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Table 36.1. Overview of Indications for which PDT using Photofrin®
has been Approved*
Country

Canada

OVERVIEW
Photodynamic therapy is based on the concept (Fig.36.1) that (1)
certain photosensitizers can be localized (somewhat preferentially) in
neoplastic tissue, and (2) subsequently, these photosensitizers can be
activated with the appropriate wavelength (energy) of light to generate
active molecular species, such as free radicals and singlet oxygen
(1O2) that are toxic to cells and tissues. PDT is a binary therapy, and a
potential advantage of PDT is its inherent dual selectivity. First, selectivity is achieved by an increased concentration of the photosensitizer
in target tissue, and second, the irradiation can be limited to a specified volume. Provided that the photosensitizer is non-toxic, only the
irradiated areas will be affected, even if the photosensitizer does bind
to normal tissues. Selectivity can be further enhanced by binding photosensitizers to molecular delivery systems that have high affinity for
target tissue.14,15 For photoactivation, the wavelength of light is
matched to the electronic absorption spectrum of the photosensitizer

Papillary bladder cancer: Post-transurethral resection for
recurring superficial papillary bladder cancer as secondline treatment standard intravesical therapy has failed.
Esophageal cancer: Reduction of obstruction and
palliation of dysphagia for completely or partially
obstructing esophageal cancer.

HISTORY
Photodynamic therapy (PDT) is an emerging modality for the
treatment of neoplastic and non-neoplastic diseases. It is based on the
activation of certain chemicals, called photosensitizers, that have been
localized in target tissues. Although PDT has been seriously developed
for clinical use only relatively recently, the foundations of the concept
were laid as early as the beginning of the 20th century when Raab
noted that certain wavelengths of light were lethal to paramecia
exposed to acridine and certain other dyes.1 These observations were
followed by the work of von Tappeiner on the use of these dyes topically for the treatment of skin lesions.2,3 The most explored class of
chemical compounds in PDT today, the porphyrins, were investigated
by Meyer-Betz as early as 1913 for the accumulation of hematoporphyrin (HP) and its derivatives in rat tumors and PDT effects following systemic administration.4 The fluorescence from these compounds
was further investigated for diagnostic and tumor margin delineation
in the late 1940s and 1950s by Figge and colleagues.5 PDT in its current form can be viewed as having been initiated by the studies of
Lipson and Blades, who established that it was an impurity in HP that
was the tumor-localizing agent, and not the parent compound.6 This
led to the “synthesis” of hematoporphyrin derivative (HPD), a mixture
of porphyrins produced by the acid treatment of HP. The exact chemical composition and structure of this mix remain unclear, although
there is general consensus that the active portions consist of porphyrin
oligomers with ether and/or ester linkages along with monomeric porphyrins.7,8 HPD was further developed for laboratory and clinical
investigations through the efforts of Dougherty and colleagues in the
1970s and 1980s.9–11 Tumors in virtually every anatomic site have
been treated with PDT, and most are responsive to this therapy to some
extent. Although, to date, several thousand patients have been treated
with PDT for a variety of neoplasms, randomized clinical trials of this
modality were initiated only in 1987, using a purified form of HPD,
Photofrin® (PF).12,13 These first randomized trials, were sponsored by
Quadra Logic Technologies, Inc. (now QLT Phototherapeutics, Vancouver, Canada) and American Cyanamid Co. (Pearl River, New
York), and compared the efficacy of PDT with that of other forms of
therapy for bladder, esophageal, and lung cancers. Within the past 5
years significant progress has been made worldwide in obtaining regulatory approval for a variety of indications. Currently, PDT with PF
is approved in 10 countries (Table 36.1). Requests for approval for
treatment of several other indications with other photosensitizers have
been filed in the United States, Canada, and Europe and are pending.

Indication Statement

Endobronchial cancer: Reduction of obstruction and
palliation of symptoms for completely or partially
obstructing endobronchial non–small cell lung cancer.
Treatment of superficial endobronchial non–small cell
lung cancer when radiotherapy is not indicated.
The Netherlands

Treatment of endobronchial obstruction or endobronchial
mucosal lesions by non–small cell lung cancer or by
metastases of other tumor cells to the lung.
Treatment of malignant dysphagia caused by tumors
within the esophagus.

Japan

The following cancers in which an entire lesion can be
observed by endoscopy and laser light delivery is feasible:
1. In patients for whom curative therapy, such as
surgery, is impossible.
2. In patients whose function of the uterine cervix and
lung function need to be retained and there is no
therapy except PDT:
Early lung cancer (stage 0 and I); superficial
esophageal cancer; superficial gastric cancer, early
cervical cancer, and dysplasia.

United States

Palliation for completely or partially obstructing esophageal
cancer, where Nd:YAG laser therapy is not possible.
Reduction of obstruction and palliation of symptoms for
completely or partially obstructing endobronchial
non–small cell lung cancer.
Treatment of microinvasive endobronchial non–small
cell lung cancer, where surgery and radiotherapy are not
indicated.

France

Treatment of recurrences of non–small cell bronchial
cancer or esophageal cancer which have been previously
treated loco-regionally.

Germany

Curative treatment for histologically proven non–small
cell endobronchial early carcinomas, where surgery or
radiotherapy is not indicated.

United Kingdom

Palliative treatment of obstructing endobronchial
non–small cell lung or obstructing esophageal cancer.

Finland

Obstructive endobronchial non–small cell lung and
obstructive esophageal cancer in patients, in whom
conventional treatment is unsuitable.

Iceland

Treatment of superficial endobronchial non–small cell
lung cancer, where surgery or radiotherapy is unsuitable.
Palliative treatment of obstructing endobronchial
non–small cell lung and obstructing esophageal cancer.

Denmark

Palliative treatment of obstructing endobronchial
non–small cell lung and of obstructing esophageal cancer.

*Courtesy: QLT Photo Therapeutics Inc., Vancouver, British Columbia, Canada.

so that photons are absorbed by the photosensitizer and the desired
photochemistry can occur. Except in special situations, where the
lesions being treated are very superficial, the range of activating light
is typically between 600 and 900 nm. This is because endogenous molecules, in particular hemoglobin, strongly absorb light below 600 nm
and therefore capture most of the incoming photons.16 The net effect
would be the impairment of penetration of the activating light through
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the tissue. The reason for the 900 nm upper limit is that energetics at
this wavelength are not sufficient to produce 1O2, the activated state of
oxygen, perhaps critical for successful PDT.
This chapter provides an overview of the field; excellent reviews
and texts on this topic exist.17–18 In particular, the reader is referred to a
recent review by Dougherty and colleagues.13 A brief introduction to
the relevant photochemistry is given in the next section so that the conceptual basis of PDT may be better understood. While spatial control of
illumination, mentioned above, provides specificity of tissue destruction, it can also be a limitation of PDT. Target sites must be accessible
to light delivery systems, and issues of light dosimetry need to be
addressed.20 In general, the amenability of lasers to fiberoptic coupling
makes the task of light delivery to most anatomic sites manageable,
although precise dosimetry remains complex and elusive. The effective
penetration depth, δeff, of a given wavelength of light is a function of the
optical properties, such as absorption and scatter of the tissue being
interrogated. The fluence (light dose) in a tissue is related to the depth,
d, as: e-d/δeff. Typically, the effective penetration depth is about 2 to 3 mm
at 630 nm and increases to 5 to 6 mm at longer wavelengths (700–800
nm).21 These values can be altered by altering the biologic interactions
and physical characteristics of the photosensitizer; however, the relationships are complex. Factors such as self-shielding and photobleaching (self-destruction of the photosensitizer during the PDT) further
complicate precise dosimetry. In general, photosensitizers with longer
absorbing wavelengths and higher molar absorption coefficients at
these wavelengths are more effective photodynamic agents.
From a practical point of view, characteristics of the given photosensitizer most relevant to PDT are its concentration, c (measured on a
spectrophotometer), and the extinction coefficient, ε, which are related
by the relationship: A= ε c l, where A is the absorption value determined spectrophotometrically, and ε is the molar extinction coefficient
and can be viewed as a measure of efficiency with which the molecule
absorbs light of a given wavelength. It is a characteristic of the absorbing chemical species at a specified wavelength under defined conditions, such as solution and solid. In the above equation, l is the pathlength of light. (In practical terms, this is the width of the cuvette used
for determining the absorption values of the photosensitizing agent).
LIGHT ABSORPTION AND PDT-RELEVANT
PHOTOCHEMISTRY
Light is a form of electromagnetic radiation that covers a wide
range of wavelengths, λ, between radio wavelengths in the meter (m)
range to gamma rays with wavelengths around 10-11 m. Visible light,
most relevant to PDT, covers the limited range of 4 to 7 × 10-7 m
(400–700 nm). The energy content (E) of light is related to the wavelength of absorption by E = hn = hc/λ, where h is Planck’s constant
(6.63 x 10-34Js), v is a single frequency, c is the speed of light in
vacuum (3.0 x 106 m/s), and λ is a single wavelength. When light is
absorbed, the energy of the absorbed photons causes the absorbing

Figure 36.1. A simplified representation of events in photodynamic
action. Appropriate energy photons are absorbed by light-activable molecules, photosensitizers (PS). Activated PS (PS*) leads to the formation of
reactive molecular species that cause cytotoxicity.

molecule to be electronically excited. (Other processes, such as scatter and reflection, not discussed here, may also occur). This excitation
energy may be converted into heat (kinetic energy) by the collision of
the excited molecule with surrounding molecules by radiationless
decay. Alternatively, it may be re-emitted as fluorescence. The electronic energy levels between which transitions occur by absorption of
ultraviolet-visible light (λ = 200–700 nm) may be represented by the
simplified energy level diagram presented in Fig.36.2.
The electronic states are represented by the singlet states S0 to S2
and the triplet states T1 and T2. (A detailed discussion of the distinction
between the singlet and the triplet states is beyond the scope of this chapter. For the purposes of the present discussion, these are two “magnetically” different excited energized states and arise as a quantum mechanical consequence of electron spin.) With conventional light sources,
typical absorption of light by a molecule involves a single photon exciting the molecule to the first excited singlet state S1. From this energized
state the molecule may initiate photochemistry (depending on the chemical structure) or intersystem cross to an electronically different excited
state, the first triplet state T1. From S1, the excited molecule may also
relax back to S0 by radiationless decay and generate heat or may re-emit
radiation as fluorescence, which may be used for diagnostic purposes.
In general, T1 is longer lived and chemically more reactive so that the
biologically relevant photochemistry is often mediated by this state. T1
can initiate photochemical reactions directly, giving rise to reactive free
radicals, or transfer its energy to the ground state oxygen molecules
(3O2) to give rise to excited singlet state oxygen molecules 1O2. This
excitation to produce 1O2 requires at least 20 kcal/mole, which places
limits on the wavelength of absorption of the photosensitizer. If the energetics are appropriate, photo-oxidative reactions may occur by 1O2
mediation. This photodynamic mechanism of cytotoxicity is the generally accepted one for most photosensitizers currently under investigation, although other competing mechanisms exist. T1 can also potentially relax to S0 by radiationless decay or by radiative decay as
phosphorescence. Under special circumstances (short pulse, high intensities of irradiation), the upper excited states may be populated, and
complex photophysical and photochemical processes may originate
from these states,22,23 resulting in increased or decreased phototoxicity,
which may include oxygen-independent mechanisms.23
PHOTOSENSITIZERS
There are a fairly large number of photosensitizers under preclinical development at the present time. No attempt is made in this chapter to cover all these comprehensively. The reader is referred to the

Figure 36.2. A simplified energy level diagram for the photoexcitation of
a molecule. S0, S1, and S2 represent singlet electronic states of the molecule.
Absorption of a photon (depicted by hν) results in the excitation of the
absorbing molecule from the ground singlet state, S0, to the first excited
singlet state, S1. Photochemistry may occur from S1 directly or from the
first triplet excited state, T1, which is generated after intersystem crossing.
The molecule can relax back to S0 from either S1 or T1, which is generated
after intersystem crossing. The molecule can relax back to the ground state
S0 from either S1 or T1 radiatively or nonradiatively. knr , kisc, kf , and kp represent rate constants for nonradiative decay, intersystem crossing, fluorescence, and phosphorescence, respectively. In general, with conventional
light sources, only S1 and T1 are populated. With high-intensity, pulsed irradiation or with two-wavelength excitation the upper excited states, such as
S2 and T2, may also be populated, giving rise to different photochemistry.

Table 36.2. Selected Non-PF Photosensitizers and Experimental
Clinical Studies*

Photosensitizer†

Cutaneous
Lesions

ALA-PpIX
BPD-MA
Porphycenes
MACE
Tin-etio-purpurin
mTHPC
Pc4
Lutetium Texaphyrin

X
X
X
X
X
X
X
X

Early Upper
Aerodigestive,
Esophagus,
Bronchus

X

X
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Gynecology
(Endometrial,
Cervical,
Other
Vulvar)
Applications

X

X
X

X
X
X

= δ-aminolevulinic acid-induced protoporphyrin IX;
BPD-MA = benzoporphyrin derivative monoacid A; MACE = mono-aspartyl chlorin e6;
mTHPC = meta-tetrahydroxphenylchlorin; Pc4 = a silicon phthalocyanine.
* This list is not meant to be exhaustive. Because PDT is rapidly expanding, there are
likely to be more applications than listed here.
† ALA-PpIX

many reviews existing.13,17,18,24,25 Only a few photosensitizers which
are in advanced stages of clinical development in the United States
are discussed.
ANIONIC LIPOPHILIC PHOTOSENSITIZERS By far the majority of clinical experience in PDT has been with PF, and for a long time, preclinical
studies were dominated by investigations using some form of moiety
HPD. Clinical results with PF have been promising, and this photosensitizer has received regulatory approval in a number of countries. However, it is plagued by prolonged cutaneous phototoxicity, which can last
up to 4 to 6 weeks. In addition, it is poorly characterized chemically and
has relatively low absorption in the wavelength region of therapeutic
interest (600–900 nm). These factors, plus an increase in the clinical
applications of PDT, have stimulated research in the synthesis and testing of new, non-PF photosensitizers24,25 and in improved methods of
localizing them.14,15 A significant number of new photosensitizers have
been synthesized and show promise in their initial testing. In addition to
avoiding nonspecific phototoxicity, their development has been motivated by the possibility of treating larger tumor volumes because of the
greater penetration depth of longer wavelengths of light. Therefore, the
properties that were aimed for in the development of these sensitizers
were improved selectivity, longer wavelengths of light absorption, and
increased extinction coefficient (molar absorptivity) at these wavelengths. Currently there may be over 30 photosensitizers in laboratory
investigations, all of which are tetrapyrrole compounds. A selected few
compounds that are being tested preclinically and clinically are summarized in Table 36.2 and the chemical structures with relevant photophysical properties for some are presented in Fig.36.3.
In general, these newer compounds show somewhat improved
selectivity for tumor over normal tissue compared to PF and consequently have reduced associated cutaneous phototoxicity. For some, the
pharmacokinetics are reasonably rapid with plasma half-lives that are
often biphasic, with values ranging from a few hours to up to a few
days. They also have superior photochemical properties in terms of the
absorption at longer wavelengths and corresponding extinction coefficients. For example, the chlorins have red-shifted absorption spectra
(λmax 650–670 nm, compared with 630 nm for PF26 and extinction
coefficients in the 3 to 5 x 104 M-1cm-1 range compared with the estimated values of 1.5 x 103 M-1cm-1 for PF. Of the newer photosensitizers, the most developed is benzoporphyrin derivative monoacid A
(BPD-MA). For clinical applications, this molecule is liposomally formulated and has good absorbance at longer wavelengths (see Fig.36.3).
BPD-MA has shown encouraging results in the phase I-II clinical studies for the treatment of cutaneous malignancies (both primary and
metastatic lesions). However, due to its effectiveness in the obliteration
of neovessels, this compound is being aggressively developed by QLT
Phototherapeutics and Ciba-Vision as a first-line treatment for agerelated macular degeneration (AMD) of the eye.27,31 This direction was
stimulated by a series of preclinical studies,32,33 where intraocular

tumors implanted in rabbit eyes were used as a model for neovasculature. These studies showed that the very efficient destruction of these
tumors could be attributed primarily to the destruction of the tumor
vasculature (neovasculature?); the established choroidal vessels
remained largely intact. At the time of the writing of this chapter, filings have been made in Europe, Canada, and the United States for the
approval of BPD-MA in the treatment of AMD, approval was granted
in Switzerland and a panel of the FDA recommended approval in the
USA. It is anticipated that the development of this agent or its analogues for oncological indications will now be resumed.
CATIONIC PHOTOSENSITIZERS A different group of photosensitizers
that merits a brief mention are the cationic photosensitizers. In contrast to the porphyrins, which derive their PDT effect in large part via
destruction of the tumor vasculature, cationic photosensitizers are
suggested to be cellularly localized molecules and to act at the tumor
cell level. It is believed that the basis for their preferential accumulation in tumor tissue is that the electrical potential across the mitochondrial membrane in tumor cells is much steeper than in normal
cells.34 This steep gradient leads to a high accumulation in tumor cells
of compounds with a delocalized positive charge. The best developed
of the series are the benzophenothiazinium dyes.35,36 In systematic
investigations of these dyes, Cincotta and colleagues showed high cure
rates in two animal models of sarcoma, using the cationic photosensitizer 5-ethylamino-9-diethylaminobenzo[a]phenothiazinium chloride
activated with 652 nm irradiation.36 Minimal damage to surrounding
and overlying skin tissue was observed, pointing to the selectivity of
this compound. Histologic and fluorescein dye exclusion data indi-

Figure 36.3. Chemical structures of selected photosensitizers. λmax, the
PDT-relevant maximum absorption wavelength, and ε, the corresponding
extinction coefficient, are indicated. Most of the above molecules have
their strongest absorption in the 400 nm region (Soret band). This wavelength is generally not useful for clinical applications because of the strong
absorption by hemoglobin. In addition, there are other, smaller absorption
peaks between 500 nm and 600 nm, some of which are being explored for
PDT; however, these are also expected to have strong interference from
hemoglobin absorption. For PF/HPD, indicates the uncertainty of chemical structure for these entities.
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cated minimal damage to the irradiated vasculature within and surrounding the tumor. Cellular uptake of these compounds appears to
occur rapidly, within seconds. In an attempt to combine vascular and
cellular effects, a benzophenothiazinium sensitizer and BPD-MA
were used in PDT of EMT-6 tumors in Balb/c mice. The treatment produced a synergistic effect, compared with the single treatments.37
Using the iodinated form of the cationic photosensitizer, it was shown
that the antitumor effect was mediated by both T cells and NK cells,
indicating that PDT can elicit antitumor protective immunity.38 These
preclinical studies may be useful in various clinical settings and are
currently under development.
δ-AMINO-LEVULINIC ACID-BASED PDT Typically, in the application
of PDT, presynthesized sensitizers are administered, followed by a
delay period that, depending on the photosensitizer, may vary from 30
minutes to 7 days. The rationale for the shorter times is that the photosensitizer is largely in the bloodstream during irradiation so that a
shut-down of the tumor vasculature may be achieved. At longer
delays, the photosensitizer is expected to be cleared from normal tissues, and there is some preferential retention in tumor tissue; light
activation then leads to photocytotoxicity, as already discussed (see
Figs 36.1 and 36.2).
Recently, there has been much interest in a different approach to
PDT where, instead of a photosensitizer being administered in a synthetic form, a precursor is administered, and the photosensitizer is synthesized in situ in tumors. This is the case with δ-aminolevulinic acid
(ALA). ALA is a naturally occurring precursor in the biosynthetic
pathway for heme production, as shown in Fig.36.4. The last step in the
biosynthetic route involves conversion of protoporphyrin IX (PplX), a
photosensitizing species, to heme (a nonphotosensitizing agent).
Under physiologic conditions, cellular heme synthesis is regulated in a
negative feedback control of the enzyme ALA synthase by free heme.
ALA synthase then becomes the rate-limiting step. Fig. 36.4 depicts
the heme pathway under normal conditions and under exogenous ALA
exposure. When exogenous ALA is added, the control mechanism is
bypassed, and downstream metabolites are synthesized in excess.
Under these conditions, ferrochelatase, which catalyzes iron insertion
into PpIX, becomes the rate-limiting enzyme. Following the addition

Figure 36.4. The biosynthetic pathway for the production of heme. The
enzymes and metabolites are located in the mitochondria (M) and the
cytosol (C). Heme negatively regulates ALA synthase at several points,
two of which are shown in the figure. Exogenous ALA induces excess formation of heme precursors, including PpIX that can be utilized for photosensitization (depicted by the thick blue line). (N) nucleus where transcriptional control occurs. For color, see Plate 11, Figure 36.4.

of exogenous ALA, the low physiologic rate of iron insertion by ferrochelatase is unable to compensate for the excess PpIX that is formed.
PpIX, therefore, accumulates in cells and renders them photosensitive.
ALA-based PDT has been used primarily in the treatment of nonmelanoma skin cancers because of the skin’s accessibility to light
treatment and the availability of a preparation of ALA for topical
use.39 In this indication, ALA-based PDT compares well with other
forms of PDT and likewise has favorable patient acceptance due to
excellent cosmetic results.40 While cutaneous lesions are easily sensitized with topical preparations, other tumor locations need systemic
sensitization by ingestion of ALA doses up to 60 mg/kg body weight.
For PDT of oral cancer, systemic ALA photosensitization has been
successful.41,42 Patients with Barrett’s esophagus, precancerous dysplasia and early esophageal carcinomas are being efficiently treated
with oral ALA-based PDT.43 In this specific indication, selective PpIX
accumulation in the epithelium seems to help prevent strictures that
were a complication of PDT with PF.44
Although therapeutic indications are expanding, the use of ALAinduced PpIX (ALA-PpIX) has gained much interest in diagnostics.
PpIX fluorescence is being developed for the detection of early malignancies, carcinomas in situ, and cancer precursor lesions. By minimally
invasive diagnostic procedures, accessible organs, such as the bladder,45
oropharynx and lungs,46,47 upper and lower gastrointestinal tract,48,49
uterus and cervix50 are being viewed with optical devices, and ALAPpIX fluorescence is used to detect suspicious areas for guided biopsy
and therapy. In urology, ALA-PpIX is used for the early diagnosis of
urothelial dysplasia and carcinoma. An image from a cystoscopic examination of the bladder is shown in Plate 11, Fig. 36.5. In this case, the
ALA is administered locally by instillation and remains for about 2 hours
in the bladder. Subsequently, the bladder wall is examined by using a
modified cystoscope that allows regular illumination and blue-light excitation for observation of porphyrin fluorescence. With white light, the
lesion can be barely distinguished, while blue light–induced ALA-PpIX
fluorescence clearly demonstrates the outline of the neoplasia. In larger
patient groups, this use of ALA significantly enhanced the cystoscopic
detection of malignant and dysplastic lesions.45 ALA-PpIX fluorescence
has also proven useful for the determination of tumor margins. Most
recently, ALA-PpIX fluorescence-guided resection of malignant
gliomas51 has been reported to result in prolonged patient survival.52
In contrast to most tetrapyrrole photosensitizers, ALA-PpIX localizes in cells (where it is synthesized) rather than in the tumor vasculature.40,53 The effects of exogenous ALA cannot be imitated by administration of presynthesized PpIX.17 ALA54 and ALA-PpIX41 are
rapidly cleared from the system, which results in an acceptably short
period (< 24 h) of cutaneous photosensitivity. This is viewed as an
advantage over some of the other photosensitizers where light protection may be required for several weeks.
Concurrent with clinical studies in humans, there has been much
experimental work in cell culture and in animals aimed at understanding the mechanisms of ALA-based PDT, in order to develop strategies
for more effective clinical response.55–57 At present, our knowledge of
the mechanisms involved in ALA-based PDT is limited. For example,
the reason for preferential ALA uptake and conversion by tumors and
dysplastic tissue is not clear. No matter how good the delivery of ALA
may be, the formation of PpIX requires the activity of several enzymes
(see Fig. 36.4), the manipulation of which presents an opportunity to
improve PDT. At this point, the relative importance of various enzymes
seem dependent on the tumor/tissue type. For example, it has been proposed that some tumors contain lower levels of ferrochelatase, resulting in enhanced ALA-PpIX accumulation. A reduced availability of
iron reduces heme formation by ferrochelatase, and iron metabolism
has been shown to play a role in ALA-based PDT.58,59 There is some
indication that porphobilinogen deaminase is another important
enzyme and is upregulated under exogenous ALA stimulation.60
Proliferating tissues and malignant cells are generally considered
more efficient in ALA-PpIX formation,56 but recently an inverse relationship has been documented, in which growth arrest was associated
with differentiation. In differentiating (growth-arrested) primary keratinocytes, an increased production of ALA-PpIX was accompanied
by an upregulation of co-proporphyrinogen oxidase at the mRNA

level,61 compared with their nondifferentiated (proliferating) counterparts. The increased cellular PpIX content enhanced PDT efficacy.
The same increase of ALA-PpIX formation with cellular differentiation was also found in other cellular models of differentiation,61,62
including a human prostate cancer cell line (LNCaP). In the latter, differentiation was induced with a synthetic androgen receptor ligand,
which resulted in an up to 10-fold enhanced ALA-PpIX production
and led to enhanced photocytotoxicity. Plate 11, Fig. 36.6 shows a dramatic increase in the PpIX content differentiated in LNCaP cells by
confocal scanning fluorescence microscopy after 4 hours of ALA
exposure. Quantification showed a > 10-fold enhancement in the PpIX
content of the differentiated LNCaP cells over the undifferentiated
ones, along with an increase in PDT responsiveness. These findings
suggest a potential for a new combined therapeutic regimen, where
induction of differentiation precedes ALA-based PDT and makes
tumors more susceptible to photosensitization.
In order to improve the penetration of topically applied ALA and
improve selectivity, the development of ALA esters is being investigated. The cells take these up, and esterase hydrolysis yields ALA that
enters the heme pathway and induces PpIX production.63 ALA esters
have different molecular properties, which alter pharmacokinetics and
bioavailability. The expectation is that the altered properties will further improve the diagnostic and therapeutic potential of ALA-based
PDT. Several of these esters are at different levels of preclinical and
clinical investigations.64,65
PHOTOSENSITIZER TRANSPORT AND DISTRIBUTION
The accumulation of a photosensitizer in neoplastic tissue relative
to normal tissue depends on the photosensitizer, the normal tissue
being considered, and, in the laboratory situation, the animal tumor
model being investigated. The reason for the preferential accumulation
in tumor tissue compared with certain normal tissues not belonging to
the reticuloendothelial system is not clearly understood. It may be due
to the greater proliferative rates of neoplastic cells, poorer lymphatic
drainage, leaky vasculature, or some more specific interaction between
the photosensitizer and marker molecules on neoplastic cells. Other
factors, such as the secretion of vascular endothelial growth factors,
may be important in photosensitizer accumulation in tumor tissue.66
Immediate tissue effects following photodynamic treatment with porphyrins under the most frequently used protocols suggest that the tumor
vasculature is a primary early target.67,68 In the typical preclinical and
clinical protocols, most porphyrin photosensitizers appear to be localized in the tumor vasculature6769 These observations suggest a possible
specific interaction of the photosensitizers with tumor vasculature.
One such suggested specific interaction has been the low-density
lipoprotein (LDL) receptor–photosensitizer interaction leading to
increased photosensitizer concentrations in neoplastic tissue. It is suggested that LDL receptors on tumor cells and on tumor vascular
endothelial cells play a role in the uptake of photosensitizers, a role
that may be direct or receptor mediated. This is attributed to increased
expression of LDL receptors in malignant cells and neovascular
endothelial cells. The increased expression of LDL receptors in malignant cells may be due to either an increased rate of cell proliferation or
an increased rate of membrane turnover without proliferation. The
suggestion is that two classes of binding sites exist on lipoproteins for
porphyrins probably located in the apoprotein matrix and the lipid
core.70 LDL-associated photosensitizer is then targeted to cellular or
vascular components of the tumor. These conclusions are based
largely on photosensitizer pharmacokinetics and tissue distribution
studies with a number of photosensitizers, primarily PF the most frequently used photosensitizer clinically.
These pharmacokinetic investigations led to the general agreement that PF binds to both albumin and lipoproteins. Initially, the
binding occurs almost equally to LDL and to high-density lipoproteins
(HDL).70 At longer time periods, the binding occurs almost exclusively to HDL, with a small fraction being associated with LDL. The
thought is that association with LDL carries the photosensitizer to
tumor tissue. A correlation between LDL receptor level (in neoplastic
and reticuloendothelial cells) and PF distribution has been suggested.71 An approximate generalization based on such pharmacoki-
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netic studies with a variety of photosensitizers is that hydrophobic
dyes are associated with lipoproteins, while their hydrophilic counterparts bind preferentially to other serum proteins, such as albumin.72
The significance of this hypothesis was tested in a study by Kongshaug and colleagues for the distribution of porphyrins with different
tumor-localizing ability among human plasma proteins.73 The goal of
the study was to ascertain if there was any correlation between the
lipophilicity and LDL-binding capability and tumor-localizing ability.
The conclusion was that increasing lipophilicity did, in general,
increase binding to LDL (Table 36.3). Some exceptions were noted.
Protoporphyrin (PP) and HP bind to a similar extent to heavy proteins,
even though HP is significantly more polar than PP. Similarly,
tetraphenylporphine axial disulfonate (TPPS2a) binds more extensively to LDL than does the monosulfonated TPPS1, which is significantly less polar. This anomalous behavior was attributed to the asymmetric charge distribution on TPPS2a, which may cause a high affinity
for a lipid–water interface. The asymmetry of TPPS2a been previously
invoked by Kessel and colleagues as an explanation for their observation that the TPPS2a has a higher uptake in cells than does TPPS1.74
Additionally, the extent of binding to LDL did not always correlate
with tumor localization. It was noted that HP has a higher relative
affinity for LDL than does TPPS4 and that PP has an even higher affinity, but HP and PP are generally considered inefficient tumor localizers.75 PF has a relative affinity for LDL between that of HP and that
of PP but is a good tumor localizer. Similarly, TPPS4, with a very low
affinity for LDL and a relatively high affinity for heavy proteins, is an
efficient selective tumor localizer.75–77
In studies using both murine models and human plasma, Kessel
and colleagues78,79 demonstrated that a relatively hydrophilic compound N-aspartyl chlorin e6 (NPe6) bound largely to albumin and
HDL, and that only 1 to 2% bound to LDL. Insofar as successful
destruction of mouse tumors has been reported with NPe6,80,81 it is
clear that non-LDL modes of photosensitizer localization in tumor tissue are operative and important. In the case of NPe6, tumor destruction is believed to be dominated by vascular shutdown.81 Optimal
tumor necrosis was not obtained when tumors were irradiated at times
of maximal intratumoral photosensitizer concentration. Factors such
as binding to other proteins, aggregation properties, polarity, pH
effects, and the chemical nature of side-group photosensitizer and
metal ligands are probably equally important determinants of association with lipoproteins. Also, the photosensitizers in serum are probably in a dynamic state as they are transferred between various protein
fractions within the same serum.
The generalization that hydrophobic compounds are transported
in vivo via lipoproteins appears to be true for the photosensitizer family of benzoporphyrin derivatives (BPD) in experimental clinical use.
These compounds absorb strongly around 690 nm and are composed
of four structural analogues. The ring A monoacid analogue (BPDMA) has been the most developed of the series. Preclinical studies of
Table 36.3.

Distribution of Porphyrins among Human Plasma Proteins
Distribution (%)

Porphyrin

Retention time (min)
RPC18*

LDL

HDL

Heavy
Proteins

HP
PF
PP
TPPS4
TPPS3
TPPS2o
TPPS2a
TPPS1

~3
3.6–20
18
0.05
0.35
3.95
10.1
20.0

10
16
22
1–2
6
7
36
30

55
70
41
18
68
74
55
60

35
14
37
80
26
19
9
1

LDL = low-density lipoprotein; HDL = high-density lipoprotein.
* HPLC (high-pressure liquid chromatography) retention time is a measure of
hydrophobicity.
Data from Kongshaug et al.73
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BPD-MA biodistribution showed that the majority of the BPD-MA
(55%) was associated with HDL, 15% with LDL, 6% with albumin,
and 3% with VLDL.82 On the basis of these preclinical studies, a liposomal preparation of BPD-MA has been used in various phase I-III
clinical trials for a variety of pathologies.
BIOLOGIC MECHANISMS OF PDT
CELLULAR MECHANISMS The cellular mechanisms involved in PDT
have been studied extensively, and as with other modalities, these
depend on the specific conditions under which they are investigated.
These mechanisms have been reviewed recently,13,83 and only the
more recent developments are discussed below.
In complex environments, such as cells and tissues, the subcellular localization of the photosensitizer is important for effective photochemistry to occur. For electron transfer reactions, an interaction
between excited sensitizer and a donor or acceptor molecule is necessary; if these happen to be cellular targets, photobiologic effects occur.
Energy transfer reactions involving 1O2 require close proximity of
sensitizer and target, since 1O2 can diffuse only about 20 nm in cells,
due to efficient quenching in biologic environments.84 Therefore, the
cellular structures close to both a high sensitizer and a high oxygen
concentration will be preferentially damaged on illumination. Subcellular localization is mainly dependent on the physicochemical properties of the photosensitizer but may be altered by using specific delivery vehicles (see below) and modifying the status of the cell itself.61
In a series of studies, Kessel and co-workers have shown that sensitizers which localize in mitochondria are very rapid inducers of apoptosis, in contrast to photosensitizers localized in lysozomes and plasma
membranes.85–87 Plate 11, Fig. 36.7 shows the primarily mitochondrial localization of BPD-MA which, on photosensitization, induces
apoptosis efficiently (see below). For lysosomal photosensitizers, the
mode of cell death is dominated by necrosis, possibly due to the
release of lysosomal enzymes and other toxic moieties. There is, however, a possibility of lysosomally localized photosensitizer relocating
to mitochondria within the first few seconds of illumination, where
they may be considerably more phototoxic.88
Apoptosis induction by mitochondria- based photosensitizers is
an extremely rapid process and is shown in Fig. 36.8 and discussed
below.89 The mechanisms behind this rapid induction has now partly
been elucidated and, in general, are consistent with the hypothesis of
Liu and colleagues90 which proposes the release of cytochrome c from
mitochondria being a critical signal for the induction of apoptosis.
Following PDT with a different photosensitizer, a very early step is the
loss of cytochrome c into the cytosol.91–93 In addition, a rapid loss of
mitochondrial membrane potential is observed on PDT attributed to
the opening of the so-called mitochondrial transition pore.94 The loss
of cytochrome c after PDT results in a sharp increase of caspase (cysteine proteases acting on aspartic acid) 3 activity92 via complex formation with dATP, apoptosis-activating factor-1 (APAF-1), and procaspase 9, and subsequent cleavage of procaspase 9 can activate
procaspase 3.95,96 Caspase 3 is a key player in the induction of apoptosis and involved in the cleavage of a number of proteins,97 including
DNA fragmentation factor (DFF) and poly-ADP-ribose polymerase
(PARP). The latter are involved in the final steps of the apoptotic
process. Photodynamic treatment with the photosensitizers Pc4 (a sil-

icon phthalocyanine, see Fig. 36.3), BPD-MA, and aluminium
phthalocyanine (AlPc) has been shown to induce cleavage of PARP in
different cell lines.89,98,99 In addition, DFF activation was shown after
PDT.91 The very rapid induction of PARP cleavage in LY-R cells after
Pc4-mediated PDT, which is PDT dose dependent and can occur
within 10 minutes following illumination, is shown in Fig. 36.8.
Another aspect of PDT-induced apoptosis relevant to oncologic
applications is that it appears to bypass the usual pathways for apoptotic control. Bcl-2, a protein found in the outer membrane of the
mitochondria, is known to be an antiapoptotic moiety. The overexpression of this protein has been associated with chemotherapy and
radiation resistance.100,101 Consistent with these observations, it was
reported that in CHO cells, the presence of Bcl-2 partly protects
against apoptosis induction by photodynamic treatment with Pc4.102
This could be due to the known antioxidant effect of Bcl-2103 but also
due to its ability to interfere with calcium homeostasis, which has been
shown to play a role in photodynamically induced cell death.104 However, it is more likely that Bcl-2 is involved in the inhibition of the
cytochrome c release after PDT, known to be an important mechanism
of modulation of apoptosis by Bcl-2.105,106 Similarly, it was shown
that PDT with BPD-MA was less effective in apoptosis induction in
HL-60 cells overexpressing Bcl-2.99 In these cells the activation of
caspase 3 and 6 was also diminished, indicating again their key role in
PDT-induced apoptosis. In accordance with these results, it was shown
that blocking of Bcl-2 using retrovirus transfection with antisense Bcl2 increases the sensitivity of MGC803 cells to PDT-induced apoptosis.107 However, a reversal of the conventional inverse relationship
between Bcl-2 expression and apoptosis induction was shown in an
interesting recent study by Kim and colleagues.108 Using AlPc as sensitizer, an enhanced sensitivity of a Bcl-2–transfected breast cancer
cell line was demonstrated. This unexpected result was explained by
the simultaneous increase in Bax, a proapoptotic Bcl-2 family member. It was postulated that Bcl-2 might be preferentially damaged by
PDT, thereby increasing the Bax:Bcl-2 ratio which subsequently leads
to enhanced apoptosis. These observations are of significance in cancer therapy since, as mentioned above, overexpression of Bcl-2 is
often involved in resistance mechanisms against chemotherapeutic
agents.100
Studies by Mukhtar and colleagues109–111 show the involvement
of a different signal transduction cascade in growth arrest and apoptosis induced by PDT using Pc4. The WAF1/CIP1/p21 protein, which is
an inhibitor of cyclin kinases was induced after PDT. This induction in
turn, is believed to lead to the inhibition of cyclin D1 and D2 and their
catalytic subunits cyclin-dependent kinase 2 (cdk2) and cdk6. These
processes result in an arrest of the cells in the G0/G1 phase of the cell
cycle. It was suggested that the increase in WAF1/CIP1/p21 and the
subsequent induction of growth arrest was induced by nitric oxide
(NO), produced during PDT.111 In a follow-up study, it was shown that
PDT, using Pc4, can cause an hypophosphorylation of retinoblastoma
protein (Rb), and inhibit free E2F.110 E2F is a family of transcription
factors, which regulate the G1-S transition in the cell cycle, and its
inhibition causes arrest of the cells in the G0/G1 phase. This is the
final step in the cascade involved in cell cycle regulation that is
affected by PDT. Using cells transfected with the viral protein E6,
which abrogates p53 function, Fisher and colleagues112 showed that
PDT with PF caused hypophosphorylation of Rb and subsequent cell
cycle arrest. Growth arrest was independent of the p53 status of the

Figure 36.8. Kinetics of PARP cleavage in LY-R cells induced by PDT with
the photosensitizing agent Pc4 as a
function of light dose. LY-R cells were
exposed to 0.5 µM Pc4 and either 2.1, 3
or 10 kJ/m2 of red light. At the indicated times thereafter, cells were collected, subjected to SDS-PAGE, transferred and reacted with the 4C10-5
antibody. Source: He et al. Reprinted
with permission.89

cells, but the apoptotic response was clearly diminished in the cells
without functional p53. However, despite the abrogation of the p53mediated apoptotic pathway, the clonogenic survival following PDT
was similar for cells with wild-type p53 or cells with abrogated p53
function. Cells resistant to apoptosis might, therefore, still be sensitive
to PDT. Furthermore, a mutation in p53, which occurs in about 50%
of human tumors, does not seem to influence its sensitivity to PDT.
Besides the apoptotic pathways described above, other signaling
molecules have been implicated in the induction of apoptosis after
PDT, such as ceramide formed after activation of sphingomyelinase by
PDT.113–115 In addition, phospholipases A and C have been shown to
play a role in PDT-induced apoptosis.116 The modulating effect of different kinases on the apoptosis induction by PDT is not well understood, but several recent studies have implicated the stress-activated
kinases SAPK/JNK and p38/HOG1 in the control of apoptosis117,118
as well as the non–receptor–mediated tyrosine kinase Etk/bmx.119
Apart from a necrotic or apoptotic response, cells can also undergo a
rescue response after PDT, dependent on cell type, photosensitizer,
and PDT dose. Several stress proteins involved in cell rescue have
been shown to be upregulated following PDT: heat shock proteins,93,120,121 glucose-regulated proteins,122–124 and heme oxygenase.125 In addition, phospholipase A, prostaglandin E2, and cAMP
were implicated in cellular rescue responses after PDT.126–128
PDT has also been shown to regulate adhesion molecules,129,130
surface receptors such as major histocompatibility complex (MHC)
class I and II,131,132 and a number of cytokines.133–135 Cytokine induction by PDT has been shown to be under control of various transcription factors, such as AP-1 and NFkB.136 These cellular changes probably play a role in the induction of an immune response after PDT,
which is being exploited for developing new therapies.
IN VIVO MECHANISMS For most sensitizers in clinical and preclinical use, three primary mechanisms of PDT-mediated tumor destruction in vivo have been proposed: cellular, vascular, and immunologic.
The relative contribution of each depends, among other factors, on the
nature of the photosensitizer and its localization within the tumor tissue, tumor type (vascularity and macrophage content), and the time
after irradiation (which is one determinant of site of localization, e.g.,
vascular vs. parenchymal). The two most investigated mechanisms in
vivo are viewed as involving (1) direct tumor cell photoinactivation,
and (2) vascular destruction. The third, immunologic, is beginning to
be investigated intensively in many laboratories, and a substantial
understanding of this pathway can be anticipated in the near future.
The PDT response with any photosensitizer involves an interplay of all
pathways. For example, using in vivo–in vitro analyses, Henderson
and Dougherty137 have shown that the photosensitizer bacteriochlorophyll a has a direct cell-kill potential of ~50% at the end of the light
treatment and exhibits no vascular shutdown until 3 to 4 hours after the
termination of irradiation. On the other hand, with PF, vascular shutdown begins almost immediately after the initiation of light exposure.
Direct cell destruction is expected to dominate when the photosensitizer content is high within the tumor cells at the time of light activation. The actual mechanisms of cell death have been discussed above
in some detail and the initial event may be simple organelle damage,
such as membrane lipid peroxidation, disruption of lysosomal membrane, loss of mitochondrial membrane potential, membrane enzyme
inhibition,138 and damage to nuclear components.116 Under the typical protocols, vascular damage is considered the dominant mechanism
of tumor death in vivo for most photosensitizers being investigated
clinically. Damage is believed to be initiated by release of factors such
as eicosanoids, in particular thromboxane,139 histamines, and tumor
necrosis factor-α (TNF-α).135 Macroscopically, the vascular PDT
response is characterized by acute erythema, edema, blanching, and
sometimes necrosis. Microscopically, the tumor tissue is characterized
by endothelial cell damage,33,137 platelet aggregation,33 vasoconstriction, and hemorrhage following PDT. That a clean dissection of the
mechanism(s) responsible for PDT-induced tumor destruction is not
possible was pointed out in elegant studies.140,141 RIF cells in which
PDT resistance had been induced in vitro were implanted in mice and
subjected to PF-mediated PDT under typical conditions in which a
shut-down of the vasculature is generally believed to be the dominant
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mode of tumor destruction. As the resistance to PDT was induced
within the tumor cells, it was expected that in vivo the tumor response
to PDT (via vascular shut-down–induced hypoxia) would be similar
for the parent and the resistant cell lines. However, the observation
was that the resistance to PDT was maintained in vivo, suggesting that
direct cytotoxicity was a major component in the tumor photodestruction. As is the case with other modalities, extrapolation of in vitro
observations to in vivo mechanisms is not always possible. Quite contradictory observations have been made; for example, while PF-mediated PDT in vivo causes platelet aggregation, photosensitization in
vitro leads to an inhibition of platelet aggregation.142
It has been suggested that the modulation of immune effects may
play a role in PDT-induced destruction of tumors.13,135,143–149 Nseyo
and colleagues143 have reported high concentrations of interleukin
(IL)-1β, IL-2, and TNF-α in the urine of patients treated with PDT for
bladder cancer. The reason for the release of these cytokines and the
role they may play in PDT are not well understood. In a study aimed
at understanding the mechanisms responsible for PDT-induced potentiation of antitumor immunity Gollnick and colleagues133 demonstrated in a balb/c mouse model that PDT delivered to normal and
tumor tissue in vivo causes marked changes in the expression of
cytokines IL-6 and IL-10, but not TNF-α. IL-6 mRNA and protein
were strongly enhanced in the PDT-treated EMT6 tumor. PDT also
increased IL-6 mRNA in exposed spleen and skin. The investigators
concluded that the general inflammatory response to PDT may be
mediated, at least in part, by IL-6. In contrast, IL-10 mRNA in the
tumor decreased following PDT, while it was induced in the normal
skin of mice exposed to a PDT regime that strongly inhibits the contact hypersensitivity (CHS) response. The coincidence of the kinetics
of IL-10 induction with the known kinetics of CHS inhibition
observed in these studies suggests that the enhanced IL-10 expression
is instrumental in the observed suppression of cell-mediated responses
seen following PDT.
In an interesting approach to exploiting immune effects, Steele
and colleagues144 demonstrated that the selective photodestruction of
suppressor T cells using monoclonal antibody–HP conjugates resulted
in limited increased tumor regression in treated mice, compared with
control mice. This enhanced regression was attributed to immune system stimulation after irradiation, leading to the increased killing activity of specific cytotoxic T lymphocytes against target tumor cells.
Enhanced NK-cell activity following PDT was also suggested to be
operative by possibly lowering the metastatic potential of surviving
tumor cells.145,146 Increased immunity by colony inhibition assays
was also demonstrated in mice treated with BPD-MA–mediated
PDT.147 Macrophage involvement (TNF-α production) has been
reported more recently.135,148,150,151 This is supported by studies that
show that tumor-associated macrophages accumulate up to 9 times the
PF levels present in tumor cells. This enhanced accumulation is attributed to the association of most porphyrins with LDL.149 In addition to
the direct release from macrophages of factors such as TNF-α that may
mediate phototoxicity, an indirect mechanism of macrophage-mediated cytotoxicity in PDT has also been suggested.148 According to this
hypothesis, initial PDT-induced damage to tumor cells forms exposed
lipid fragments. These fragments are then recognized as targets by
macrophages. This recognition of possibly reparable cells by
macrophages and subsequent phagocytosis is then responsible for
tumor cell cytotoxicity. In addition to the above evidence of immune
stimulation, immune suppression has also been reported following
PDT with both PF and BPD-MA.152,153 This observed immune system
suppression is being investigated for novel applications, such as organ
transplantation and the treatment of autoimmune diseases.
PHOTODYNAMIC THERAPY AND OXYGEN
In principle, photodynamic response is obtained wherever a photosensitizer and light occur simultaneously. The extent of this response is
modulated by the amounts of both the photosensitizer and the light, and
in general, it varies in a dose-dependent manner for both. There appears
to be a threshold component for PDT effects to be lethal,154 below
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which tissue damage is reparable. This threshold value can be different
for tumor and normal tissue providing an opportunity for added selectivity. With most photosensitizers under investigation, in addition to
amounts of photosensitizer and light, PDT efficacy is also oxygen
dependent.155–159 There is general acceptance that this oxygen dependence is, in large part, singlet oxygen mediated. This is based on extrapolation from solution chemistry; the detection of singlet oxygen in vivo
has not been possible to date .160 Other reactive oxygen species, such
as hydroxyl radicals and superoxide anion, may well be equally important players.161 The extent of oxygen dependence of PDT effects is
somewhat dependent on the nature of the photosensitizer. For example,
in sensitization with PF, full effects are obtained when the pO2 was 5
kPa; this effect is reduced to 50% at 1 kPa pO2. On the other hand,
another photosensitizer, chloroaluminium sulphonated phthalocyanine
(CASPc), shows a much lower dependence on oxygen; the oxygen levels have to be reduced to 0.33 kPa to reduce PDT effects to 50% of the
normal values for CASPc. Under anoxic conditions, the PDT effects of
PF are abolished.162 It should be noted that the relationship between
tumor blood flow or oxygen concentration and PDT is not a simple one,
as demonstrated in the study by Fingar and colleagues,163 in which the
artificial oxygen carrier Fluosel-DA (20%) did not enhance PDT
tumor destruction. Similarly, Iinuma and colleagues53 demonstrated
that in contrast to results from ionizing radiation, pretreatment of animals with nicotinamide, a homogenizer of tumor blood flow and oxygen concentration, did not enhance PDT response.
An interesting consequence of this oxygen dependence is the
effect of the fluence rate (the rate of photon delivery) on PDT efficiency. According to the basic laws of photochemistry, within the
range of fluence rates for linear photochemistry, there should be no
effect of fluence rate on the efficacy of PDT. In a clinical situation,
higher subthermal fluence rate have been thought to be favorable
because total irradiation time can be shortened. However, as shown in
Fig. 36.9 and discussed below, reduced efficacy of tumor destruction
53,156,157,164 has been reported when fluence rates, in the range typically applied in clinical studies (~100–200 mW/cm2), were used in
PDT. This lowered effect has been attributed to oxygen depletion during the irradiation due to oxygen consumption in the photochemical
reaction at a rate greater than the rate of reperfusion.
Depletion of oxygen during photoirradiation has been investigated
either by measuring the hypoxic cell fraction in the tumor immediately
after PDT165 or by directly measuring tissue oxygen tension during
irradiation, using oxygen electrodes of various types.158,159,166 Oxygen
reduction during PDT has important practical implications and may be
an important limitation of PDT. Tumor tissues are not homogeneous
and may contain fractions of hypoxic cells, as the induction of neovessels lags tumor growth. In the extreme case, tumor necrosis occurs
from lack of nutrients as well as lack of oxygen. It occurs especially in
such hypoxic regions that PDT may be less effective because of the
limited availability of oxygen.165 Even for the tumor cells located near
blood vessels, oxygen might become depleted when high fluence rates
are used, consuming oxygen faster than it is replaced from the circulating blood. This problem can be obviated to some extent by using
lower fluence rates or fractionated irradiation, as shown in preclinical
studies.53,155,164,167,168 In studies in an orthotopic rat bladder tumor
model, Iinuma and colleagues53,164 showed that at the fluence rate of
100 mW/cm2 and total cumulative light dose of 30 J/cm2, PDT mediated by BPD-MA was enhanced almost 1,000-fold when a light fractionation regimen (λ = 690 nm) of 60 seconds on and 60 seconds off
was used (see Fig. 36.9). At shorter intervals, the enhancement was
absent or modest, presumably because oxygen depleted during the initial phase of PDT could not be replenished rapidly enough. Also, for
the same fluence (30J /cm2), tumor cell cytotoxicity was much
enhanced when the fluence rate was 30 mW/cm2 rather than 100
mW/cm2. Sitnik and colleagues158,159 studied the effects of fluence
rate on oxygen concentration in a murine RIF tumor model during and
after PDT, using 5 mg/kg of PF and fluence rates of 30, 75, or 150
mW/cm2. Median pO2 before PDT ranged from 2.9 to 5.2 mm/Hg in
the three treatment groups. Within the first minute of illumination,

median tumor pO2 decreased with all fluence rates to values between
0.7 and 1.1 mm/Hg. During prolonged illumination (20–50 J/cm2), pO2
recovered at 30 mW/cm2 fluence rate but remained low at the 150
mW/cm2 fluence rate (median pO2 of 1.7 mm/Hg). There was also a
direct correlation between tumor regrowth times and recovery of oxygen levels within the tumor tissues. These preclinical studies appear to
suggest that fluence rates lower than those being used currently should
produce more efficient clinical PDT response. The problem that has to
be addressed, then, is the practicality of treatment times and intervals.
Fractionation needs to be accomplished within seconds to minutes and,
in contrast to ionizing radiation, is ineffective at longer intervals of
hours, possibly because of efficient repair mechanisms following PDT.
PHOTODYNAMIC THERAPY WITH MOLECULAR
DELIVERY SYSTEMS
An important determinant of successful PDT targeting is the localization of the photosensitizer in neoplastic tissue. Although most photosensitizers in their currently used formulations provide adequate
selectivity for the limited indications that PDT is used for at this time,
the reach and the ease of use would be greatly enhanced if significantly
high selectivity accumulation in tumor tissues could be achieved. The
threshold effect discussed above combined with the increased selective
localization could minimize the need for precise light dosimetry and
concerns of toxicity in complex sites, such as the abdominal cavity. In
order to optimize photodynamic action, the idea of drug targeting as
introduced by Ehrlich169 has also been applied to PDT. The basic
assumption is that molecular delivery systems have an ability to interact selectively with their targets. The rationale for the use of molecular
delivery systems for photosensitizers is similar to that for the delivery
of chemotherapeutics and toxins. There are, however, two fundamental
differences in the requirement in the photon- and the non–photonbased approaches. First, in conventional therapy, the drug has to be
freed to elicit the appropriate biologic response. This is not a prerequisite when macromolecular carrier molecules are used for delivery of
photosensitizers in PDT.14,15 Second, in PDT, the requirements for
specificity of the delivery molecule are less stringent. This is a consequence of the inherent double selectivity mentioned earlier. As long as
the delivery agent has preferential (not necessarily exclusive) affinity
for the target tissue, improved selective photodestruction is expected.
Therefore, motivations for carrier-mediated PDT are (1) increased concentrations of the photosensitizers at target sites; (2) the possibility of
using non–tumor-localizing photosensitizers with efficient photochemistry, thus providing a greater repertoire of usable chemicals; and
(3) broadening the application of PDT and minimizing the need for pre-

Figure 36.9. The effect of fluence rate and light fractionation on BPDmediated PDT. BPD-MA was administered to rats with NBT II tumors
implanted into the bladder wall. One hour later tumors were exposed to a
total fluence of 30 J/cm2 of 690 nm irradiation under the following conditions: 100 mW/cm2 continuous; 100 mW/cm2 fractionated 15 s on/15 s off;
100 mW/cm2 30 s on/30 s off; 100 mW/cm2 60 s on/60 s off. Tumors were
disaggregated 24 hours later and tumor cells were plated for colony formation assay. Colonies (50 cells or more) were counted 9 days later after
fixing with methanol and staining with crystal violet. The Wilcoxon rank
sum test was used to compare the number of clonogenic cells with data at
100 mW/cm2 and continuous wave irradiations. Source: Iinuma et al.53
Reproduced with permission.

cise light dosimetry. The problems associated with the use of large molecules, such as complicated syntheses, transport barriers, and potential
systemic toxicity, are similar for photoconjugates and for other conjugates. Although a variety of macromolecular carriers have been used to
deliver photosensitizers,14,15 only two examples, the first using monoclonal antibodies (mAbs) (photoimmunotargeting) and the second
using LDLs, will be discussed.
PHOTOIMMUNOTARGETING Tumor targeting with antibodies is based
on (1) the assumption that new antigens are present on tumor cells, and
(2) the ability to obtain specific mAbs that recognize these antigens.
Neoplastic transformation is assumed to generate new and specific
antigenic components not present in normal tissue. In practice, this is
not always true, and mAbs with uniquely high level of specificity for
tumor markers are generally nonexistent. Many molecules considered
tumor antigens probably represent quantitative differences in glycosylation patterns rather than distinct proteins. Photoimmunoconjugates
differ from other immunoconjugates, in that in the case of mAb–photosensitizer conjugates, no effector function for the mAb or antibody
internalization is required for toxicity because active cytotoxic species
can act effectively at the cell membrane level. However, internalized
conjugates could be more effective. In cases where drug resistance
(e.g., via the enhanced P-glycoprotein pump efflux) may be a problem,
mAb–photosensitizer conjugates may be expected to be unaffected as
long as binding to the cell surface is not seriously impaired. The potential for cytotoxicity of antigen-negative cells due to the diffusivity of
free radicals may also be considered an advantage, since tumors generally contain heterogeneous cell populations.
PDT with immunoconjugates has been reviewed.14 In contrast to
mAb–toxin or mAb–radionuclide conjugates, photoimmunotargeting
requires conjugates with high photosensitizer-to-mAb ratios, which
makes the syntheses complicated. The goal of any such synthesis should
be to retain features essential for both photosensitizer and antibody
activities and at the same time allow maximal photosensitizer incorporation. Two basic approaches for the synthesis of antibody–
photosensitizer conjugates have been used: (1) photosensitizers are
linked chemically to mAbs directly, and (2) photosensitizers are linked
to mAbs via polymers. The development of the latter two-step procedures was motivated by the need for high photosensitizer-to-mAb ratios
without serious impairment of the binding capabilities of the mAb. The
photosensitizer is bound to polymeric carriers in the first step, and the
carriers are attached to the mAb in the second step. This method allows
for a high photosensitizer-to-mAb ratio with only a small number of
attachment sites on the mAb itself and, therefore, in principle, minimal
losses in the immunoreactivity of the mAb. A variety of photosensitizercarrying polymers have been used. These include dextrans,34,170 polyglutamic acid (PGA),171–173 polyvinyl alcohols (PVA),174,175 poly[N-(2hydroxypropyl) methacrylamide],176–178 and poly-L-lysines.179,180 Since
the antigen-binding capabilities of antibodies largely reside in the Fab
portion of the antibodies, conjugation at sites removed from these antigen-recognition sites are most desirable, and such site-specific syntheses have recently been developed.34,170–173,181
In the first study of mAb–photosensitizer conjugates,182 the photosensitizer HP was coupled directly to a mAb directed against the
DBA/2J myosarcoma, M-1. Modestly increased photosensitized inhibition of tumor growth in DBA/2J mice treated with these conjugates
and light was demonstrated, compared with controls treated with HP,
mAb, or light alone. In a more recent report, Vrouenraets and colleagues,183 using a noninternalizable mAb targeted to head and neck
squamous cell carcinoma and coupled directly to meta-tetrahydroxyphenylchlorin (mTHPC), established increased tumor selectivity of
the conjugates in vivo compared with the free photosensitizers. No in
vivo therapeutic results were reported.
A different use of the Mew and colleagues182 conjugate prepared
by the direct coupling of an anti–T-cell mAb and HP was exemplified
in a study by Steele and colleagues144 in which immune stimulation
was demonstrated by targeting T suppressor cells using a mAb
(B16G)–HP conjugate directed against an epitope on T suppressor
cells in DBA/2J mice. Photosensitized tumor regression, reported in
10 to 40% of the mice, was correlated with an increase in the killing
activity of specific cytotoxic T lymphocytes against target tumor cells.
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Such an exploitation of immune stimulation may be a valuable application of photoimmunotargeting because it circumvents the problems
of target accessibility encountered in solid tumors.
Since the original report by Mew and colleagues,182 a number of
studies have reported on the selective destruction of target cells using
photoimmunoconjugates, where large numbers of photosensitizers
were linked to mAbs via polymers. T-cell leukemia cells were selectively targeted with a conjugate synthesized from an anti–Leu-1 mAb
linked to a chlorin e6 (Ce6) derivative, Ce6-monoethylene
diaminemonoamide (CMA) via a dextran.34 Photochemical destruction of these same leukemia cells and bladder carcinoma cells using
appropriate mAbs bound to CMA via PGA intermediaries instead of
dextran has also been reported.171–172 A different synthetic scheme
used PVA as the carrier and BPD-MA as the photosensitizer.174
Although this reaction scheme leads to a nonspecific linkage on the
mAb, good affinity, specificity, and phototoxicity of the conjugate
were reported, probably because of the minimal number of sites on the
mAb involved in the linkage. All these investigations suffer from poor
conjugate characterization and purification.
Elegant syntheses using PGA and dextran intermediaries have
been developed that show clear, site-specific, covalent linkage of the
photosensitizer CMA on the heavy chain of the antibody.170,173 Light–
and photosensitizer–dose-dependent killing of target melanoma
cells170 and ovarian cancer cells (from a cell line and from human
ovarian cancer patients) (Fig. 36.10)173 and in a murine mouse model
in vivo 181,184 was shown. A survival advantage in the same murine
model was also demonstrated for animals treated with the same
immunoconjugate and light dose (Fig. 36.11) in all of the above investigations, and the specific site of photosensitizer attachment on the
mAb was the carbohydrate moiety.
Clinical applications of photoimmunotherapy have lagged behind
laboratory applications, probably because of the complexity of the
approach: it involves the equivalent of the development of a new drug
in terms of synthesis, purification, and characterization. Often the
issue is complicated by the fact that the “new drug” being developed
is a composite of two entities that have different proprietary base and
agendas. In fact, there is a recent report where photoimmunoconjugates of mAbs recognizing CA125 on human ovarian cancer cells
were used in humans.185,186 In this study, in addition to showing selec-

Figure 36.10. Photoimmunotargeting of human ovarian cancer cells ex
vivo. Cells from ascites of ovarian and nonovarian cancer patients were
treated with immunoconjugate (IC) or the photosensitizer CMA alone for 1
hour, washed with buffer, and irradiated with 25 J/cm2 of 655 nm light. The
IC used the mAb OC125, which recognizes the cell surface antigen CA125
on ovarian cancer cells. OC125 was conjugated to a chlorin derivative CMA
via polyglutamic acid. Controls were IC and CMA without irradiation, irradiation alone, or no treatment. The error bars appear large because some on
the nonovarian cancer cells showed high cell death. These cells were also
high expressors of the relevant antigent CA 125. Note that no difference is
seen between ovarian and nonovarian cancer cells with CMA and irradiation. Data from Goff et al.173 Reproduced with permission.
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tive photocytotoxicity to target cells in vitro and in vivo in a tumorbearing nude rat model, the investigators treated three patients with
advanced ovarian cancer by intraperitoneal administration of 1 mg
mAb-phthalocyanine conjugate in Ringers solution. At laparotomy
(72 hours after photoimmunoconjugate administration), after removal
of gross tumor, the peritoneum was irradiated with 50 J/cm2 670 nm
light, and histologic evidence of tumor cell death was obtained. Development of the application of PDT continues to broaden to sites such
as the intraperitoneal cavity in efforts such as those led by the group
at the University of Pennsylvania.
In addition to mAbs alone, a number of investigators have
reported successful targeting in vitro using liposome–mAb conjugates
to obtain higher photosensitizer loading.187,188 Because of the size
and nature of antibody–liposome conjugates, the utility in vivo is
likely to be highly limited. In some situations, such as the treatments
of cancers affecting body cavities (e.g., ovarian carcinoma), intravesical application in bladder carcinomas, or extracorporeal treatments,
these conjugates may be useful.
An interesting application of photoimmunotargeting was recently
reported by Duska and colleagues189 Using ovarian cancer cells from
human patients ex vivo, it was demonstrated that combination treatment
of cisplatin (CDDP) and photoimmunotargeting using the mAb OC125
conjugated to a chlorin photosensitizer produced a seven-fold enhanced
cytotoxicity over CDDP treatment alone. Interestingly, this enhancement was synergistic and greater for CDDP resistant cells (up to
13-fold). These and similar observations with other PDT agents190–193
demonstrate the possibility of using PDT in the destruction of tumor
cells that have developed resistance to chemotherapy agents.
In summary, the existing investigations of mAb–photosensitizer
conjugates are promising. Better characterized and purified conjugates
are needed, along with careful pharmacokinetic information in vivo in
appropriate animal models. An aspect that is being explored is the use
of photosensitizer–immunoconjugates synthesized with antibody fragments, synthetic mAbs and fragments, and single-chain and chimeric
antibodies. Such experiments will solve some of the problems associated with mAb transport and antispecies response. As a variety of photoimmunoconjugates become available, it will be important to establish the effect of the molecular features of the photoimmunoconjugates
on their biologic behavior. Studies have shown that the molecular
charge179,194 maybe critical in establishing the route of delivery for
optimal selectivity. Similarly, the presence of enzyme-cleavable linkages176 could further enhance the efficacy of photoimmunoconjugates.

TARGETING WITH LDLS On the basis of the assumption that LDL
plays an important role in tumor localization of photosensitizers, one
strategy of photochemical targeting of tumor tissue has been to use
LDL-complexed photosensitizers. One of the earlier studies along these
lines, by Barel and colleagues195 used HP precomplexed to LDL in
murine MS-2 fibrosarcoma. An increased delivery of HP to the mouse
tumor was reported with the HP–LDL complex, compared with HP
complexes of HDL, VLDL, or free HP. Similarly, precomplexing of
BPD-MA with LDL led to a greater accumulation of the photosensitizers in tumors, compared with administration of an aqueous BPD-MA
solution at 3 hours. This study,196 which also compared BPD-MA delivery with complexes of VLDL, HDL, and serum, showed that by 4 hours,
the amount of BPD-MA had decreased for all cases (LDL, VLDL,
serum, and free BPD-MA), except for the HDL complex, where an
increase was noted. By 24 hours, all three lipoprotein complexes had
cleared from the tumor. Because skin phototoxicity is a major problem
with PF, ratios of tumor to skin (R) are considered important. The R values from this study, summarized in Table 36.4, were optimal at 3 hours.
Influenced by such observations photosensitizers covalently linked to
LDL have been used to achieve improved PDT response. In one study,197
it was shown that receptor-positive fibroblasts and retinoblastoma cells
showed four-to-five-fold enhancement in their PDT response (and photosensitizer uptake), compared with receptor negative cells and with the
photosensitizer, either free or complexed with LDL.
An alternative way of delivering photosensitizers via the lipoprotein pathway involves the use of liposomes. The concept, although not
entirely clear, is that the liposome transfers its photosensitizer content
efficiently to the lipoproteins, which then act as the true delivery
agents.198 Thus, in a comparison of the administration of aqueous HP
and liposomal HP, it was demonstrated199 that at 24 hours and 72
hours, the photosensitizer content was higher for the liposomal delivery than for the aqueous delivery. The tumor to surrounding muscle
ratio was also greater for the liposomal preparation. A summary of the
photosensitizer content in tumor and surrounding muscle in tissue
from this study is given in Table 36.5. Ratios were similar to those
reported for BPD-MA above. Except for PF, most photosensitizers in
experimental clinical use are packaged in liposomes or lipid emulsions. The reason for this is probably more the lack of solubility of
these compounds in aqueous medium than the desire to deliver them
via the LDL pathway.
An expected consequence of photosensitizer delivery with various
macromolecular systems is the potentially differing mechanisms of
tumor destruction as photosensitizers are delivered to different sites.
For example, although albumin and globulins are believed to deliver
photosensitizers mainly to the vascular stroma of tumors,198,200 HDLs
apparently deliver photosensitizers to cells via a nonspecific exchange
with the plasma membrane. LDLs, as stated earlier, probably deliver a
large fraction of the photosensitizer via an active receptor-mediated
pathway.198,201–203 Zhou and colleagues198 have suggested that aqueous solutions of HP lead to predominantly vascular damage, while
LDL-mediated PDT leads predominantly to damage of neoplastic
cells. An ultrastructure study of PDT with liposome-encapsulated
ZnPc also claimed predominant tumor cell damage with a delayed and
much-reduced vascular damage.204 However, this is not always true. In
a recent study of PDT of ocular melanoma in a rabbit model, LDL

Table 36.4. Tumor: Skin Ratios, (R), for BPD-MA Delivered in an
Aqueous (aq) Formulation and Complexed to Lipoproteins*
Time

Figure 36.11. Photoimmunotherapy of ovarian cancer in vivo. Ascites
(NIH:OVCAR-3 cells)-bearing mice were treated with the same photoimmunoconjugate described in Figure 36.10. Twenty-four hours later, mice in
the experimental group were treated with a total of 15 J of 656 nm irradiation interperitoneally with a cylindrically diffusing fiber. The photoimmunotherapy was repeated three times, 1 week apart, and survival of the
treated mice was compared with survival of untreated controls. (Unpublished data from Goff and Hasan)

Formulation

3h

8h

24h

BPD-MA (aq)
BPD-MA-LDL
BPD-MA-HDL
BPD-MA-VLDL

2.3
5
4
2.5

4.5
2
5
2.5

2.8
1.4
1.8
3.5

* BPD-MA (4 mg/kg) was injected intravenously into tumor-bearing mice and was quantitated by extraction at various time points.
Data from Allison et al.82

Table 36.5. Aqueous and Liposomal Hematoporphyrin Uptake by
Tumor and Surrounding Musclea
Tissue

HP(aq)
24 H

72h

HP(lip)
24h

72h

Tumor
Muscle
Ratio

1.0
0.4
2.5

0.6
0.3
2.0

2.5
0.4
6.3

2.0
0.3
6.7

* HP (5 mg/kg) was administered to MS-2 fibrosarcoma bearing mice either in aqueous
solution or incorporated into phosphatidylcholine liposomes. Data in µg/g of tissue.
Data from Jori et al.199

complexed to BPD-MA was used. Despite the use of LDL as a carrier,
early damage to the vasculature was demonstrated by light and electron microscopy.33 The time that tumors are irradiated following
administration of the photosensitizer is probably an important determinant of the site of damage.
PERSPECTIVES
PDT has been an experimental clinical modality for the past two
decades and has typically been used for palliative purposes in
advanced cancers when other options have failed. Because of the fact
that a large proportion of the patient population treated with PDT has
been one whose cancers are refractory to all other treatments, the full
potential of PDT has not yet been clearly evaluated in terms of cure
rates. The clinical experience with several thousands of patients who
have been treated with PDT is not discussed in any detail here; the
clinical status has been reviewed rather comprehensively.12,13 In general, all tumors appear to respond to the treatment; however, cure rates
are not easily evaluated for a large proportion of the patient population. Limitations of light penetration make this therapy most appropriate for small and/or superficial lesions, such as bladder carcinoma in
situ, early-stage field cancerization of the oral mucosa, vulvar and
early cervical cancers, early lung cancer, Barrett’s esophagus, and cancers of the biliary tract. PDT may also have an important role in the
purging of tumor cells from bone marrow205 or peripheral blood. In
certain cases where relatively large solid tumors are in locations with
delicate surrounding structures, PDT administered interstitially with
multiple fibers may be useful. Examples of such applications are
tumors of the brain, prostate, and in specific situations, residual disease in intraperitoneal carcinomatosis, as in ovarian and certain gastrointestinal malignancies. Increasing regulatory approval of this
modality for some of the above indications has been encouraging and
has stimulated research on new photosensitizers, better methods of
localization, and improved sources of light delivery and dosimetry.
Overall, PDT has the potential of being a palliative therapy, a component of combination regimens (e.g., with radio-, chemo-, and/or differentiation therapy), or a primary therapy depending on the specific
indications. The photosensitizing agents used in PDT all have reasonable fluorescence, and this has spurred much activity in using these
molecules for diagnostic purposes and for providing guidance for margins of resection. This aspect of photomedicine is at its infancy and
maybe expected to grow significantly in the near future with the development of newer technologies. Another interesting aspect of PDT that
may be of importance in oncology, and medicine in general, is that PDT
is a dynamic process. As photosensitizers travel through different compartments of the tissue, the predominant site of damage (e.g., cellular
or vascular) could, to some extent, be selected by the choice of the timing of light exposure following photosensitizer administration. This
could broaden the scope of application of this modality.
The long-term utility of PDT will be determined from results of
well-designed controlled clinical trials, using selectively localized
photosensitizers and convenient light sources, such as diode lasers,
possibly with built-in light dosimetry components.
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