobleaching rates,
can be sulfficient to limit the oxygen supply to the tumor duringlood flow, pG, etc., is as great as ever. Further insight into the
PDT (127). With lower photosensitizer doses and certain semechanisms of vascular damage by PDT might uncover ways by
ond-generation sensitizers, many of which exert diminished &fhich the differences between tumor and normal vasculature might
fects on the vasculature, this mechanism becomes less impmr-exploited to enhance treatment effectiveness and selectivity.
tant. .
Vascular damage, occurring after completion of the PDT timunologic Effects of PDT
mor treatment, contributes to Ion.g—term tumor contro_l. MiCro T Induced Tumor Inflammation
vascular collapse can be readily observed following PDT
(112,127-130pnd can lead to severe and persistent post-PDT The curative properties of PDT arise from the death of cancer
tumor hypoxia/anoxig131,132).The mechanisms underlyingcells spared from the direct cytotoxic effect by a combination of
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oxidative stress-initiated secondary tumoricidal activitie&ntitumor Activity of Nonlymphoid Inflammatory Cells

(145). Contrary to the contemporary prevailing conception, ) ) ) o
these secondary effects are by no means limited to the ischemid N€ inflammatory signaling after PDT initiates and supports

death caused by the occlusion of tumor vasculature. Other evénf‘s, rc_acrunment ,Of Ieukocytes_from _the blood and gmpln‘les their
that are increasingly coming into focus are as follows: 1gctlvny. A massive regulated invasion of neutrophils, mast cells,

antitumor activity of inflammatory cells and 2) tumor-sensi: nd monocytes/macrophages during and after photodynamic

: . : . light treatment has been documented in studies using rodent
tized immune reaction. They all can be elicited by phOtOtOXE(lJmor models(70,155). These newly arrived nonspecifi?: M-

damage that is not necessarily lethal and bears an inflammator ! .
9 y méllne effector cells will outhnumber resident cancer cells. Most

Im[l);c(;.tod namicallv induced chanaes in the plasma membr noetable is a rapid accumulation of large numbers of neutrophils.
Y y 9 P re is increasing evidence that these cells have a profound

and membranes of cellular organelles, which represent the moSt ot on PDT-mediated destruction of cancerous tissue. Neu-
abundant d"’.‘mage with a majority of photosensitizers used tP hils can remain within tumor blood vessels and be :;1 key
PDT, can trigger events with far-reachmg consequences. Wntributor to the infliction of endothelial damage or engage in
process initiated at the membrane level involves S|gnal ranfs destruction of tumor parenchyma on extravasation. Degranu-
ducuc_m pathways. These include enha.nce.d expression of Stigg8, of errant neutrophils liberates toxic oxygen radicals, my-
prc_)tems and early response ge(té&), activation of YeNes regu- o |operoxidase, and lysosomal enzymes acting as a potent system
lating the process of apoptotic cell deq#b), and possibly the o ihe hreakdown of proteins and causing considerable damage
up-regulation of some cytokine genes. Due to their role in c the affected tumor tissu@56). In turn, neutrophils also sus- &
adhesion and antigen presentation, some of the PDT-indugggh |ethal damage during these events, releasing chemotactit

stress proteins may participate in the development of inflammgstances that will attract a new wave of invasion of immuneS
tory/immune responses manifested by this ther@mg). cells.

matory cellular damage. Photooxidative lesions of membraggti-GR1 monoclonal antibody, or blocking functions of the
lipids prompt a rapid activation of membranous phospholipasggmmon chain op integrins by anti-CD18 antibody, was found
(45)leading to accelerated phospholipid degradation with a mag-decrease the PDT-mediated tumor cure (a%5,149).The
sive release of lipid fragments and metabolites of arachidonigsponse of rat tumors to PDT was improved by increasing the
acid (145,147).These products are powerful inflammatory menumber of circulating neutrophils in the hosts by treatment withg
diators. Another source of such signals relates to the tumor v@sCSF; the opposite effect was achieved in rats treated wit@
culature. After even minor phototoxic lesions, the endotheliahti-rat neutrophil serum that reduced neutrophil levels in these
cells will contract and expose the basement membrane in #reimals(157). PDT aroused a selective increase of neutrophilsg
vessel wall(148). This rapidly attracts the attachment of circuin the peripheral blood of treated rats peaking around 8 hour§
lating neutrophils and platelets, leading to a progressive impaafier light exposur€l50).This was preceded by the elevation in
ment of vascular function accompanied with a massive reledtel serum levels and an increase in the number of circulatin
of various inflammatory mediators. band neutrophils. Treatment with anti-G-CSF polyclonal anti-
A strong inflammatory reaction is a central event in thbody impaired not only the increase in neutrophil numbers butg
mechanism of PDT-mediated tumor destruction. Differences @so the response of tumors to PDT. In another study, tumo@
the nature and intensity of the inflammatory reaction betwedpcalized treatment with GM-CSF was shown to enhance the
normal and cancerous tissues may contribute to the selectivityRidT-mediated cures of mouse squamous cell carcingi). §
PDT-induced tissue damadg@49). A major hallmark of the Another class of nonspecific immune effector cells whosea
inflammatory process is the release of a wide variety of potedgtivation substantially contributes to the antitumor effects ofg
mediators, including vasoactive substances, components of BT is monocytes/macrophages. The tumoricidal activity ofz
complement and clotting cascades, acute phase proteins, pgse cells was found to be potentiated by PADWVivo andin
teinases, peroxidases, radicals, leukocyte chemoattractants V&0 (155,159,160).Macrophages were reported to release
tokines, growth factors, and other immunoregulatd#7,148). TNF-afollowing PDT treatmen{152)and to preferentially rec-
Among cytokines, IL-6 mRNA and protein were found to b&9nize PDT_treated cancer c_ells as their_tarQlaGd).Adjuvant
strongly enhanced in PDT treated mouse tumors, as well ad’@atment with a selective vitamin D3-binding protein macro-
exposed spleen and sk{i0). There is also evidence for ppTPhage activating factor (DBPMAF) was shown to potentiate the
induced or up-regulated ILEL IL-2, tumor necrosis factos CUres of PDT-treated tumo(a62).
(TNF-o0) and granulocyte _Colony_-stimu_latir?g factor (G-CSF)I—he Immune Reaction
(150-153).The observed inconsistencies in the detection of
these mediators in different PDT-treated tumors and difficulties There have been substantial advances in the understanding of
to detect other such substances are caused by the followingti PDT-induced tumor-specific immune reaction. This effect
differences in the up-regulation control for the respective genesy not be relevant to the initial tumor ablation, but may be
in different tumors and 2) very short lifetime of these proteindecisive in attaining long-term tumor control. Tumor sensitized
due to extremely high levels of proteinase and RNase activitylymphocytes can, under reduced tumor burden, eliminate small
tumor tissue after PDT. Some photosensitizers, shown to stinfoei of viable cancer cells that have escaped other PDT mediated
late the hematopoiesis in treated mid&3,154),may induce antitumor effects.
cytokines or growth factors independently of light treatment.  Cancer immunity elicited by PDT has the attributes of an
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inflammation primed immune development proc€$45) and but not fully curative PDT response was observed with x rays
bears similarities to the immune reaction induced by tumor insed to eradicate EMT6 tumors in future splenocyte donors.
flammation caused by bacterial vaccines or some cytokin€hese results demonstrate the generation of immune memory
(149). The initial critical step of tumor-specific immune develcells sensitized to PDT treated tumor and suggest that PDT may
opment is likely mediated by tumor-associated macrophadas particularly suitable for a combined application with adoptive
and/or dendritic cells serving as antigen presenting ¢&4%). immunotherapy.
These cells are prompted to phagocytize large numbers of canceinflammation is frequently accompanied by immunosuppres-
cells killed or damaged by the antitumor effects of PDT. Diive effects, as is the case with PDT. The PDT-induced immu-
rected by powerful inflammation-associated signaling, the antiesuppression was detected primarily as a transient reduction in
gen presenting cells will process tumor-specific peptides atite delayed-type contact hypersensitivity response, which ap-
present them on their membranes in the context of major hisfzears to be mediated by antigen nonspecific suppressor cells
compatibility class Il molecules. Presentation of tumor peptidgd,66). The immunosuppression in mice bearing tumors exposed
accompanied by intense accessory signals, creates conditionsdd®DT was greatly reduced by treatment with DBPM@AB?2),
the recognition of tumor antigens by helper T lymphocytesinderlying the role of macrophages in this phenomenon. The
These lymphocytes become activated and in turn sensitize sgverity of immunosuppression is much greater after the PDT
totoxic T cells to tumor specific epitopes. The generation of CCileatment of the exposed musculoperitoneal layer than aftep
and CD8 T cell clones that recognize tumor cells as their targétsatment of subcutaneous tumd@i€0,164).Mouse skin graft
is followed by their rapid expansion and activation leading teejection in allogenic recipients is diminished after low-dose g
fully developed tumor immunity. There are indications that BDT of skin grafts, and the mechanism appears to involve im<
lymphocytes and natural killer cells also become activated apdired function of antigen presenting cell67). The cytokine
may contribute to PDT-elicited immune responses, but the rdle 10, shown to be induced in PDT exposed skin of mice (but
of these cells remains to be fully elucidated. The activity afot in the tumor), appears to play a role in PDT elicited immu-
tumor sensitized lymphocytes is not limited to the original PDTrosuppressiof70). Blocking the induction of immunosuppres-
treated site but can include disseminated and metastatic lesision by agents like DBPMAF may augment the efficacy of PDT
of the same cancer. Thus, although the PDT treatment is lodal-cancer treatmen(tL62).
ized to the tumor site, its effect can have systemic attributes dueDue to its inflammatory/immune character, PDT can be suco
to the induction of an immune reaction. PDT generated tumaressfully combined with various immunotherapy protocols fors
sensitized lymphocytes can be recovered from distant lympheichieving substantial gains in long-term tumor controls. A commorg
tissues (spleen, lymph nodes) at protracted times after light tresttategy to such combination is to sustain and amplify the PDT%
ment(145). Therefore, these lymphocyte populations consist efduced immunity against the treated cancerous lesion. Its effec:
immune memory cells. In contrast to most other cancer thetireness was demonstrated in a number of different rodent tumcg:
pies, PDT can induce immunity, even against less immunogemodels (including poorly immunogenic tumors) using a wide va-2
tumors(145,163). riety of nonspecific or specific immunotherapy agefi45).
The demonstration that lymphoid populations are essential
for preventing the recurrence of PDT-treated tumors was pfaurrent Status of Clinical PDT
vided by using a mouse sarcoma model growing in either im- )
munocompetent or immunodeficient syngeneic h(iéd).Pho- Reégulatory Status—Photofrin

tofrin-based PDT treatment that was fully curative for EMT6 ' , L\ g
tumors growing in immunocompetent BALB/c mice resulted in The first health agency approval for PDT (with Photofrin) g

initial ablation but not permanent cures with EMT6 tumorqévas obtained in 1993 in Canada for the prophylactic treatment o§

umo
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growing in severe combined immune deficiency (scid) or nu elgdder cancer. Subsequently, approvals for Photofrin were obs

. . ) ) .1ained in The Netherlands and France for treatment of advanced
mice. If the bone marrow of scid mice was reconstituted wit] oS

BALB/c bone marrow, the EMT6 tumors in these hosts (whic%SOpha(‘:Jeal and lung cancers; Germany for treatment of earl
acquired functionally active lymphocytes) were cured by PD tage lung cancer; Japan for early stage lung, esophageal, gas-

ric, and cervical cancers as well as cervical dysplasia; and in thg

Similar res_ult§ were recently reported for PDT basgd onab nr_1ited States for advanced esophageal cancer. In 1998, QLT
zophenothiazine analogue as a photosensitizer using the same

i : ) ; . otoTherapeutics (Vancouver, Canada) received U.S. Food and
experimental model as aboy&65). The induction of immunity ) : .
. ; . . : Drug Administration (FDA) approval for use of Photofrin for
against a weekly immunogenic murine fibrosarcoma MS-2 bey . .
. : arly stage lung cancer. Approvals are currently being sought in
aluminum phthalocyanine-based PDT was also desciibé8). L o
. ; . 1 additional countries in Europe.
In this case, the mice that remained tumor free 100 days after
PDT were sht_)wn to resist a rechalleng_e with the same tumoﬁcpproved Indications for Photoffin—PDT
In one series of studies, BALB/c mice, which had EMT6
tumors treated by a curative dose of Photofrin-based PDTaglvanced Stage Esophageal Tumors
weeks earlier, served as donors of spleen cells adoptively trans-
ferred to scid mice. This fully restored PDT-mediated curability The results of the phase Il clinical trial completed in the
of EMT6 tumors growing in recipient scid mig&45).No cures United States that led to U.S. FDA approval in December 1995
were obtained with the host scid mice that received virgimave been published 68). This was a multicenter, randomized,
BALB/c splenocytes or splenocytes from BALB/c mice previcomparative trial against thermal ablation using a Nd-YAG laser
ously cured by PDT from a different tum¢t45).An improved, for treatment of partially obstructing esophageal cancer. The
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results of this trial with 236 patients indicated similar relief oand U.S./Canada trials respectively. Improvement in dyspnea
dysphagia in both arms, a longer lasting tumor response for PBid cough were superior for PDT over Nd-YAG in the European
(32% at 1 month versus 20% for Nd-YAG), and more completgoup but similar in the U.S./Canada group.
responses (negative endoscopic biopsies) for PDT than for Nd-It was concluded that PDT is superior to Nd-YAG for relief
YAG (9 versus 2). of dyspnea, cough, and hemoptysis. Overall, adverse reactions
In certain subgroups, objective responses were higher feere similar for PDT and Nd-YAG (73% PDT, 64% Nd-YAG)
PDT than for Nd-YAG in the upper and lower third of theand 20% of patients in the PDT group experienced a photosen-
esophagus as well as for tumors larger than 10 cm, but thitivity reaction due to lack of compliance with precautions.
number of patients in these groups was too small for statistical There was a prospective trial of PDT plus radiotherapy versus
significance. Fewer procedures were required for PDT (meeadiotherapy alon€l71)with 41 randomized patients. The ob-
1.5) than for Nd-YAG (2.4). Overall, median survival was thstructed airway in only 10% of patients was completely opened
same for both groups. There were more adverse reactions inblyeradiation therapy alone, whereas 70% of patients achieved
PDT group (92%) than in the Nd-YAG group (82%) but theomplete reopening when PDT was added to the radiation
withdrawal from the study because of adverse reaction was sitthierapy.
lar in the two arms. There were significantly more esophageal (b) Early stage lung cancer.PDT appears to be particularly
perforations in the Nd-YAG group (7%) than in the PDT arnapplicable to treatment of early stage lung cancer, since it pres
(1%). Sunburn reactions were confined to the PDT group (19%grves lung function, can be repeated as additional tumors ag:
and were all mild in nature. Efficacy of the two therapies wagsear (such patients are at high risk for developing new tumors)g
equivalent; severe adverse reactions occurred at the same ratnh does not preclude ultimate surgical intervention if deemec§
both treatments except for the more frequent occurrence of peecessary. In patients with early stage lung tumors less than 2
foration in the Nd-YAG treatment. PDT was considered morem, the incidence of lymph node metastasis was low to nonex=
comfortable for the patient, was easier to perform than Nd-YAGtent, indicating the appropriateness of conservative treatments
ablation, and was especially advantageous in situations whgr@2). 2
Nd-YAG is difficult to carry out due to morphology or tumor Edell and Cortes€l73)have reported a group of 13 patients
location. with 14 early stage lung cancers. These patients received 20
400 J/cnt of 630 nm irradiation 2—4 days following injection of &
Bladder Cancer 2.5 mg/kg HPD. Eleven tumors showed a complete responsé

after a single treatment and the remaining three after a secorigl

Erophylactlc treatment for p:_:\plllary t.umors. Thg trial re __treatment; 77% of the tumors showed no recurrence after 7—48.
sulting in approval for Photofrin-PDT in Canada in 1993 in- : s . 3
. . months. No substantial complications were observed in the pag:

volved a prophylactic PDT treatment following transurethral r o

. . . . uretratl Sents. Three patients had a mild sunburn reaction. The authorg
section of papillary bladder tumors in patients at high risk for . . 8

L oo conclude that PDT may be an alternative to surgery for patient
recurrence. While final results of this trial have not been pu S

. o . : with early squamous cell carcinoma.
lished, a preliminary report was given in 19¢169). A 1-year . .
follow-up of 34 patients indicated recurrence in 81% of patienfs Furuse et al(174)reported on 54 patients with 64 early stage

. . . .[ting cancers using Photofrin (2.0 mg/kg) and 630-nm illumi- ©
in the control group (no PDT following resection) and 39% 'rﬁat?on of 100_203 3J/cfn Of 5£(9 tumogrs %t)ssessable 50 were S
the PDT arm. Median time to recurrence was 91 and 394 daé/s . . A ’ S

onsidered a complete response, six were partial responders, and

for the cqntrol am_j PDT group, respec_:tively. Photoser!sitivi%ree had no response. Five of the complete responders had
occurred in one third of patients and urinary symptoms in 93reocurrence at 6-18 months after treatment. A predictor of re€

of patients receiving PDT. . : sponse was the length of the tumor with those less than or equal
Because of severe and long-lasting side effects, Nseyo et .
. t6 1 cm obtaining a 97.8% complete response and only 42.9% of
(170)suggested multiple treatments at lower drug dose to redyce e .
o : . timors greater than 1 cm achieving this response. The overaf
the incidence and severity of symptoms following PDT for su- . . . >
erficial bladder cancer (see below) survival of patients was 50% after approximately 3 years. =
P ' Kato et al.(175) described a study involving use of Photo- g
Lung Cancer frin—PDT on 95 lesions in 75 patients with early lung cancer’®
treated. The complete response rate was related to the tumor
(a) Advanced non-small-cell lung cancerA prospective, size, with complete response rate of 96.8% for lesions less than
randomized trial of PDT versus Nd-YAG ablation for partially0.5 cm, but only 37.5% for greater than 2 cm. The overall 5-year
obstructive lung cancer has been reported. This included datavival rate for all 75 patients predicted according to Kaplan—
from 15 centers in Europe (141 patients) and 20 centers in tkieier analysis was 68.4%.
United States and Canada (70 patients). In the European trial,
40% of patients had prior therapy while all patients in the U.S9ending Photofrin Trials for Regulatory Approval
Canada trial had prior therapy. Tumor response was similar
for both therapies at 1 week, but at 1 month, 61% and 42% Bérly Stage Esophageal Cancer
PDT patients were still responding in the European and U.S./
Canada trial, respectively, whereas for the Nd-YAG, 36% and This disease often occurs in conjunction with Barrett's
19% were responding in the two trials. There were 12% and 68ophagus, a condition of replacement of the esophageal squa-
of PDT patients versus 3% and 5% of Nd-YAG patients whaous epithelium by stomach glandular epithelium as a result of

achieved a complete biopsy-proven response in the Europeaid reflux. Patients with Barrett's esophagus are at risk for

peoey/
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development of esophageal cancer for which the usual proceddneg-resistant superficial bladder cancer, a group at high risk for
is an esophagectomy, a surgical procedure with high mortalityuscle invasion often requiring radical cystectomy with its at-
and morbidity. tendant complications [reviewed {{178)]. Some investigators
The largest PDT study was carried out on 55 patients wittave concluded that in most trials of bladder cancer, the PDT
superficial esophageal canddi76). A 6-month follow-up after treatment is overly aggressive (2.0 mg/kg Photofrin, 15 3/cm
PDT indicated 24 of 36 patients with initial high-grade dysplasiahole bladder) and results in long lasting and severe urinary
and Barrett's esophagus had no dysplasia, and seven hadsymptoms. Recently Nseyo et é1.70) have suggested that three
residual Barrett’'s esophagus. Three of 36 patients with higless aggressive treatments be given every 6 months based on
grade dysplasia showed no response to treatment and nine weed results (12 of 14 treated patients had complete responses)
converted to low-grade dysplasia. Eleven of 12 patients presesittained in patients receiving 1.5 mg/kg Photofrin with 15 Jcm
ing with low grade dysplasia had no dysplasia and six had mdere bladder contracture has been avoided and symptoms have
residual Barrett’'s esophagus after treatment, six of six patiebien minimized and reduced to a period of approximately 2
with a T, cancer had complete response and three had no weeks.
sidual Barrett's esophagus. One patient with,&dncer also had
no remaining disease; one with low-grade dysplasia showed Agljuvant Therapy Procedures
curring low-grade dysplasia after 6 months. The technique in-
volves injection of 2.0 mg/kg Photofrin with light delivery 48 (a) Brain tumors. Both groups of Muller(179) and Kaye
hours later. In some patients, a balloon catheter was used 3, 5180) have had long-standing programs to combine PDT with3
7 cm in length in which the light delivery fiber with a diffuser ofresection of brain tumors (mainly glioblastoma or astrocytoma).§
appropriate length was centered. The balloon allows proper didiese tumors are difficult to control by surgery alone, sincez
tention of the esophagus and assures uniform light deliverydome tumor cells exist beyond the operative bed; PDT afteli
the affected areas. Complications included stricture in 29 pasection may destroy these cells. In Muller's study of 56 pa-5
tients that required dilation to resolve, although the frequency tiénts with recurrent tumors, all of whom had failed radiationg
this complication appears to be less using larger balloons ththerapy, the mean survival time for patients receiving PDT form
with the bare diffuser or shorter balloons. Photosensitivity wagioblastoma, malignant astrocytoma, and mixed astrocytomaﬂé
of low frequency. For PDT versus surgery, mortality was 0%ligodendroglioma was 30, 44, and greater than 61 weeks, re.o
and 6%-14%, respectively. Moreover, PDT is an outpatient prepectively. For patients undergoing surgery alone, survival wag
cedure versus 1.5-3 weeks in hospital for surgery and a recovenyy 20 weeks. The survival of patients with malignant astrocy-3
time of 3 weeks for PDT versus 2—4 months for surgery. Thema was related to light dose, with those receiving a total of%
estimated costs are approximately $20000 for PDT versgeeater than 1800 J (2.0 mg/kg Photofrin) surviving longer (642

O
o)
=

|u

$35000-95 000 for surgery. weeks median, 50% 1-year survival) than patients who received:
<1800 J (27 weeks survival, 33% 1-year survival). o
Head and Neck Cancers In Kaye's study (using HPD), there were 120 patients in total,<

38 with primary glioblastoma, 40 with recurrent glioblastoma, 3

Biel (177)has reported excellent results in treatment of earB4 with anaplastic astrocytoma, and 11 with recurrent anaplasti®
stage head and neck cancers. In this study, there were 29 patiaptsocytoma. The median survival was 24 and 9 months afte§
with cancer of the larynx (22 superficial), 32 patients with cartreatment for primary glioblastoma and recurrent glioblastoma
cer of the nasal cavity and pharynx, one of the nasal cavity, twespectively. Fifty percent of the patients with glioblastoma sur-z
patients with Kaposi's sarcoma of the palate, three patients wittved beyond 2 years. The median survival times have not beeg
cancer of the nasopharynx, and five with papilloma of the lareached for the other groups (follow-up to 8 years for anaplastic:
ynx-trachea. Patients received 2.0 mg/kg Photofrin, 48 houwstrocytoma). Survival appears to be longer when PDT is used il
prior to 630 nm light delivery via a microlens fiber at 50—7%onjunction with surgery plus radiation therapy; a conflrmatoryo
Jlent. For tumors greater than 3 cm, diffuser fibers were inprospective trial is underway in the United States and Canadag
planted and a dose of 100 J/cm fiber delivered interstitially. All (b) Head and neck cancersln the study of Biel(177) a g
22 patients with superficial cancer of the larynx achieved group of 10 patients with large head and neck tumors recurrent
complete response, with follow-up to 67 months (mean, 3fter surgery, radiation therapy, and chemotherapy received in-
months), as did all patients with oral, intranasal, or nasopharytraoperative PDT to the tumor following resection. With follow-
geal cancer, who were followed up for a maximum of 61 monthgp to 50 months, three patients demonstrated recurrent disease,
(mean, 33 months). Five patients with recurrent laryngeaWo of which were outside the PDT field. It was noted that PDT
tracheal papillomatosis exhibited an initial response to PDT adid not appear to interfere with wound healing.
month, but had evidence of disease recurrence by 6 months aftefc) Intrathoracic tumors. Tochner et al(181)and Pass and
PDT. Two patients required oral steroids for 5 days because@fnington(182)at the National Institute of Health pioneered the
sunburn. Pain varied from mild to severe and was adequatele of PDT as adjunct to surgery for pleural cancers, especially

controlled with oral analgesics. malignant mesothelioma. Following resection of as much tumor
as possible, the entire involved thoracic cavity is exposed to 630
Superficial Bladder Cancer nm light delivered 2 days following injection of 2.0 mg/kg Pho-

tofrin using intralipid as a diffusing medium. As a follow-up to
Although not yet approved for general use, there are sevettase studies, Takita and Doughe(fy83) have reported pre-
successful reports on use of PDT for treatment of recurrentloninary results for applying PDT as adjuvant to resection of
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malignant pleural mesothelioma. Forty-one patients underwesibcutaneous melanoma lesions undergoing complete response
pleurectomy or pleural pneumonectomy followed by PDT to theith minimal damage to overlying skin.

thoracic cavity (15-35 J/cfh 2 days following 2.0 mg/kg Pho- . o S

tofrin. The overall estimated median survival of all patients wa&enzoporphyrin Derivative-Monoacid Ring A (BPD-MA)

12 months, although patients with stage | and Il diseases had &3pp_ma has been in phase I/ll trials for treatment of skin

median survival of 37 months. cancerg187)but perhaps the most interesting application is the

(d) Intraperitoneal tumors. Delaney et al(184) have re- yeaiment of age-related macular degeneration, the commonest
ported a phase I trial of PDT following debulking surgery fog,,,se of plindness in people over the age of 50 years. In one

intraperitoneal tumors. The majority of patients had ovarian cajiy, it is characterized by leaky neovascularization near the
cer (22 of 54), peritoneal studding from sarcoma (13 of 54), Q€ ia that impairs vision. Current treatment involves the use of
gastrqlntestlnal carcinomatosis (eight of 54). Doses of Photoftflrma) lasers which can result in damage of the overlying retina
were increased from 1,'5 to 2.5 mg/kg, and |Ight.d.OSE.S rangh further loss of sight. With PDT, BPD-MA is infused and

from 2.8-3.0 J/crh delivered 48-72 hours after injection. INshortly thereafter, when the drug is confined to the vessels as
some patients, a boost of 15 Jfcof red light or 5-7.5 Jichof ' as possible, the drug is activated at 690 nm through an
green light was used. The green light appeared to reduce smialihaimoscope generally using a diode laser. This allows se-

bowel complications. Dose-limiting toxic effects (pleural effujgqtive closure of the leaky vessels without damage to overlyings
sions and gastric perforation) occurred in two of three patients {

i 2 X X NS8tinal tissue. In a preliminary report of 107 patie(it88) given 5
the highest dose of 5.0 J/¢rgreen light with boost. At a med|ana single treatment, 44% of the patients experienced improve

follow up of 22 months, 30 of 39 patients were alive and nine algsjon aithough reappearance of leakage was frequently found
disease free. Similarly, Glatstein and Hahn at the University gko 412 weeks. With the use of multiple treatments, it appear§

Penpsylvania ha\{e recgntly in?tiated a phase Il trial of intra0Rs4t this recurrence may be reductk®9). Phase Il trials for =
erative PDT for disseminated intraperitoneal cancers. health agency approvals have been completely in the United;
New Photosensitizers in Clinical Trials States and Europe with more than 500 patients. Filing for ap§
proval in the United States is expected in 1999 (a 1-year foIIow—‘:%’

Tin Etiopurpurin, SnET2 (Purlytin) up of patients is required). 3
o

. o

SnET2, a chlorin photosensitizer developed by Miravant Inéetra(m-hydroxyphenyl)chlorin, mTHPC (Foscan) 5

. . Q

(formerly PDT Inc., Santa Barbara, CA) currently is in phase Il This chlorin photosensitiz€i.90)is undergoing clinical trials 3

trials aimed at the U.S. FD,A approval for cut.aneousf metastz.a%cr head and neck cancer in Europe and the United States undé:r
breast cancer and Kaposi's sarcoma in patients with acquirgd

immunodeficiency syndrome. In a preliminary tr{aB5),which tﬁe sponsorsh|p of Scotia Pharmacegtlcal (Great Brltaln)._ Th|§
. ) . material appears to be the most active of all photosensitizer§
included basal cell carcinoma as well as metastatic breast cancer,, g . B

studied to date, requiring only very low drug doses (as little as3
treated at 1.2 mg/kg SnET2 followed 24 hours later by 2009/c ma/kg) and light doses (as low as 10 Fptor efficac =
(660 nm, dye laser or 664 nm, diode laser), 95%—-100% of bagéjr 9’kg 9 Y-

cell carcinoma lesions had responded 12 weeks post-treatmenrf)sJean etaklol)reported 27 patients, most with one or more

All metastatic breast carcinoma lesions responded in which 9 orly stage squamous cell carcinoma of the upper aerodigesti

of the lesions had complete responses and 4% were partial ngt, three patients with,or T, tumors, and one with Barrett's

. . ._esophagus with superficial adenocarcinoma. Most patients res
sponses. In the trial of Kaposi's sarcoma, 60% of the lesions. Lo . - 2
. ived a bolus injection of 0.3 mg/kg and 652 nm irradiation atq
were complete responses and 40% were partial responses. SO . e
. X N ; —12 J/cr generally 4 days after injection. All patients with &

number of patients in each of these optimized trials was ngrt

reported; 10%—-15% of patients experienced photosensitivity a2 nchial and esophageal tumors were treated under general

actions at one or more months after treatment and one pati%ﬂ?smes'a' Treatment of patients with 36 early tumors resulteg

i ho recurrences after a follow-up of 3—-35 months. Disease irg

\120$5/688/Z1

sion) only one of the four patients with advanced tumors was con-="
' trolled. Major complications included bronchial stenosis (one§
Lutetium Texaphyrin (Lu-tex) patient), esophagotracheal fistula (one patient), and occult per-

foration of the esophagus (two patients). The authors suggested

A phase II/lIl trial using Lu-tex is about to begin for treat-that the use of green light will reduce the complications without
ment of certain skin lesions. A preliminary repq@86) has saqnﬁcmg_ efflcacy..Twere patients expenenc_ed p_hototoxm re-
described some results from phase | trials involving various skitions within the first week after drug administration.
lesions (15 breast metastases, seven malignant melanomas, fivehis sensitizer curren_tly is und_ergomg early clinical trials for
Kaposi's sarcomas, and two invasive basal cell and two sqigad and neck cancers in the United States and Europe based on
mous cell carcinomas). Drug doses ranged from 0.6 to 7.2 mgﬂg&ults myolvmg a t_r|al _of six primary cases and seven patients
infused 3 hours prior to light treatment at 732 nm and 150 g]/CMeated with palllatl_ve intent. All showed excellent responses
from a dye laser or LED source. Of the 163 evaluated lesions'§fh follow-up ranging to 28 monthgl92).
all dpses, 48 (29%) were complete responses and 28 (.17%) -ﬁspartyl Chlorin e6 (NPe6)
partial responses. Severe pain was reported at the higher dose
range (7.2 mg/kg). Unlike most other photosensitizers, Lu-tex NPe6 is undergoing clinical trials in Japan under the spon-
appears to be highly selective for tumors versus normal skin wibrship of Nippon Petrochemicals for treatment of endobron-
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chial lung cancer. Results of this trial are not available at thiates of complete response of actinic keratosis (52 lesions), su-
time. Previous reports using NPe6 in skin cancers have showpétficial basal cell carcinomas (217 lesions) and nodular basal
to be an effective photosensitizer with little or no long termell carcinomas (237 lesions) were 89%, 86%, and 84%, respec-

cutaneous photosensitivi(}L93). tively (Warloe T: unpublished data). The high complete re-
sponse rates may be related to a high production of P-1202-
ALA-Based PDT and Diagnosis induced protoporphyrin IX in the lesions. Furthermore, P-1202

produces much less protoporphyrin IX in normal skin than in
ALA-induced endogenous photosensitization is a novel algsions, so that it leads to a high selectivity using this compound
proach to both PDT and tumor detection that utilizes the herfeeng Q: unpublished data). Generally, PDT with topical appli-
biosynthetic pathway to produce endogenous porphyrins, peation of ALA or its methylester has several potential advan-
ticularly protoporphyrin 1X, an effective photosensitizdi94— tages over conventional treatments. It is noninvasive, convenient
196).Heme is synthesized from glycine and succinyl CoA. Thand well tolerated by patients; can be applied repeatedly; and
rate-limiting step in the pathway is the conversion of glycine armgfoduces excellent cosmetic results regardless of lesion size.
succinyl CoA to ALA, which is under negative feedback control It is not yet fully understood whether there are side effects
by heme(197). Excess exogenous ALA, however, can bypassssociated with systemic ALA administration. It appears that
this control point and produce porphyrins that, when photoactiral administration of ALA (<60 mg/kg) or intravenous infusion o
vated, generate the photosensitizing effect for PDT and porplfy30 mg/kg) does not lead to any neurotoxic symptoms, al-=
rin fluorescence for photodiagnogi$94—-199). though some patients may have mild, transient nausea and/qr
There is a great variation of ALA-induced porphyrins in nortemporary abnormalities of liver functio§$98,200).Treatment §
mal tissues. Such tissue selectivity may be due to various cd-patients with oral cavity squamous cell carcinomas was re=
pacities of heme production or to different feedback contrpbrted; there were few complete remissions, but the treated are@s
mechanisms. Rapidly proliferating cells may produce mox# all other 12 patients with dysplasia lesions were healed with5
ALA-derived porphyrins, probably owing to a low activity or/out scarring. No patients had cutaneous photosensitivity after 4%
and a limited capacity of ferrochelataf95-200).This differ- hours(201).Barr et al.(202) obtained promising results in the g,
ential provides a biologic rationale for clinical use of ALA-treatment of five patients with high-grade esophageal dysplasia
based PDT. In 1990 Kennedy et 4lL95) first successfully in Barrett’'s esophagus. These results suggest that systemically
treated skin disorders with topically ALA—PDT. Since then, thisLA—PDT may have potential for the treatment of superficial 5
new approach has arisen a great interest and is now being studiettosal precancerous and cancerous lesions of the aerodigestige
intensively for its potential use for the treatment and/or detectitract without the risk of prolonged skin phototoxici(03).
of a large variety of superficial lesior{§$98,199). A preferential accumulation of ALA-induced porphyrins in
In a total of 826 superficial skin basal cell carcinomas treateoplastic cells provides the possibility of photodetection of the=:
with topically ALA-PDT in nine hospitals in Europe andporphyrin fluorescence in tumor cells. Such a procedure can bg,
Canada the weighted average rates of complete response, pastdiormed by means of fiberoptic point monitoring systems or of<
response, and no response were 87%, 5%, and 8% respectiflalyrescence imaging systems after topical, local internal or syss
(199).1n addition, promising clinical results have been obtaine@mic administrations of ALA or its esters. By using the fluo-
for a variety of skin superficial malignant and nonmalignamescence cystoscopy Kriegmair et §204) have observed a
lesions such as squamous cell carcinoma, Bowen’s disease, sharply marked red fluorescence induced by ALA in the urothe—~
cosis fungoides, psoriasis, e{d98,199).For example, DUSA lial carcinoma after intravesical instillation of 3% ALA solution.
Pharmaceuticals Inc. (Toronto, Canada) recently reported thea group of 104 patients with bladder carcinoma examined, the
results of two parallel phase Il clinical trials using Levularletection sensitivity of the ALA-based porphyrin fluorescence®
(ALA) for PDT of patients with actinic keratoses (a superficiatystoscopy was 96.9%, substantially higher than that (72.7%) of
benign lesion that can go on to squamous cell carcinoma) of tt@nventional white light cystoscop{205). ALA-induced por- ©
face and scalp. Two hundred forty patients, in total, receiv@thyrin fluorescence may also be used for photodetection 0‘5
topically either 20% ALA or a placebo for overnight followed byearly-stage lung carcinoma and malignant gliofh@9).
irradiation with blue light at 10 J/cfnIn the two trials, 86% and
81% of the treated lesions cleared after a single treatment, witlght
94% and 91% clearing after a second treatment, respectively.
This compared with 32% and 20% clearance with the placebo, Typically, fluences of 50-500 J/chof red light are needed in
respectively. Each trial was statistically significant (P<.001). clinical PDT with Photofrin (206). New sensitizers, e.g.,
The current protocols of the topical modality are, howevemTHPC, are usually more efficient, mainly due to larger ex-
far from ideal for the treatment of nodular skin lesions. In a totéihction coefficients in the red. Consequently, smaller fluences
of 208 nodular basal cell carcinomas treated in six hospitals te required, typically 10 J/cf(207). If the surface irradiance
average rates of complete response, partial response, andcexxeeds 200 mW/ct hyperthermia may contribute to the
response were 53%, 35%, and 12%, respectiy&8p). PDT PDT effect(208-212).For interstitial treatment with diffusing
with topical application of P-1202 (ALA methylester), a productibers inserted into the tumor, the hyperthermia limit is below
currently developed by PhotoCure AS (Oslo, Norway), has #00 mW/cm diffusing fiber(212). Hyperthermia and PDT
recent clinical studies shown promising results for the treatmenty act synergistically when hyperthermia is given after PDT
of skin lesions, particularly for the thick lesions (with prio213,214). Applying a nonhyperthermic surface irradiance
simple debulking procedure). Among 506 lesions treated tbé 100 mWi/cnt for 30 minutes, which is about a maxi-
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mum for practical applications, requires 0.27-2.7 W to provideer. Since relatively expensive light sources are required, it is
50-500 J/crhto a tumor area of 10 cmA metal halide lamp of hoped that the advent of diode lasers, not only for the new
250 W filtered carefully to eliminate heat can provide up to 5 Whotosensitizers, but now also for Photofrin, will mitigate the
of a 40-nm red light by use of an elliptic reflector and an allproblem. It should be emphasized that substantial aid in protocol
dielectric bandpass filtg215). Such a lamp can be coupled to alevelopment is being provided by both the pharmaceutical com-
0.5-cm diameter light guide out of the distal end of which oneanies involved in drug development as well as the device de-
can get up to 450-mW red ligi6). A 300-W short arc plasma signers. Thus, development of new drugs with limited skin pho-
discharge(216), or a xenon arc lamp of similar power, is exltosensitization, along with improved light sources, should aid in
pected to give a similar fluence rate of red light to the met&Pnvincing physicians that there is a compelling reason for them
halide lamp. This would hardly be enough for bladder PDT né® learmn and use what to most of them is still an unknown entity.
for treatment of a few cm of the oesophagus. Diode lasers givih§is Will only come with time as those who are considered to be
a few watts of red light down to 630 nig217) are now com- objective in their assessments indicate its utility to others.
mercially available and are probably the light sources of choice
if only one sensitizer is to be used. For surface irradiation lighg€ferences
lettlng diode arrays may be applied. However, for I_nveStlga_(l) von Tappeiner H, Jodlbauer A ber die Wirkung der photodynamischen
tional purposes one needs to vary the wavelength. Until recently, - (fiuorescierenden) Stoffe auf Protozoen und Enzyme. Deutsches Arc
dye lasers, which can give up to a few watts of light in the red  Klin Med 1904;39:427-87.
and near infrared region, have been the most widely used as IiQN?) Blum HF. Photodynamic action and diseases caused by light. New York:
; : ; ; Reinhold, 1941. Reprinted. New York: Hafner, 1964.
sources in PDT. For pumping the dye lasers, either argon I.On 3) Moan J, Berg K. The photodegradation of porphyrins in cells can be used=
Copper vapors, _or.frEquenCy'dOUbled Nd.'YAG lasers are bein to estimate the lifetime of singlet oxygen. Photochem Photobiol 1991;53:%
used. The sophisticated state-of-the-art light sources are pulsed s549-53. 3
lasers based on nonlinear crystal oscillators, so-called opticel) Dougherty TJ, Henderson B. Historical perspective: Schwartz S, Winkel-G
parametric oscillators, which can be tuned in a very wide wave- g‘a” J\_N'ﬂ:'pson RNL- '”\:(Hek”ijrsonl gV\:(kaorgherltggTszl efgms- Photo- &
. . . ynamic therapy. New YoOrK: iarcel Dekker Inc., 1-1o. )
length _reglon (220-2200 nn()218,219).'_l'he|r pOW?I’ is prob- (5) Moan J. Porphyrin photosensitization and phototherapy. Photochem Pho%
ably still not large enough for general clinical use in PDT. It has  topiol 1986:43:681-90. g
been claimed that lasers giving short pulses penetrate deeper intg) Dougherty TJ. A brief history of clinical photodynamic therapy develop- 2
tissue than CW |asersy because of transient b|eaching of tissue ment at Roswell Park Cancer Institute. J Clin Laser Med 1996;142219—212
chromophore$220) This needs verification. Under normal con- (7) Gomer CJ. Preclinical examination of first and second generation photo©

L. h . sensitizers used in photodynamic therapy. Photochem Photobiol 1991;54=
ditions it has been shown that copper vapor-dye lasers, diode ;93 107, P Y Y 3

arrays and filtered arc lamps give similar depths of PDT necrosigs) pass Hi. Photodynamic therapy in oncology: mechanisms and clinical use2.

(215). J Natl Cancer Inst 1993;85:443-56. '

Under some circumstances (e.g., to avoid perforation) it may(9) Peng Q, Mqan J, Nes_lan_d JM._Correlation of subcellular and intratumorals

be desirable to have a shallow penetration of the light. Then light photosensitizer localization with ultrastructural features after photody- =
L namic therapy. Ultrastruct Pathol 1996;20:109-29.

sources emitting shorter wavelengths should be used. For p(H.D) Henderson BW, Dougherty TJ. How does photodynamic therapy work?

phyrins, 410 nm light is expected to give better results than 630  photochem Photobiol 1992:55:145-57.

nm light down to about 1.5 mm in normal human skin and11) Salet C. Hematoporphyrin and hematoporphyrin-derivative photosensiti-
muscular tissug¢221). zation of mitochondria. Biochimie 1986;68:865-8.

(12) Murant RS, Gibson SL, Hilf R. Photosensitizing effects of Photofrin Il on £

. . the site-selected mitochondrial enzymes adenylate kinase and monoamirfé

Future Directions of PDT oxidase. Cancer Res 1987;47:4323-8. 2

(13) Sharkey SM, Wilson BC, Moorehead R, Singh G. Mitochondrial alter- o

" . . ations in photodynamic therapy-resistant cells. Cancer Res 1993;53:
Appearance of new photosensitizers being developed by vari- ;994 9 P y Y S

ous pharmaceutical companies will not only extend the NnUMbg{4) Henderson BW, Belinier DA, Greco WR, Sharma A, Pandey RK
of choices for treating those cancers already treated with Pho- Vaughan LA, et al. Arin vivo quantitative structure-activity relationship g
tofrin but extend the indications as well. An example is the for a congeneric series of pyropheophorbide derivatives as photosensitizy
application of PDT with BPD-MA for treatment of age-related __ &S for photodynamic therapy. Cancer Res 1997,57:4000-7.
macular degeneration and perhaps for rheumatoid arthritis tfgles) Tsuchida T, zheng G, Pandey RK, Potter WR, Belinier DA, Henderson

. ) . ! BW, et al. Correlation between site Il-specific human serum albumin
possible use of SNET2 or mTHPC for prostatic diseases, the (4sa) binding affinity and murindn vivo photosensitizing efficacy of
topical use of ALA or its methylester for dermatologic superfi-  some Photofrin components. Photochem Photobiol 1997;66:224-8.
cial lesions, and perhaps the application of PDT for treatment ¢6) Kessel D, Woodburn K, Gomer CJ, Jagerovic N, Smith KM. Photosen-

coronary artery diseases. However, the real challenge in the ;giiegiogn with derivatives of chlorin p6. J Photochem Photobiol B 1995;
future is gamlng physmlan _acce_ptance of PDT as a viable trea{l’?) Kessel D, Woodburn K, Henderson BW, Chang CK. Sites of photodam-
ment modality. This need is being met by the appearance of a " agein vivo andin vitro by a cationic porphyrin. Photochem Photobiol
variety of PDT courses which are organized by PDT centers, 1995;62:875-81.

notably the University of Louisville, KY, Grant Medical Center (18) Kessel D, Luo Y. Mitochondrial photodamage and PDT-induced apopto-
in Columbus, OH, and the Royal London Hospital (U.K.). There_ __Sis: J Photochem Photobiol B 1998,42:89-95.

. latively | | . inl ina h t v PDT (19) Berg K, Moan J. Lysosomes and microtubules as targets for photoche-
IS a relatively long learning curve in learning how to apply ’ motherapy of cancer. Photochem Photobiol 1997;65:403-9.

This relates, in part, to the potential for adverse reactions if lighto) Berg K, Steen HB, Winkelman Jw, Moan J. Synergistic effects of pho-
reaches normal tissues which have accumulated a photosensi- toactivated tetra(4-sulfonatophenyl)porphine and nocodazole on microtu-
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bule assembly, accumulation of cells in mitosis and cell survival. J Pho43) Boutin J. Tyrosine protein kinase inhibition and cancer. Int J Biochem
tochem Photobiol B 1992;13:59-70. 1994;26:1203-26.
(21) Moan J, Peng Q, Evensen JF, Berg K, Western A, Rimington C. Photo44) Gjertsen BT, Doskeland SO. Protein phosphorylation in apoptosis. Bio-
sensitizing efficiencies, tumor- and cellular uptake of different photosen- chim Biophys Acta 1995;1269:187-99.
sitizing drugs relevant for photodynamic therapy of cancer. Photocher(d5) Agarwal ML, Larkin HE, Zaidi SI, Mukhtar H, Oleinick NL. Phospholi-
Photobiol 1987;46:713-21. pase activation triggers apoptosis in photosensitized mouse lymphoma.
(22) Moan J, Pettersen EO, Christensen T. The mechanism of photodynamic Cancer Res 1993;53:5897-902.
inactivation of human cellg vitro in the presence of haematoporphyrin. (46) Xue LY, He J, Oleinick NL. Rapid tyrosine phosphorylation of HS1 in the

Br J Cancer 1979;39:398-407. response of mouse lymphoma L5178Y-R cells to photodynamic treatment
(23) Volden G, Christensen T, Moan J. Photodynamic membrane damage of sensitized by the phthalocyanine Pc 4. Photochem Photobiol 1997;66:

hematoporphyrin derivative-treated NHIK 3025 cefisvitro. Photobio- 105-13.

chem Photobiophys 1981;3:105-11. (47) Granville DJ, Levy JG, Hunt DWC. Photodynamic treatment with ben-
(24) Moan J, McGhie J, Jacobsen PB. Photodynamic effects onioelfisro zoporphyrin derivative monoacid ring A produces protein tyrosine phos-

exposed to hematoporphyrin derivative and light. Photochem Photobiol  phorylation events and DNA fragmentation in murine P815 cells. Photo-

1983;37:599-604. chem Photobiol 1998;67:358—-62.
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branes during photodynamic action. Photochem Photobiol 1990;51: rapid initiation of apoptosis by photodynamic therapy. Biochem Biophys

319-24. Res Commun 1996;221:72—6.
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