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Summary

Photodynamic therapy (PDT) has both direct cell and indirect vascular effects. Both are
well established and the latter has given rise to specifically target angiogenesis in PDT
treatments. While the vascular effects are well understood, further advances in anti-
angiogenesis require a detailed understanding of PDT effects at the microvasculature
level. Although some of the earliest investigations of PDT noted effects on platelet
aggregation the importance of their interaction with endothelial cells and the crucial role
of various signaling pathways is only now emerging. This review aims to give a general
overview of PDT related studies on platelets, vascular effects, and their interaction with
endothelial cells to indicate the potential for studies in this area.

Abbreviations: ALA — d-aminolevulinic acid; AMD — age-related macular degeneration;
ANET - anti-neovascular therapy; BGF — basic fibroblast growth factor; DHE -
dihaematoporphyrin ether; EDRF - endothelium-derived relaxing factor; epithelial growth
factor — EGF; HIF-1a — hypoxia-inducible factor 1a; HpD — haematoporphyrin
derivative; IL — interleukin; PAF — platelet activating factor; PDT — photodynamic
therapy; PS — photosensitizer; transforming growth factor 1 — TGF-1; TNF — tumor
necrosis factor.
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Introduction
PDT

Photodynamic therapy (PDT) is a simple, nonsurgical modality for the treatment
of malignancies and dysplasias and has found applications in cancer therapy and
indication, dermatology, cosmetics and disinfection. It is based on the biological effects
that result form the photosensitized generation of singlet oxygen in the target material.
Historically, its origins lie with the groundbreaking work on sensibilizing dyes by Raab
[1] and Finsen [2] and in the initial studies on porphyrins by Meyer-Betz [3], followed by
initial in vitro experiments in the Thirties and Forties of the last century [4,5,6].
Contemporary research in this area started with initial observations by Schwartz [7] and
Lipson et al. [8] and began in earnest in the 1970ties with the works of Kessel and
Dougherty [9,10]. It requires only two reactants: a) a dye capable of generating singlet
oxygen, a so-called photosensitizer and b) light.

The first step of PDT involves uptake of dyes into the target tissue, preferentially
with selective enrichment over healthy tissue and porphyrins feature prominently in this
area [11]. Upon exposure of the tissue with visible light the photosensitizer and ambient
(triplet) oxygen generate singlet oxygen in a photochemical reaction (type Il reactions).
Alternatively, formation of reactive oxygen species through electron transfer reactions is
possible, too (type | reactions) [12]. Singlet oxygen then acts as the pharmacological
agent and promotes direct cell necrosis and apoptosis. Singlet oxygen has a very short
life-time and thus its generation is controlled by the presence of the photosensitizer and
the applied light [13]. Hence, this modality is especially suited for treatment of localized
tumors or dysplasias, e.g. skin cancers or endoscopically accessible areas, e.g., the
gastrointestinal tract [14]. Most attention has been focused on the use of PDT for the
treatment of malignancies [15]. Thus, the clinical target is the eradication of the tumor
tissue. This can be achieved through direct cell action, immunological effects and
angiogenesis.

Photosensitizers

A large number of photosensitizing dyes have been studied in PDT. Chemically,
the only requirement for a "good" PS is a high quantum yield for singlet oxygen
formation and appropriate solubility. Solubility in water is not necessarily a requirement,
as many "delivery vehicles", such as liposomes, dendrimers, bioconjugates and
nanocarriers have been developed for PS [16,17].

Chemically most of the photosensitizing dyes used are porphyrins and other
tetrapyrroles. However, other classes of compounds such as anthraquinones and
phenothiazines are suitable as well [18,19]. A well studied example for a nonporphyrin
OS is hypericin (4,5,7,4',5',7'-hexahydroxy-2,2'-dimethylnaphthodianthrone) [20]. These
drugs differ widely in their solubility, stability, lipophilicity and intracellular targeting.
Nevertheless, the individual choice of a PS for clinical studies is more dependent on
what PS is available to the clinicians, comprehensive studies of several PS by one
group are rare. In the context of our discussion here, especially the lipophilicity of the



PS is important. Serum components play an important role in the transport of lipophilic
PS and thus can influence vascular effects significantly.

Figure 1 shows a selection of the more actively investigated PS. Currently, the
main PS in clinical use are:

Haematoporphyrin derivative: The oldest PS in clinical use. Chemically it is a
mixture of ether and ester linked oligomers with n up to 9 (see Fig. 1) [21,22].
Trade names are Photofrin® while the active component is called porfimer
sodium. It was first approved in Canada for bladder cancer and is now FDA
approved for esophageal cancer, endobronchial and early stage cervical
cancer and high-grade dysplasia in Barrett's esophagus.
5,10,15,20-Tetra(3-hydroxyphenylchlorin): Often abbreviated as mTHPC, also
called Temoporfin. Tradenames of different formulations are: Foscan®,
Fospeg®, Foslip®. Clinically approved in Europe for the treatment of head
and neck cancer [23,24].

o-Aminolevulinic acid: Abbreviated as ALA. ALA is the biosynthetic precursor
of heme, thus the intracellularly active substance is endogenously formed
protoporphyrin IX. Trade names are Levulan®, Metvix® (for methyl
aminolevulinate) and  Hexvix® (Europe) or Cysview® (USA)
(hexaminolevulinate). Levulan is FDA approved for acticinic keratosis and has
orphan drug status for esophageal dysplasia. Metvix is approved in many
countries for the treatment of non-melanoma skin cancer. Hexvix is used as
an imaging agent for bladder cancer [25,26].

Benzoporphyrin derivative monoacid ring A: Drug name: Verteporfin®, Trade
name: Visudyne®, Approved for treatment of age-related macular
degeneration [27,28], although treatment with the monoclonal antibody
fragment Ranibizumab or Bevacizumab today appears to be superior [29,30].
Mono-L-aspartyl chlorin eg: Synonyms: Talaporfin®, NPe6. Approved in
Japan under the trade name Laserphyrin® for treatment of lung cancer.

Many others are under investigation and in various phases of clinical
investigations. To name only a few: Antrin, Photochlor, Radochlorin, Texaphyrin
(Motexafin), Photosens, Purlytin, azadipyrromethenes, silicon phthalocyanine PC-4, and
others [31]. A notable compound is Tookad®, a Pd(ll) bacteriopheophorbide a
derivative, which specifically targets the vascular system using short drug-light intervals

[32,33].
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Figure 1. Selected photosensitizers in clinical use.



Biological Effects of PDT

The biological effects of PDT encompass a multitude of effects, many of which
are interconnected. At the subcellular level, PDT effects are especially noted on
membranes, but also on cell surfaces, lysosomes, mitochondria and other cell
organelles. Direct effects on DNA have been noted, and DNA and RNA polymerase
inhibition has been shown. However, these effects are repairable to a significant extend.

Individual cell death effects depend on the cell line, the PS type and sometime
the rate of cell growth and its physical manifestation, e.g. the size of cell clusters. Both
necrosis and apoptosis result from PDT. Depending on the PS the relative effects of
necrosis versus apoptosis vary and no clear cut answer can be derived from clonogenic
cell survival curves [34]. Simple dose-response analyses are difficult to perform and to
compare as uptake, photophysics (singlet oxygen quantum yield) and photodynamic
action depend not only on the drug and cell type but also the light conditions (flux,
wavelength, rate, etc.).

Photodynamic effects vary drastically with the cell type. Early on, it was realized
that different cell type show widely varying susceptibility to PDT. The noted PDT effect
on different cells can vary from report to report, and direct comparisons can be difficult
due to different light regimes, analytical methods, incubation times, and so on.
Nevertheless, overall, vascular endothelia commonly appear to be the most sensitive
cell type when compared to tumor cells or normal fibroblasts or smooth muscle cells
[35].

The in vivo situation is even more complicated, as there are direct and delayed
effects that result in tumor destruction. Likewise, different repair mechanism and a more
rapid recovery of healthy tissue compared to other treatment modalities play a role.
Significantly, vascular effects play a major role in PDT. All effects are strongly affected
by regulators of inflammation, blood flow, vessel tone, and biochemistry [36]. These
regulators control also the function of human platelets.

Platelets and PDT

Platelet Haemostasis

Platelets are anucleated, discoid and approximately 2 um in size blood elements
that derive via fragmentation of large mother cells, megakaryocytes [37]. They play a
crucial role in regulation of vascular homeostasis and haemostasis by controlling the
integrity of vascular wall as well as blood fluidity. Under physiological shear stress
conditions the endothelial cells release potent inhibitors of platelet activation including
prostacyclin and nitric oxide (NO). The synergistic interactions between these mediators
prevent platelet activation and maintain platelets in the quiescent state [38,39]. Platelets
have the capacity to release NO, thus contributing to the overall platelet regulation [40].

When the vascular integrity is compromised as a result of accidental injury
adhesion proteins may be presented to the flowing blood. Platelets can adhere to the
damaged fragments of the vascular wall using specific set of ligands (e.g., von
Willebrand factor or collagen) adhesion receptors such as glycoprotein GPIb. When the



activation stimuli persists platelets progress form aggregates to reinforce loose platelet-
vessel wall structures. The formation of platelet aggregates proceeds via activation of
the major platelet receptor, glycoprotein GPIlIb/llla and GPIlIb/llla-dependant binding of
fibrionogen. Finally, the subsequent reinforcement of the primary plug with fibrin
stabilizes the structure and seals the vascular rent [37]. The generation and release of
platelet mediators such as thromboxane A,, adenosine diphosphate and matrix
metalloproteinase-2 contributes to the stabilization of platelet aggregates [41].

Thrombosis and Other Non-haemostatic Functions of Platelets

Thrombosis is a pathological extension of haemostasis and strikes when the
balance between the inhibitor and stimulator actions of platelet regulators is disturbed
[37]. The endothelial dysfunction brought about by vascular diseases such as
hypertension, diabetes mellitus or atherosclerosis exemplifies such scenario [42]. In
addition to thrombosis, platelets play a role in two processes very relevant to PDT, i.e.
inflammation and carcinogenesis.

The interactions of platelets with leukocytes taking place following the
engagement of platelet P-selectin receptor with its counter receptor on leukocytes, P-
selectin glycoprotein ligand-1 (PSGL-1) lead to formation of mixed aggregates and
provides a link between inflammation and thrombosis [43].

Tumour cell-induced platelet aggregation (TCIPA) represents yet another
example of heterotypic platelet-cancer cell interactions [44]. The biological relevance of
this process lies in platelet-sponsored increase in cancer cell survival in response to
anticancer treatment, stimulation of blood-borne metastasis, invasion and angiogenesis
[45,46,47,48].

Platelet Pharmacology

The significance of platelet-derived factors in the pathogenesis of vascular
diseases is underscored by huge pharmacological relevance of platelet inhibitors such
as aspirin, ADP-receptor antagonists or thrombin inhibitors [49,50,51]. Interestingly,
aspirin, the most common platelet inhibitor has been found to confer population benefits
for cancer prevention [52]. Despite the overall importance of platelet effects for vascular
health and disease and multitude of physiological, pathological and pharmacological
data there are only very few papers that directly address questions of the role of
platelets in PDT.

Direct Light Effects on Platelets

Even light in the absence of externally added PS can affect the function and
biochemistry of platelets. Best known is perhaps the effect of UV light, which can act as
a direct stimulus for platelet aggregation. This effect is enhanced in the presence of
extracellular fibrinogen and can be inhibited by several agents [53]. This effect is distinct
from photodynamic action or photosensitization although the possibility exists that
similar reactive species are involved.



Light induced platelet aggregation has also been observed, at least indirectly, in
a cat model. Studies in the early 1980ties used cat pial microvessels and upon
intravenous injection of sodium fluorescein and UV-light filtered Hg-light exposure and
revealed platelet aggregation, vacuole formation, luminal membrane rupture and
swelling of the nuclear envelope [54]. Laser irradiation has also been used as a model
for platelet related vascular injury [55,56]. Any studies relating photochemical action to
direct intervention with platelets or other blood components, has to take their optical
properties into account [57]. Likewise, photochemolysis of Human red blood cells can
occur and the resulting release of hemoglobin will affect the penetration depth of the
activating laser light [58].

Upon treatment of platelet-rich plasma under conditions similar to phototherapy
significant changes were observed in platelet function, biochemistry and morphology
[59]. Platelets became unable to aggregate and exhibited a loss of ADP, ATP and
glycogen. Electron microscopy showed features reminiscent to those shown in Figure 2.
These effects could be enhanced upon addition of hematoporphyrin as a PS. Studies in
rabbits showed that the platelet turnover is significantly enhanced upon phototherapy. In
low birth weight infants phototherapy was said to result in significantly lowered platelet
counts [60]. However, contradictory reports exist [61]. Related studies showed no
significant differences in platelet count and platelet factor 4 level [62]. Similarly, no
evidence was found for light-induced oxidative stress during phototherapy in newborns
[63]. A recent study on in full term neonates with indirect hyperbilirubinemia reported a
statistically significant increase in platelet count after phototherapy [64]. However, the
increase was only 1/9" of the esd. Clearly, more studies are warranted in this area.

Photodynamic Platelet—-Dye Interactions

The impact of light and photodynamic dyes on platelet function has been known
for a long time. At the same time as Lipson et al. reported on cancer PDT [8]. Zieve et
al. studied the effects of light on platelets in detail [65]. Using hematoporphyrin and a
1000 W light bulb for irradiation they elucidated the resulting morphological, functional
and biochemical changes in Human platelets. The platelets exhibited loss of cytoplasm
and a rounded, smooth contour (Fig. 2). Notably, they did not aggregate upon addition
of thrombin and CaCl,. A light-dependent loss of serotonin and ATP was observed as
well. The uptake of hematoporphyrin was dependent upon the light regime and the pH.
PDT treated platelets showed increased dye uptake compared to control cells; no
uptake occurred at 4 °C [66]. Platelets also exhibited a PDT-dependent depletion of
potassium and acid phosphatase [67].



Figure 2. Platelets treated with hematoporphyrin (0.67 X M) and exposed to light for ten
minutes at 37 °C. Magnification x 30,000. Left: control platelets. Reproduced with
permission from ref. [65].
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Similar results were obtained with an electron microscopic and serological
analysis of the platelets derived from HpD treated normal mice showed that platelet
necrosis proceeds rapidly with almost all platelets were necrotized after 8 h. Even
directly after irradiation some platelets exhibited swelling and deformation [68].
Similarly, PDT-related erythrocyte damage has been shown to be light-dependent [69].

A detailed study on direct PDT effects on platelets was published in 1992 by
Henderson et al. [70]. Using isolated human platelets and endothelial cells they showed
that exposure to Photofrin and light resulted in a rapid loss of the ability to aggregate. At
high concentrations Photofrin also exhibited an inhibitory effect in the absence of light.
Similarly, endothelial cells released prostacyclins upon exposure to Photofrin or
phthalocyanine PS and light, which was linked to plasma membrane damage. This
effect could be prevented through indomethacin administration. Endothelial cells also
release significant amounts of arachidonic acid and prostaglandin F2 [71] upon PDT.
This study clear demonstrated that the in vitro effect (anti-thrombogenic) is opposite to
the in vivo effect (platelet aggregation) of PDT on the vascular system. Phenothiazinium
based photosensitizers have also been used and shown to directly damage platelets
[72].

Platelet Regulatory Mediators in PDT

Clearly many signaling substances such as NO or effectors such as singlet
oxygen directly affect the platelet biochemistry. Many of these aspects have been
outlined above. However, only few studies address specific PDT-induced platelet
effects.



One such study investigated the effect of PDT treated extracellular matrix
proteins on platelet adhesion. For this, extracellular matrix [73], fibrinogen, von
Willebrand factor, and collagen | and Il were treated with a solution of Photofrin,
illuminated by 630 nm light and then platelet aggregation was investigated with
perfusion experiments [74]. PDT pretreatment significantly lowered platelet adhesion to
the extracellular matrix, fibrinogen and von Willebrand factor. In the latter mostly the A1,
A2 and A3 domain but not the D'-D3 domains were affected. In contrast, platelet
aggregation was drastically enhanced with PDT treatment of collagen. Clearly, PDT
alters the platelet binding potential of adhesive proteins. The correlation of this effect
with the collagen content of vessels indicates that large arteries (low collagen content)
should become less thrombogenic upon PDT while veins and arterioles (high collagen
content) should be more susceptible to thrombus formation. Thus, a specific targeting of
the microvasculature using PDT is possible.

Singlet oxygen as the chemically active species of PDT has been shown to affect
many components of hemostasis [75]. These include inactivation of various factors
(fibrinogen, V, VIII, von Willebrand, X, plasminogen activator inhibitor |, antiplasmin-a2).
It results in a downregulation of thrombocyte function and an upregulation of
polymorphonuclear granulocytes. The latter has been linked to the increased
expression of the Mac-1 (CD11b/CD18) receptor via PDT [76]. Chemically the
photooxidation of fibrin and plasminogen aids their cleavage. Nevertheless, many of
these studies used in vitro experiments and need to be confirmed in vivo. Still an
emerging body of information points to singlet oxygen being a significant intracellular
effector and regulator. In addition, there are indications that the deactivation of
secondary oxidants in Human serum resulting from exposure to 'O, is affected by the
serum type and number of platelets [77].

An intriguing recent development came from studies on artheriosclerosis.
Standard cardiovascular drugs such as atorvastatin, a 3-hydroxy-3-methylglutaryl-
coenzyme A reductase inhibitor, and clopidogrel, a platelet adenosine diphosphate
receptor antagonist to inhibit platelet aggregation, both having antioxidant effects, were
found to interfere with the cytolytic effects of photodynamic therapy on macrophages
(murine macrophage Raw 264.7 cells) in vitro [78]. Aspirin had a much smaller effect.

Another putative regulatory aspect relates to the platelet activating factor (PAF).
Production of this factor and PAF receptor agonists (glycerophosphocholines) can be
induced by UV-B radiation. This is believed to be one cause of skin cancer through
systemic immunosuppression. Experiments with Human epidermal KB cells revealed
elevated level of reactive oxygen species and PAF receptor agonists. This effect could
be counteracted by vitamin C and inhibitors of the epidermal growth factor receptor [79].

Photodynamic Inactivation of Blood

The photodynamic killing of microorganism, although the oldest application of
PDT, is again slowly gaining momentum. Obvious targets are antifungal actions,
disinfection, oral sterilization and more [80]. A reasonably well established application
worth mentioning in our context is the pathogen eradication in blood supplies [19].
Toluidine blue and methylene blue have been used for a long time and the latter is used
in industrial applications for the disinfection of plasma [81]. A chemically demethylated
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derivative (thionin) has been developed for platelet decontamination [82]. Clearly the
latter, and the decontamination of erythrocytes [83,84,85,86], presents more of a
challenge than simple disinfection of plasma. Recently, studies on the photodynamic
inactivation of white blood cells in red blood cell products have been published, too [87].
In correlation with lower hematocrit content the T-cell proliferation could be decreased.
Additionally, changes in cell surface antigen expression and the cellular cytokine
profiles were noted.

Vascular Effects in PDT

General

The vascular effects of PDT have been discussed in many reviews over the
years [88,89]. Briefly, three main aspects need to be considered here. These are
inflammation processes, changes in vascular permeability and conformation, e.g.,
vasoconstriction, and finally vessel occlusion. Ultimately this results in tissue hypoxia as
one means of tumor destruction. The three aspects are clearly interlinked and can be
affected by vasoactive substances and a clear understanding requires investigations at
the microvascular level.

At the inflammatory and immune level it is clear by now that many regulatory
molecules influence the endothelial biochemistry and the blood flow and vessel
structure [90]. Individual effects depend on drug and light doses and also include
changes in the gene expression and regulation. The situation is complicated as the
different biochemistry of tumor tissue often includes changes in the regulatory
pathways, which need to be taken into account. Overall, PDT causes acute
inflammation, upregulates the expression of heat-shock proteins, promotes the
infiltration of tumors by immune system cells amongst other effects. Next to vasoactive
substances, this is affected by the release of interleukins and tumor-necrosis factor.
This is opposite to the effects of radio- and chemotherapy and surgery which are
immunosuppressive [91]. However, recent reports on non melanoma skin cancer ALA
treatment have indicated that PDT induced immunosuppression can occur and can be
prevented by using lower light doses [92].

Without going too much into the details only a few benchmark studies can be
mentioned here. One aspect concerns the pronounced neutrophilia elicited by PDT. For
example Photofrin PDT of mouse EMT6 tumors revealed a cornucopia of affected
mediators. These included complement fragments and secondary mediators such as
cytokines IL-1b, IL-6, IL-10, TNF-a, thromboxane, prostaglandins, leukotrienes,
histamine, coagulation factors, G-CSF, the mouse analogue of GRO-a (KC) and others
[93].

Clearly, the permeability of the vascular system will influence the drug uptake.
Questions such as improved retention of PS in tumor versus normal tissue or the lack
thereof must be addressed and it is well established that PDT results in significant
changes in the structure and permeability of blood vessels. The most significant result
of this is vasoconstriction. The latter is in part a result of changes in the endothelium,
e.g., a lower production of the EDRF. Likewise, vasoactive substances such as
prostaglandins, leukotrienes, or thromboxanes must be considered when studying the
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effects of PDT. For example, in vivo studies showed increased levels of vasoactive
eicosanoids in conjunction with PDT-induced tumor regression, an effect which could be
counteracted by eicosanoid inhibitors. Vessel occlusion is the result of thrombus
formation and could be delayed or prevented by aspirin. The kinetics of this process
differ significantly from PS to PS and release of the von Willebrand factor has also been
implicated in this effect. These "tissue effects" are important in a conceptional sense as
they allow the treatment of larger tumors through hypoxia, despite the limited tissue
penetration of the activating light. Even a rudimentary analysis of these processes
clearly implicates platelets and their aggregation as one of the key steps in these
effects.

In the context of the present topic the sequence of PDT-related effects may be
summarized as outlined by van den Bergh [94]: i) (partial) internalization of the PS by
endothelial cells, ii) photodynamic action and generation of 'O, iii) rounding of
endothelial cells, widening of interendothelial cell junctions and exposure of the vascular
basement membrane; iv) increase of vascular permeability and release of clotting and
vasoconstricting factors, v) platelet adherence to damaged cell walls and thrombus
formation, vi) hemostasis and tissue hypoxia as a result.

It must also be considered that the vascular versus cellular compartment
distribution of a PS depends on the incubation time and the properties of a given PS. In
a rough approximation, a PS first enters the vascular system and only with time diffuses
from the vessels into the tissue. Thus, it is possible to specifically target PDT towards
the vascular system using short drug-light intervals.

An illuminating study addressed the question of the different angiogenic
responses of short versus long drug-light intervals using hypericin PDT of a human
bladder carcinoma xenograft model [95]. Immunohistochemical results indicated that
angiogenic proteins such as VEGF, TNF-a, interferon-a, and basic fibroblast growth
factor were overexpressed after long drug-light intervals for cellular targeting. Likewise,
the gene expression of adhesion molecules such as cadherin 5, collagen a1 and o3
was downregulated. Clearly, anti-angiogenic drugs must be included in the treatment
when targeting intracellular PDT. Intriguingly, TNF-a preconditioning was recently
shown to aid in cryosurgical tumor treatment through vascular mechanisms via
promotion of inflammation and neutrophil recruitment [96]. Similarly, animal studies with
BPD-A showed the relevance of leukocyte recruitment for increase permeability of
microvessels for drugs and water. This mechanism is different from direct endothelial
photodamage and involves leukocyte attraction and activation in a complex mechanism
[97].

Similar concepts also relate to circumventing the lowered oxygen availability in
PDT-treated tissue due to tissue hypoxia. Here the hypoxia-inducible factor 1o (HIF-1a)
may present a new target [98]. HIF-1ais a transcription factor which regulates
angiogenesis, hematopoeisis, and the energy metabolism. Ji et al. showed that the
chemically induced overexpression of HIF-1a resulted in an increased resistance of
Het-1A esophageal cancer cells to ALA PDT [99]. Likewise, a knock out of the HIF-1a
expression using anti-HIF-1o siRNA reinstated the photosensitivity of the cells. Thus,
hypoxia-induced HIF-1a overexpression modulates the PDT efficacy not only through
angiogenesis but through cellular resistance as well.
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Age-related Macular Degeneration

The photodynamic treatment of age-related macular degeneration (AMD)
presents perhaps the best established example of using photodynamic vascular effects
in medicine. Most applications in this area apply to the treatment of choroidal
neovascularization in AMD [30,94,100]. Vascular PDT targets the endothelial cells
resulting in the release of regulatory factors and alterations in the cytoskeleton which
may affect cell shape. This is believed to "interrupt interendothelial cell tight junctions,
reduce interendothelial cell communication, and expose the subendothelial basement
membrane” [94]. As clotting factors are released the circulating platelets are activated,
adhere to the basement membrane, form aggregates, and lead to vessel closure. This
is confirmed by many experimental studies. E.g., an electron microscopic study on the
Verteporfin PDT effects on choroidal and retinal structures in the hum eye clearly
showed swelling, shrinking and fragmentation of the choriocapillary endothelium,
basement detachment, and ultimately thrombus formation [101]. Similar results were
obtained with a liposomal formulation of a (phthalocyaninato)zinc(ll) derivative [102].
Likewise, Ghazi et al. described in a case report the ultrastructural changes upon
treatment of subfoeval choroidal neovascularization and noted endothelial cell
degeneration, platelet aggregation, and thrombus formation [103].

In fact, the Verteporfin-induced photodynamic angioocclusion in capillaries could
be followed in real time in a chorioallantoic chick embryo membrane model [104].
Platelet aggregation could be monitored directly and platelets were found to accumulate
at intravascular junctions within seconds after light treatment. It took only 5 min for small
vessel occlusion to occur at clinically relevant drug and light doses. The same model
was also used to investigate the sequence of vascular events after PDT. Studying the
regrowth of capillaries in PDT treated areas, it was found that 24 h post PDT new blood
vessels emerge. Unique endothelial structures appear to guide the vessels towards the
treatment center and reperfusion of vessel closed by PDT occurred. More detailed
investigations showed that substances such as Vb3-integrin, vimentin and galectin-1,
which are markers for angiogenic blood vessels, are enhanced in the treated area. In
contrast, an endothelial maturation marker (intercellular adhesion molecule ICAM-1)
was suppressed. Thus, angiogenesis occurs after PDT [105].

Anti-angiogenesis

Next to direct cell killing and the shutdown of the blood and oxygen supply to
existing tumor tissue tumor, angiogenesis presents another target for cancer therapy
[106]. Angiogenesis involves the formation of new blood vessels and anti-angiogenic
therapy, in principle, is believed to circumvent many of the side effects of classic cancer
chemotherapy. Potentially, targeting angiogenesis also allows a suppression of tumor
metastases. Recent years have seen the emergence of an intriguing new treatment
modality, the so-called anti-neovascular therapy (ANET). The aim is to directly and
selectively target the angiogenic vasculature in the tumor and thus to destroy newly
formed blood vessels. Next to benefits in minimizing drug-resistance, this clearly is an
area that calls for PDT. In fact, much of the past photodynamic AMD treatments could
be labeled as ANET-PDT, as uncontrolled angiogenesis is one hallmark of AMD [106].
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Consequently, Kurobane et al. showed that a liposomal formulation of
benzoporphyrin derivative monoacid PDT can be used to target the angiogenic
vasculature [107]. Using a murine dorsal air sac model and a Meth A sarcoma mouse
model they found evidence that direct targeting of the neovasculature is possible and
can result in strong tumor suppression. A key aspect here was the use of polycationic
liposomes for targeting [108] and both in vivo and in vitro photocytotoxic effects against
endothelial cells were found. Initial results point towards induction of apoptosis in the
endothelial cells [109].

Earlier studies with hypocrellin PDT of gliomas, macrophage and endothelial cell
lines showed a complex pattern for the release of many (anti-)angiogenic factors [110].
Thus, the proangiogenic VEGF and the antiangiogenic sFlt-1, angiostatin, p43, allograft
inflammatory factor-1 and connective tissue growth factor were all induced. In the
gliomas cells thrombospondin-1 release was lower, while endostatin release was
enhanced after PDT, while the latter was reduced in macrophages and endothelial cells.
Clearly, optimum PDT therapy requires a careful balancing act of all factors involved
[99].

Interestingly, platelets represent a rich reservoir of proangiogenic and
antiangiogenic factors and are involved in cancer angiogenesis [111]. Moreover, the
balance between these regulator factors can be pharmacologically altered and lead to
modulation of angiogenesis [46,112].

Therefore, reducing angiogenesis by inhibition of proangiogenic and stimulation
of antiangiogenic factors may be an attractive strategy for a multimodality approach in
PDT. For example, the coadministration of anti-angiogenic monoclonal antibodies such
as avastin or erbitux in a bladder tumor mouse model showed that a targeting of both
VEGF and EGFR in conjunction with hypericin PDT resulted in a more rapid PDT
response [113].

Restenosis

Another possible application of PDT relates to the prevention of restenosis.
Luminal narrowing of vessels (vascular stenosis) results from various vessel wall
diseases such as atherosclerosis. This narrowing is treated with balloon catheters
followed by insertion of stent [114]. The procedure induces injuries to the vessel wall
that are repaired by various physiological processes that include smooth muscle
proliferation of the intima (intimal hyperplasia). Restenosis is the phenomenon that
occurs at such places as a result of proliferation and migration of smooth muscle cells.
Drug releasing stents are an effective means for treatment in this area [115]. However,
the long term effects are unclear and bypassing the need for cytostatic drugs or invasive
modalities would be beneficial [116]. Interestingly, smooth muscle migration and
proliferation can be targeted specifically by PDT agents [117]. Likewise, arteriosclerosis
has been targeted by PDT with motexafin lutetium with some success in animal studies
but is not used clinically [118].

Restenosis can be inhibited by both PDT and B- or y-radiation. PDT clearly offers
an advantage here as it does not induce teratogenic effects and results in more divers
effects [119,120,121]. Current studies often employ liposomal formulations or
hydrophobic drugs which can bind to LDLs [117]. For example, photoangioplasty has
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been suggested as a potential treatment modality as it reduces or inhibits restenosis
[122]. Similarly, a texaphyrin derivative has been used to target athermomatos plaque
and was suggested as a means to treat vein graft disease [123].

Several experimental studies underpin this treatment approach. For example, it
could be shown using balloon-injured rat carotid arteries and a phthalocyanine PS that
significant endothelial lining occurred three days post PDT. This effect persisted for up
to 30 days [124]. Supporting information was obtained with a porcine restenosis model
[125]. A study using collagen type | matrix gels and human fibroblasts showed that the
fibroblast proliferation can be significantly impaired via methylene blue PDT. This was
accompanied by a reduction in the basic fibroblast growth factor (bFGF) and the
transforming growth factor 1 (TGF-p1) at the mRNA level [126].

Microvasculature Effects Related to PDT

A detailed understanding of the vascular effects requires investigations at the
microvascular level [127,128]. Early on changes PDT-related changes in the
microvasculature were noted. These included platelet aggregation and thrombus
formation and resulted in vessel shutdown [129,130]. This could be related to the
release of vasoactive substances (see below). Overall, platelet effects must be set in
the context of changes in endothelial cells. Endothelial cells release vascular mediators
as a response to many external stimuli and PDT is not exception here. The crucial role
of oxygen radicals in the signaling cascades and complement activation was
established even before related studies on PDT effects were initiated [131].

One of the first studies on alterations in the microcirculation was performed by
Reed et al. in 1988 [132]. Using in vivo television microscopy of the normal rat
cremaster they investigated the PDT effect of dihaematoporphyrin ether (DHE) on
paired and unpaired arterioles and venules. Irradiation with either blue (450-490 nm) or
green (530-560 nm) light resulted in a reduction of the blood flow of all vessels.
Together with the formation and embolization of platelet thrombi, this gave 80 % stasis
of arterioles and 90 % stasis of venules. After 2 h only the arterioles showed 20 %
reperfusion but not the venules. This reduction in the blood flow was attributed to
vasoconstriction and platelet thrombus formation. The magnitude of these effects
depended on the incident light energy. Platelet aggregation can also be adhesion
initiated by ionizing radiation [133].

One of the earliest effects of PDT on the microvasculature is granulocyte
adhesion. Using human umbilical vein endothelial cells as an in vitro model, Photofrin
PDT in the presence of neutrophils led to drastic changes in the cell morphology.
Neutrophil adherence to the subendothelial matrix was observed in a drug dose and
illumination time dependent manner. This process could be inhibited by anti-B.-integrin
antibodies, low temperature (4 °C), or staurosporin pre-incubation [134]. The central
role of neutrophils in PDT was clearly proven in a rat study, where the PDT efficacy
correlated with the number of neutrophils [135].

PDT induced microvascular damage to endothelial cells has been observed for
many photosensitizers. These include uro-, copro- and protoporphyrin, with the lipophilic
protoporphyrin IX clearly being most active [136]. Likewise, blood flow stasis was shown
for ALA [137] and has been discussed for borylated porphyrins [138]. For Laserphyrin
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PDT in mice with Meth-A tumor microscopic studies revealed the formation of emboli as
a result of platelet aggregation containing fibrin to be the dominant microvascular
change [139]. This effect was dose and light dependent [140]. PDT also inactivates the
matrix associated transforming growth factor B (TGF-B) [141]. This results in rapid
reendothelialization, has been used in experimentally inhibit intimal hyperplasia [142],
and may help in post treatment healing [143]. Newer PS also allow the direct targeting
of endothelial cells. Bechet et al. utilized a chlorin PS carrying a heptapetide targeting
neuropilin-1 in Human malignant glioma xenografted mice [144]. A significant tumor
growth delay was found and related to a 50 % reduction in tumor tissue blood flow and
was accompanied by the induction of tissue factor expression and resultant thrombus
formation.

Another interesting study used sulfonamide derivatives of porphycene. Using
human umbilical vein endothelial cells in Matrigel it was shown that the photosensitizer
prevents the formation of the capillary-like network [145]. Similarly, two ALA-PDT
resistant mammary adenocarcinoma cell lines exhibited a significantly decreased ability
to invade Matrigel [146]. Other examples are a reduction in micro vessel density in a
HT-29 human colon cancer xenograft model as a result of treatment with SN-38-loaded
chlorin-core star block copolymer micelles [147].

More detailed studies were performed with chrondrosarcoma bearing rats.
Photofrin was administered and 30 min prior to light treatment throbytopenia was
induced using rabbit anti-rat platelet antibodies. As a result the circulating platelet level
dropped from 300 000 to 20 000.mm™. No changes in vessel constriction and blood flow
stasis were observed upon PDT [148]. Thus, platelets and eicosanoid release are
necessary for PDT induced vessel constriction. Studies with MV6401 in a mammary
tumor revealed a biphasic antivascular response of PDT. The acute response involved
vasoconstriction but no thrombus formation. Thrombus formation was only observed
during the long term response (past 3 h) [149].

Advances in optical technologies make it possible to today study the PDT effects
at the level of an individual vessel. Wilson and coworkers showed that intravital imaging
with confocal microscopy in conjunction with Doppler optical coherence tomography can
be used to monitor the blood flow in a single blood vessel [150]. Using a variety of
fluorescent labels the platelet aggregation and the damage to endothelial cells could be
followed dynamically.

Vasoactive Substances

Clearly vasoactive substances are affected by PDT. A radioimmunoassay study
using rats with chondrosarcoma tumor and Photofrin showed a dose-response
relationship between the amount of photosensitizer, light-dose and thromboxane
release into the serum. Light treatment gave higher levels of thromboxane from tumor
tissue than tumor-free tissue. No PDT effect on the release of prostacyclin was found.
Interestingly, coadministration of indomethacin suppressed the thromboxane release
and the PDT-induced vascular stasis and tumor death [151,152]. Likewise,
administration of the thromboxane A2 antagonist SQ29548 significantly delayed the
platelet thrombus formation in arterioles and venules [153]. More detailed studies of the
same biological system studied the effects of R68070 (thromboxane synthetase
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inhibitor), SQ29548, and flunarizine (inhibitor of platelet shape change) [154]. SQ29548
resulted in a 50 % decrease of thromboxane levels, while no thromboxanes were
detected with the other two inhibitors. Vessel constriction was completely prevented by
flunarizine and reduced by SQ29548 or R68070. The latter two also inhibited vessel
permeability while flunarizine did not. The PDT tumor cure was significantly reduced by
these inhibitors in all animals.

On the other hand aspirin appeared to have a repair effect. Treatment of rats with
chloroaluminum sulfonated phthalocyanine accompanied by aspirin administration (0.1
or 10 mg.kg'1) immediately before, immediately after, and 6 h post PDT showed that
high doses of aspirin given post PDT resulted in no PDT-induced vascular response
[155]. The chorioallantoic membrane model has been used for many studies in this
area. Aspirin administration in conjunction with PDT has been shown to be able to
maximize the vascular permeability and leakage at an early stage thus potentially
allowing a minimizing of inflammatory and angiogenic responses [156].Several studies
have addressed the use of aspirin together with PDT for the treatment of choroidal
neovascularization. A review of clinical data for 222 patients treated during 2001-2004
was performed by Ranchod et al. [157]. For patients taking aspirin more PDT
treatments were required. On the other hand Léw et al. found no evidence for a
negative effect of aspirin in a cohort of 60 patients [158].

Clearly, the endothelium-derived relaxing factor (EDRF), which is a vasodilator
and platelet aggregation inhibitor, must play a major role in these effects. A PDT study
with Photofrin in Wistar rats studied the endothelium-dependent thoracic aorta
relaxation and found a decrease upon PDT treatment in a light- and drug-dose
dependent manner. Thus PDT appeared to limit the production or release of EDRF by
the endothelium [159].

Similarly, cytokines can affect the sensitivity of endothelial cells to PDT. A study
of bovine pulmonary artery endothelial cells and chloroaluminum sulfonated
phthalocyanine showed that pretreatment with fibroblast growth factor (FGF),
transforming growth factor B, and to some extent interleukin-1a. enhanced the PDT
effect. No such effect was observed with tumor necrosis factor o or platelet-derived
growth factor (PDGF) [160].

Epithelial growth factor (EGF) presents another interesting target. In vitro
experiments with gliomas cell lines and HpD showed that prePDT treatment with EGF
had no effect, while postPDT treatment decreased the toxicity [161]. Similarly,
pretreatment with EGF, basic fibroblast growth factor, or PDGF had not effect on ALA or
proto IX PDT in glioma cells [162].

Hypericin is a useful test bed drug as it primarily targets the tumor vasculature.
Thus PDT results in increased expression of proangiogenic factors, especially vascular
endothelial growth factor (VEGF). Studies with a nasopharyngeal carcinoma xenograft
model showed that VEGF levels were higher after shorter drug-light intervals (1 vs. 6h).
The VEGEF levels could be lowered when the angiogenesis COX-2 inhibitor Celebrex
was used in conjunction with PDT [163]. Likewise use of hypericin in a bladder cancer
model was shown to elicit the formation of arachidonic acid by phospholipase A..
Inhibition of this enzyme results in the activation of p38 MAPK an upregulator of COX-2
and survival signal. Inhibition of this regulator blocked the release of VEGF and shut
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down tumor-promoted endothelial cell migration [164]. Again, this points to the potential
of anti-angiogenic and dual treatment strategies.

An example for such an approach was investigated by Allen et al. [165]. Many
known integrin receptors bind the Arg-Gly-Asp (RGD) motif and soluble RGD peptides
have been shown to induce apoptosis at high concentrations in cell lines. Adjuvant RGD
treatment under PDT conditions with a (phthalocyaninato)aluminum derivative in
adenocarcinoma lung cancer cells (A549) or EMT6 murine mammary cancer cells
counteracted the apoptotic PDT effect at low RGD concentrations. This indicates that
unambiguous information about the details of the regulatory pathways is necessary for
optimized PDT treatments.

Singlet oxygen also affects the extracellular signal regulated kinase 1/2 (ERK)
and the Akt/protein kinase B pathways in Human dermal fibroblasts. While
phosphorylation of the former was lowered by 'O, the latter was moderately activated
[166]. Intracellular PDT with Rose Bengal inhibited the EGF or PDGF initiated activation
of both pathways.

If vasoconstriction lowers the blood supply to the tumor tissue this clearly
negatively impacts PDT due to the lowered availability of oxygen. Hence suppression of
coagulation might improve the PDT results. Use of heparin as an anti-coagulant in a
mammary carcinoma (EMT6) mouse model confirmed this [167]. The control group with
PDT + heparin exhibited reduced thrombosis, better light delivery, improved perfusion,
and oxygen supply, all resulting in improved tumor responses. The coagulation process
of endothelial cells is regulated by thrombomodulin and tissue factor. Phthalocyanine
PDT in Human umbilical vein endothelial cells altered the thrombogenic state by
lowering the expression of thrombomodulin and by increasing the tissue factor levels
[168].

With so many different vasoactive regulators involved it will be no surprise that
NO must be considered here as well. NO has been implicated in PDT action for some
time, however, experimental studies have only emerged in recent years [169]. Nitric
oxide influences oxidative stress, vascular processes and leucocytes, all of which are
strongly affected by PDT. NO can act as a vasodilator, counteracts platelet aggregation
and adhesion to the endothelium, hinders the aggregation of neutrophils and lowers the
extravasation of circulating leukocytes [39,169]. Thus, growing attention is focused on
nitric oxide's overall role in the cancer outcome. Clearly, modalities that involve oxygen
and reactive species thereof must be considered here [9].

The principle importance of NO in Photofrin PDT was established in fundamental
studies by Korbelik's and Henderson's groups [170,171,172]. Inhibition of nitric oxide
synthase increased the PDT efficacy of murine tumors in a fluence rate dependent
manner [171]. Experimentally these studies utilized the administration of Ny-nitro-L-
arginine (and its methyl ester) as nitric oxide synthase inhibitors. A comparison of a high
NO producing cells (RIF-1 and SCCVII) and low NO producers (EMT6 and FsaR)
showed that only the former gave a better therapeutic outcome [170]. Thus, the exact
PDT outcome depends on the cell type, administration of the inhibitor before or after
PDT and the light regime used. Note, that high NO producing tumor cells are resistant
to standard PDT (e.g., RIF-1). Such systems exhibit increase macromolecular leakage
and vasoconstriction upon nitric oxide synthase inhibition and PDT. These effects did
not occur in low NO producers (EMT6) [173].
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Genetic Studies

In the case of verteporfin PDT for age-related macular degeneration treatment
pharmacogenetic studies are available that further strengthen the important role of
regulatory pathways. One aspect of this is thrombophilia, an increased tendency
towards thrombosis. Genetic factors appear to play a major role in adjusting the balance
between procoagulant and anti-coagulant mechanism. Based on initial observations in
variations in the PDT outcome of Caucasian versus Asian patients it seems opportune
to investigate the coagulation-balance genetic backgrounds with regard to PDT
effectiveness.

For example, methylenetetrahydrofolate reductase C677T substitution results in
a better subfoeval choroidal neovascularization response to PDT. C677T is a common
thrombophilic folate pathway genotypic polymorphism [174]. Likewise, a statistical
analysis of respective PDT responders showed that they were overrepresented within
carriers of the 677T allele [175]. In a related study 90 Caucasian patients with
neovascular AMD were subdivided in responder and nonresponder to Verteporfin PDT.
Of six gene polymorphisms genotyped, thrombophilic factor V. G1691A, factor XIII-A
G185T, methionine synthase A2756G, methionine synthase reductase A66G,
methylenetetrahydrofolate reductase C677T and prothrombin G20210A, the latter two
were identified to be more prevalent within responders. Hyperfibrinolytic factor XIII-A
G185T was clearly overrepresented in the nonresponder fraction [176,177].

These studies not only point towards the crucial involvement of blood clotting
events in PDT action but also indicate a necessity to take pharmacogenetic results into
account when formulating treatment guidelines and to improve the cost-effectiveness of
such treatments.

PDT has also been shown to be able to control hemoptysis from hereditary
telangiectasis in a case study [178]. Using PDT with DHE in a patient with a multi-year
history of repeated embolo therapies, tracheostomies and ventilator dependence it was
concluded that PDT causes thrombosis and may be used to control bleeding from small
vessels. Another report addressed the utility of PDT in the presence of coagulopathy. A
patient with superficial esophageal cancer with HCV related Childs C cirrhosis was
treated with HPD (5 mg.kg™', 200 J.cm per fiber, =630 nm, 400 mW) and after 4 m
showed Barrett's epithelium but no carcinoma [179].

Conclusion and Outlook

As we have reviewed in this article, platelets appear to be a major cellular
element targeted by PDT. However, the concept of targeting platelet associated
processes and factors via PDT has some inherent problems. A major one related to the
current quest to utilize "nano"molecular drug delivery systems for PDT [16]. This is the
result of attempts to deliver larger amounts of PS selectively to the cell, e.g., in
nanoaggregates such as liposomes, to use the enhanced permeability and retention
(EPR) effect, which is primarily based on size, or to construct dual modality systems.
However, negative effects such as hemolysis, platelet activation and aggregation,
generation of reactive nitrogen and oxygen species, leucocyte activation and adhesion
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and complement activation have been described for nanocarriers aimed at the vascular
system [180,181,182,183]. This problem arises from the fact that the nano-targeted
vascular system contains large amounts of platelets near the vascular wall and the
platelet activating effect of microparticles has been known for almost 50 years [184].
The in vivo effects can be complex and size, shape, hydrophobicity, material type, and
surface charge of the nanoparticles modulate the clinical manifestations [160]. For a
detailed review see Huang et al. [183]. As always there is also a bright side to this. It
may be possible to design platelet-compatible nanocarriers [185].

Moreover, several studies have shown that Visudyne PDT can result in the
extravasation of large molecules from blood vessels. As described above the magnitude
of this effect depends on the length of the drug-light interval. This effect appears to be
related to the inflammatory tissue response and the possibility exists to specifically use
this effect for the local modulation of in vivo delivery of macromolecules [186]. For
example, an increased uptake of liposomal formulations of doxorubicin was found in
xenografted Colo26 tumor upon PDT [187].

Clearly a more detailed understanding of microvascular as well as platelet effects
in PDT is necessary. The expanding knowledge on the effect of signaling substances
and chemotherapeutic drugs on the regulation of these processes should led to the
development of optimized treatment protocols once more translational in vivo and
human studies are available.
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