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Abstract 

Photodynamic therapy (PDT) is a minimally invasive form of treatment, which is clinically 

approved for the treatment of angiogenic disorders, including certain forms of cancer and 

neovascular eye diseases. Although the concept of PDT has existed for a long time now, it has 

never made a solid entrance into the clinical management of cancer. This is likely due to 

secondary tissue reactions, such as inflammation and neoangiogenesis. The recent development of 

clinically effective angiogenesis inhibitors has led to the initiation of research on the combination 

of PDT with such angiostatic targeted therapies. Preclinical studies in this research field have 

shown promising results, causing a revival in the field of PDT. This review reports on the current 

research efforts on PDT and vascular targeted combination therapies. Different combination 

strategies with angiogenesis inhibition and vascular targeting approaches are discussed. In 

addition, the concept of increasing PDT selectivity by targeted delivery of photosensitizers is 

presented. Furthermore, the current insights on sequencing the therapy arms of such combinations 

will be discussed in light of vascular normalization induced by angiogenesis inhibition.  

 

Abbreviations (alphabetical order): 

ALA, aminolevulinic acid; AMD, age-related macular degeneration; AP-1, activator protein-1; 

AlPcS4, tetrasulfonated aluminum phthalocyanine; APRPG, Ala-Pro-Arg-Pro-Gly peptide; ATP, 

adenosine triphosphate; bFGF, basic fibroblast growth factor; CAM, chorioallantoic membrane; 

CCH, circumscribed choroidal haemangioma; COX-2, cyclooxygenase-2; DMXAA, 5,6-

dimethylxanthenone-4-acetic acid; EGF, epidermal growth factor; GM-CSF, granulocyte-

macrophage colony stimulating factor; HeLa, human cervix carcinoma; HIF-1α, hypoxia-

inducible factor 1-alpha; ICG, Indocyanine Green; IL-1β, interleukin 1-beta; MMP, matrix 

metalloproteinase; n.a., not applicable; NF-κB, nuclear factor κB; NPC, nasopharyngeal 

carcinoma; NPC, nasopharyngeal carcinoma; NSCLC, non-small-cell lung cancer; 

PCI, photochemical internalization; PDGF(R), platelet derived growth factor (receptor); PDT, 

photodynamic therapy; PS, photosensitizer; PEG, polyethylene glycol; PGE2, prostaglandin E2; 

PMN, polymorphonuclear; PNET, Pancreatic Neuroectodermal Tumor; RCH, retinal capillary 

haemangioma; RGD, Arg-Gly-Asp tri-peptide; RIF, radiation-induced fibrosarcoma; SCC, 

squamous-cell carcinoma; SIP, small immune protein; TNF-α, tumor necrosis factor alpha; TTT,  

Transpupillary Thermotherapy; VDA, vascular disrupting agent; VEGF, vascular endothelial cell 

growth factor; vWF, von Willebrand factor.   
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Introduction 

Photodynamic therapy (PDT) is a minimally invasive treatment that utilizes the combination of a 

non-toxic dose of light-sensitive molecules, known as a photosensitizer (PS), with the application 

of light at a wavelength appropriate to excite the PS and tissue oxygen in order to generate tissue 

damage. The earliest records of the use of a PS and a light source for a medical effect can be 

found in records originating in ancient Egypt from as early as 3000 years ago. Information on the 

treatment of vitiligo with sunlight after the application of plant extracts, probably containing 

psolarens (furanocumarins), can be found in the so-called Ebers Papyrus. This document dates 

circa 1550 BC, but was likely based on prior knowledge dating back as far as 3400 BC
1
. The use 

of a topically applied vegetable substance on the skin and subsequent irradiation by sunlight was 

used to produce photoreactions for skin repigmentation. The first scientific evidence of the use of 

PSs was reported over 100 years ago, when it was found that acridine orange and the application 

of light could kill protozoan cells
2
. Shortly after, Jesionek experimented with eosin as a 

therapeutic compound for the PDT treatment of cance 
3
. In the 1970’s, following some 

intermittent PDT activity, Thomas Dougherty and co-workers clinically tested PDT and were able 

to demonstrate total and partial eradication of various malignant growths, including metastatic 

melanomas, recurrent colon carcinomas, metastatic breast carcinomas on the chest wall, recurrent 

basal cell carcinomas and more
4
. The latter publication, to a large extent, set off the current field 

of PDT research. 

PDT is based on the generation of cytotoxic reactive oxygen species that cause tissue damage in 

the treated area
5,6

. In this way, PDT can be used to induce direct damage to tumor cells
7
. In 

addition, PDT can exert its effect through damage to the endothelium. This can lead to the 

disruption of the vasculature via endothelial cell (EC) damage, vascular leakage, and induction of 

thrombocyte aggregation and coagulation, eventually resulting in the occlusion of the vessels 
8
 

and having effects on the immune system
9
. In current medicine, PDT is approved and has been 

implemented extensively in the treatment of various diseases of the eye, such as age-related 

macular degeneration (AMD)
5
. For therapy of oncological conditions, however, the success of 

PDT has been limited with the exception of certain skin conditions
10

. Although approved for some 

cancers, such as squamous cell carcinoma
11-13

 and centrally located unresectable early stage lung 

cancer
14,15

, major applications for the treatment of solid tumors have not yet been developed. This 

may be due to limitations of PDT for certain indications, such as the local nature of the therapy 

and the limited depth of light penetration into tissue. However, more important delimiters of the 

failure so far, may be the inevitable tissue responses to therapy, possibly enhancing and 

facilitating regrowth or further outgrowth of tumors. PDT has been shown to induce an 
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inflammatory response in the tumor tissue. During and directly following PDT, the release of pro-

inflammatory mediators, such as arachidonic acid metabolites, histamine discharged from mast 

cells, complement anaphylatoxins, cytokines, chemoattractants, leukocyte adhesion molecules and 

degradative enzymes, help to activate an inflammatory response and to attract neutrophils and 

other inflammatory cells to the treated site
9
. All of these factors induce tumor vasculature 

alterations, including increased permeability to allow the transport of blood proteins and pro-

adhesiveness to inflammatory cells. Interleukin (IL)-1β and IL-6 have been shown to play critical 

roles in this PDT-induced inflammatory process
16,17

. Therefore, the modulation of different 

inflammatory factors can be used to enhance the effects of PDT, as elegantly reviewed by 

Agostinis et al.
18

.  

 

The above mentioned plethora of produced cytokines can also lead to direct tumor cell activation. 

Such cytokine storms, as well as attracted macrophages, can also stimulate endothelial cells to 

increase angiogenesis. Additionally, initial damage to the tumor tissue causes hypoxia and 

oxidative stress in the treated area
19

, which induces hypoxia-inducible factor 1-alpha (HIF-1α) 

expression leading to VEGF production. These processes are interpreted by the body as localized 

acute trauma
18

, which will then lead to more unwanted angiogenesis, possibly leading to the 

induction of tumor recurrence and maybe even the acceleration of tumor growth
20-25

. Due to these 

secondary effects following PDT, it was realized that the use of combination therapies which 

attempt to counteract these tissue responses may improve the final outcome of PDT. The main 

therapeutic modalities that are tested in this respect are chemotherapy
26

, pro-oxidant therapies 

(e.g. erythropoietin)
27,28

, anti-inflammation
18

 and anti-angiogenesis therapies
29

. 

 

The combination of PDT with anti-angiogenic strategies is the focus of the current review. The 

relationship between PDT-induced damage, the activation of angiogenic pathways and subsequent 

vascular proliferation were confirmed by the landmark study of Ferrario et al. 
25

. In this study, 

Photofrin
®
-mediated PDT was performed in vitro on breast carcinoma cells showing increased 

VEGF expression which may have been associated with treatment-induced hypoxia and to a 

lesser extent with treatment-induced oxidative stress
25

. In addition, this study examined the effects 

of PDT followed by the administration of anti-angiogenic drugs in vivo on tumor bearing mice. 

This report showed that the combination therapy resulted not only in a significant reduction in 

PDT-induced VEGF expression, but also elicited a significant increase in the tumoricidal activity 

of PDT, as measured by tumor cure rates. The results of this study have since been confirmed and 

reproduced by an assortment of groups using various combinations of different PSs and anti-

angiogenic or anti-vascular drugs on many different cancer cell lines and tumor models. This 
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review will focus on what is known of this combination strategy and will give a critical view of its 

future applications. The different approaches of angiogenesis inhibition and vascular targeting, as 

well as the timing and sequencing of therapeutic strategies will be discussed. In addition, the 

enhancement of the selectivity of PDT through the molecular targeting of PSs will be reviewed 

and discussed.  The importance of the subject of this review is reflected by the view of researchers 

and clinicians that the combination of PDT with angiostasis may allow for a revival in the field of 

PDT and holds promise for the application of PDT in cancer. 

 

PDT and its vascular effects 

Research over the past few decades investigating the mechanisms and cellular effects of PDT has 

revealed that the vascular damage caused by PDT is largely responsible for the therapeutic benefit 

of the treatment, depending on the timing and the PS administered
30-32

. It has also been 

demonstrated that tumor cure rates are strongly dependent on vessel damage in and around the 

treated tumor 
33

. Tissue damage from PDT depends on the photosensitizing agent and the 

treatment regimen used. The vascular effects of PDT, which eventually lead to vascular occlusion, 

will be described in more detail. Early damage following the injection and illumination of a PS is 

mostly observed in the endothelial and sub-endothelial cells 
34

. Endothelial cell damage, 

originating at the endothelial luminal surface, begins with the influx of calcium into the cells
35

. 

An increase in the cytosolic calcium concentration leads to conformational changes in adhesion 

molecules and alterations in cytoskeletal components, including the depolarization of cytoplasmic 

microtubules. This induces changes in cell shape, such as swelling, rounding up and contraction, 

as well as fragmentation, resulting in complete eradication of the endothelial lining
36

. Contraction 

of endothelial cells results in the loss of tight junctions between cells and the exposure of the 

vascular basement membrane
37

 to circulating blood. The interaction of blood platelets with the 

denudated vascular wall induces the activation and aggregation of platelets. Platelets have also 

been shown to accumulate PSs and upon irradiation are damaged, losing serotonin and ATP 

proportional to the PS dose administered
38,39

. Taken together, platelet damage and the interaction 

of platelets with pro-coagulant extracellular matrix components eventually leads to vessel 

constriction and a thrombus formation
36,40,41

.  

 

The adhesion of granulocytes has also been observed following endothelial cell damage, which 

can induce increased vascular permeability and edema
42

. Damage to platelets further stimulates 

the release of thromboxane (a platelet pro-aggregation compound) and leukotriene B4, both of 

which further contribute to enhanced vascular permeability and the disruption of the endothelial 
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cell lining of exposed blood vessels
43,44

. These leukocytes have been shown to bind to the vascular 

endothelium in PDT-treated normal tissue
45

, but not to PDT-treated tumor microvasculature, 

indicating that tumor vasculature damage following PDT is not related to leukocyte adherenc 
46

. It 

is likely that the anti-adhesive properties of tumor endothelial cells, as have been previously 

described, explain these observations
47,48

. Endothelial cells may also influence the blood clotting 

balance through the release of clotting factors 
49

, including von Willebrand factor (vWf)
35

. All of 

these biochemical changes disrupt the balance of platelet pro-aggregatory/constricting compounds 

and anti-aggregatory/vasolidating agents (prostacyclins)
50,51

, resulting in smooth muscle 

constriction and further platelet aggregation. In a parallel mechanism, PDT-induced damage to 

membrane lipids elicits the release of arachidonic acid, which initiates a series of reactions, also 

ending in the release of thromboxane. Vessel constriction is further supported by the inhibition of 

nitric oxide production in endothelial cells
52

. Finally, a blood clot within the vessel lumen could 

 

 
Figure 1. Tumor endothelial responses after photodynamic therapy (PDT) leading to blood flow 

stasis.  

A simplified scheme of the different steps after injection of a photosensitizer and exposure to 

light. (A) Tumor blood vessel before PDT. (B-E) Magnification of the junction of the tumor 

vessel. (B) Before PDT endothelial cells are tightly attached to the basement membrane of the 

vessel wall, lining the blood vessel. Endothelial cells are connected through tight junctions. (C) 

After injection of photosensitizer and light exposure, cellular stress inside the endothelial cells 

results in disruption of tight junctions, partial retraction and detachment from the vessel wall. 

(D) Blood gets in contact with the vessel wall collagen and the clotting cascade is initiated, 

ultimately leading, through the interaction with fibrinogen, to the formation of a stabilized 

thrombus, leading to obstruction of the vessel.  (E) Due to the angiogenic switch, endothelial 

cell proliferation, migration and sprout formation is observed. 
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potentially cause obstruction to blood flow, leading to the termination of vascular function and an 

increase in intratumoral interstitial fluid pressure
53

. A simplified scheme of the PDT-vascular 

effects is shown in Fig. 1.  

 

PDT in combination with anti-angiogenesis 

Major problems associated with the application of PDT for cancer are the secondary angiogenic 

and inflammatory responses to treatment, which result in the revascularization of treated lesions 

and contribute to tumor recurrence
25,32

. Tumor angiogenesis is a robust physiological process, 

regulated by a variety of endogenous pro- and anti-angiogenic factors. The process starts in many 

cases with hypoxia in a malignantly transformed cell mass. This forces the angiogenic switch in 

these cells, which will then express angiogenic growth factors, such as vascular endothelial 

growth factor 

(VEGF). 

Endothelial cells 

in preexisting 

blood vessels will 

then migrate into 

the growth factor 

gradient, 

proliferate and 

form new 

vascular sprouts. 

These initially 

immature blood 

vessels form a 

new basement 

membrane and 

attract accessory 

cells to form 

mature blood 

vessels that can 

transport blood. 

The angiogenesis 

cascade is schematically presented and summarized in Fig. 2.  

 
Figure 2. The different steps of the angiogenic cascade. 

I. Outgrowth of a tumor will involve generation of hypoxia, leading to the 

onset of angiogenic genes, such as vascular endothelial growth factor 

(VEGF) and fibroblast growth factor (FGF). II. The secretion of these 

factors activates endothelial cells of preexisting nearby capillaries to 

produce matrix metalloproteinases to breakdown the extracellular matrix. 

This will allow the endothelial cells to start migrating towards the 

stimulus. III. Endothelial cells proliferate and form vascular sprouts that 

can transport blood but are initially very leaky. IV. Only after the 

formation of a new extracellular matrix and basement membrane, a new 

blood vessel is available for oxygenation of the tissue and removal of 

waste products. New vessels in tumors can be leaky and may allow 

migration of tumor cells to distant sites.  
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Growth factor targeted agents 

Over the last few decades, many angiogenesis mechanisms have been delineated and treatment 

strategies against cancer, based on angiogenesis inhibition, have been developed. The most 

developed strategy of angiogenesis inhibition is the intervention with angiogenic growth factor 

signaling. Both growth factor neutralizing antibodies or antibody-based constructs and inhibitors 

of growth factor receptor signaling, which act through the inhibition of tyrosine kinase activity, 

have been developed. Other drug targets which are currently being clinically assessed as 

modulators of 

angiogenesis, include 

circulating endothelial 

progenitor cells, the 

cytoskeleton (see section 

on vascular disrupting 

agents), cell adhesion 

molecules (intergrins, 

see section on targeting 

tumor endothelium), 

hypoxia, MMPs and 

cathepsins (see section 

on PDT in combination 

with anti-angiogenesis). 

Procoagulant pathways 

are also upregulated in 

tumor vasculature—a 

pathway which can be 

blocked with anti-

thrombotic drugs 

(fragmin). Platelets are 

often overstimulated by 

IL-6 in tumors and 

provide a major source 

of VEGF. Additionally, 

the enzyme thymidine 

phosphorylase is often 

 

 

Figure 3. Main mechanisms involved in tumor angiogenesis on 

a vascular and cellular level.  

(A) Overview of tumor blood vessel including different 

components of its structure and factors that can influence 

angiogenesis. (B) A simplified diagram of the angiogenesis 

targets and inhibitors discussed in this review. Green arrows 

represent induction and red inhibition of signaling. RGD, the 

tripeptide sequence ligand of (αvβ3-)integrin; EDB-FN, extra 

domain B containing splice variant of fibronectin associated to 

tumor blood vessels; L19 Ab, the anti-EDB-FN antibody; 

MMPs, matrix metalloproteinases; COX-2, cyclooxygenase-2. 



Chapter 8 

165 

 

 

upregulated in tumors and produces angiogenic metabolites. The inhibition of its action may 

therefore potentially lead to effective angiogenesis inhibition (Fig. 3).  

 

Central to the growth factor targeting approach is the VEGF signaling axis. VEGF is a rather 

specific mitogenic endothelial growth factor, which is able to stimulate all steps in the 

angiogenesis cascade, from the activation of the endothelium to produce proteases, to the 

stimulation of migration and proliferation, and the maturation and attraction of pericytes. In 

addition, its role in cancer is of pivotal importance, as reflected by the overexpression of VEGF in 

practically all types of cancer. The importance of the VEGF signaling axis is further evidenced by 

the large interest within the field of PDT regarding combination therapies that seek to inhibit this 

pathway.  Ferrario et al. performed the initial study that confirmed a link between PDT-induced 

vascular damage, the activation of angiogenic pathways, and tumor revascularization. This study 

showed that this combination treatment in a breast cancer model reduced VEGF expression and 

increased tumor cure rates from 39% with PDT alone to 80-90% in the combination group
25

. An 

overview of such targeted combination studies will be given below, where a distinction will be 

made between VEGF and other growth factor (-receptor) targeted approaches and agents that 

directly target endothelial cell function (Fig. 3B).  

 

Vascular endothelial growth factor (VEGF) axis targeting agents 

The first angiogenesis inhibitor approved for the treatment of cancer was the monoclonal antibody 

based compound bevacizumab (Avastin
®
, Genentech). This drug, the activity of which is the 

neutralization of VEGF, is currently approved as a first-line treatment, in combination with 

chemotherapy, for patients suffering from advanced metastatic colorectal cancer
54

. The initial 

success of clinical trials based on the use of bevacizumab set a milestone in the field of anti-

angiogenic cancer therapy
55,56

. The combination of bevacizumab with PDT is approved for the 

treatment of AMD
57

, and has also become of interest in the treatment of various forms of cancer
58

. 

Following their landmark study in 2000, the group of Ferrario reported on the combination of 

Photofrin
®
-mediated PDT with bevacizumab, applied immediately after PDT, in human Kaposi’s 

sarcoma xenografts in nude mice
59

. This study confirmed the angiogenic response induced by 

PDT through the detection of increased expression of HIF-1α, VEGF, prostaglandin E2 (PGE2), 

tumor necrosis factor alpha (TNF-α) and interleukin 1-beta (IL-1β) following PDT treatment. 

More interestingly, a significant increase in long-term tumor responses was noted after 

combination therapy, as compared to either monotherapy (55% of mice saw long-term tumor 

response in the combination treatment group, compared to 22% and 10% in the PDT-only and 

bevacizumab-only treated groups). Additionally, there was no significant increase in normal 
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tissue toxicity associated with the better tumor response. These results provided the first proof 

that bevacizumab could be used to improve PDT and suggested that VEGF inhibitors, in general, 

may ameliorate the clinical efficacy of PDT in cancer
59

.  

 

Shortly after this study, a similar study examined tumor response to hypericin-PDT in 

combination with bevacizumab on bladder carcinoma xenografts in nude mice
60

. Assessment of 

tumor volume following treatment showed that combination therapy (with high or low dose PDT) 

resulted in a significantly better tumor response when compared to control (no treatment) or 

monotherapy treatment groups. This study also showed that the treatment of bladder carcinoma 

tumors with PDT and bevacizumab resulted in suppressed expression of VEGF and 

downregulation in the expression of other angiogenic molecules (angiogenin, bFGF, EGF, and 

interleukin-6 and -8) as compared to PDT-only treated tumors. These findings strongly support 

the hypothesis that PDT-induced angiogenesis can be counteracted using subsequent anti-

angiogenic therapy.  

 

The same group implemented the use of confocal endomicroscopy to visualize vasculature 

following the combination approach as described above in order to evaluate the angiogenic 

responses of vasculature to treatment
61

. This study, which allowed in vivo surface and subsurface 

fluorescence imaging of the tissue, revealed that the damage to tumors in the combination 

treatment group was significantly more efficient than either monotherapy. Visualization of blood 

vessels also showed a decrease in tumor vessel density in the bevacizumab monotherapy group, 

compared to the control, with the remaining vasculature appearing morphologically normalized. 

On the other hand, blood vessels in the tumors treated with the combination therapy were leaky, 

showed loss of function and revealed the greatest reduction in mean vessel area. Complete cures 

were observed in the treatment group receiving PDT and continued bevacizumab therapy. 

Immunohistochemistry and immunofluorescence studies confirmed these observations, showing a 

significant downregulation of VEGF expression in tumors treated with the combination therapy.  

 

An entirely different approach to inhibiting the VEGF signaling axis was undertaken in the study 

by Jiang et al.
62

. Here, the use of a mix of two antibodies directed to the VEGF-receptor-1 (MF1) 

and -2 (DC101) were used as monotherapies or in combination with Photofrin
®
-PDT to treat 

intracerebral U87 glioblastoma xenografts in nude mice. In this study, the angiogenesis inhibiting 

drugs were administered through i.p. injection every other day from days 8 through 14 after tumor 

implantation, which corresponded to 24 hours following PDT performed on day 7 after 

implantation. Monotherapies of PDT or MF1 + DC101 significantly reduced the tumor volume 
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and prolonged survival of tumor bearing mice. Anti-angiogenic therapy was observed to decrease 

proliferation and increase apoptosis of tumor cells. Combination therapy also increased survival 

time, while decreasing tumor volume, showing significantly better outcomes than either 

monotherapy. The benefit of the combination, however, was reported to be additive and not 

synergistic. Again, a decrease in the expression of the angiogenic growth factors VEGF and von 

Willebrand factor (vWF) was seen in the combination therapy group as compared to the PDT-

only treated group. 

 

Anti-VEGF therapy combined with verteporfin-PDT has been successfully used in the treatment 

of ocular tumors. Circumscribed choroidal haemangioma (CCH) is an uncommon, benign 

vascular tumor manifesting as a discrete smooth, round, orange-red mass located posterior to the 

equator, normally in the macular and peripapillary region. Sagong et al. discussed two patients 

with CCH who were treated with intravitreal injection of Avastin
®
 and subsequent verteporfin-

PDT
63

. The result of this clinical application on a very limited number of patients turned out to be 

very successful, as complete regression of lesions was observed for 6–9 months. Furthermore, 

improved visual acuity was accompanied by complete resorption of subretinal fluid due to partial 

vessel normalization. PDT alone, however, has also been used in case studies to successfully treat 

patients with CCH resulting in minimal side-effects
64

. Randomized controlled trials are therefore 

warranted to confirm the efficacy of both verteporfin-PDT and combination therapy in 

circumscribed choroidal haemangioma, and to further investigate the potential of combination 

therapies utilizing verteporfin-PDT with anti-VEFG or intravitreal triamcinolone, for which there 

is little but encouraging data. 

 

In another case study, verteporfin-PDT in combination with bevacizumab was used as an effective 

and well-tolerated option for juxtapapillary retinal capillary haemangioma (RCH), another form 

of vascular tumor located at the border of the optic nerve head and frequently associated with von 

Hippel-Lindau
65

. PDT is considered the treatment of choice for juxtapapillary RCH, however the 

need for multiple treatments can result in damage to surrounding tissue and poor overall results 

for patients
66

. The anti-exudative effect of bevacizumab promises to provide better delineation of 

RCH and, consequently, allows for more precise adjustment of PDT irradiation to minimize 

collateral damage. In this study, a single combination therapy of bevacizumab and verteporfin-

PDT showed long-lasting effects and, thus, eliminated the necessity of further destruction by 

repeated PDT treatment. Long-term follow-up of other cases is necessary to make a conclusive 

statement about the efficacy of combination therapy in the treatment of RCH.  
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Taken together, these results suggest that the inhibition of VEGF signaling, through bevacizumab 

or other molecules, can provide a viable means to combat PDT-induced angiogenesis, and more 

importantly, that these combination therapies can help to prevent tumor recurrence, thereby 

increasing the overall efficacy of PDT treatment. The study of bevacizumab in preclinical models, 

however, is not entirely straight forward, as controversy exists regarding the binding affinity of 

bevacizumab to non-human VEGF. Bevacizumab is a humanized (93% human) antibody, derived 

from the murine VEGF monoclonal antibody A4.6.1
67,68

. A key difference between human and 

mouse VEGF-A (mVEGF-A) is that the Gly-88 in human VEGF-A corresponds to Ser-87 in 

mVEGF-A, a difference that is located at the core of the protein-antibody interface
69

. Crystal 

structure analysis of hVEGF-A when it is bound to bevacizumab, shows a tightly packed interface 

between the protein and antibody. In the mVEGF-A-antibody complex, where Ser-87 is present, 

the addition of two non-hydrogen atoms at the interface prevents a strong interaction. This 

indicates that bevacizumab would have a weak affinity for mVEGF-A compared to hVEGF-A. 

The study by Bock et al.
70

, however, reported strong anti-angiogenic effects of systemically 

administered bevacizumab on corneal angiogenesis in a murine model, spurring the group of 

Ferrara to reinvestigate the activity of bevacizumab in murine models in a study published in 

2008
71

. They reported a very weak interaction between bevacizumab and mVEGF-A in the 

western blot analysis, and no inhibitory effect on mVEGF-stimulated endothelial cell proliferation 

or inhibitory action in in vivo models. The authors of this paper concluded that it is “unlikely that 

the in vivo findings described by Bock et al. resulted from a specific immunoneutralization of 

mVEGF-A by bevacizumab”
71

.  

 

Other growth factor targeted agents  

The epidermal growth factor (EGF) pathway also provides an interesting target for anti-

angiogenic and anti-cancer therapies, as it is known to be involved in the regulation of normal 

cellular processes and its overexpression is frequently correlated with the development of 

malignancy
72

. EGF promotes cell cycle progression from G1 to S phase, thus promoting an 

increase in the number of proliferating cells
73

. The overexpression of EGF has been shown to be 

associated with a wide array of cancers, including head and neck-, breast-, colon-, lung-, prostate-, 

kidney- and bladder carcinomas
72,74

. 

 

The use of EGF inhibitors in combination with PDT has also become of particular interest, as it 

has been shown that PDT can result in increased phosphorylation of the EGF receptor (EGFR) 

and increased activity of downstream signals, such as ERK1 and ERK2, protecting cells from 
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PDT-induced damage. Recently, a review was published on studies examining the activity of 

EGFR pathways in PDT induced cell death
75

. The studies indicated that the inhibition of EGFR 

plays an important role in post-PDT effect and, that following PDT, both normal and cancerous 

cells become less sensitive to EGF signaling. Additionally, the activation of ERK 1/2 and EGFR-

PI3K-Akt pathways following PDT appeared to aid in cell survival. These results indicate that the 

inhibition of EGFR in combination with PDT may provide potential for clinical applications. The 

combination of PDT with EGF inhibitors, particularly cetuximab (Erbitux
®
), an antibody which 

binds competitively with the EGFR, has shown good potential to increase the efficacy of therapy, 

not only through the inhibition of PDT-induced angiogenesis, but also through the inhibition of 

other PDT-activated pathways in tumor cells. 

 

 

 

Figure 4. Improvement of PDT by targeted delivery of photosensitizers. 

(A) Subcutaneous xenografts of human A431 epidermoid carcinoma in nude mice are ablated 

by PDT after injection of a single dose of SIP(L19)–PS. Photographs are taken at several points 

in time after a single dose of irradiation with light. (B) Tumor responses in F9 teratocarcinomas 

after i.v. injections with SIP(L19)–PS (diamonds and circles), SIP(F16)–PS (triangles) or saline 

(squares) on days 0, 2, 4 and 6 of the treatment schedule. Irradiation was given daily from days 

1 to 8 (in diamonds-, triangles-, and squares graphs). *P0.01 vs not irradiated, **P0.01 vs 

saline. (C) Effect of PDT with SIP(L19)-PS on tumor histology. Sections of F9 tumors excised 

1 h after PDT, stained with haematoxylin/eosin and imaged at x 2.5 magnification. (Adapted 

with permission from Macmillan Publishers Ltd on behalf of Cancer Research UK: Palumbo et 

al, Br. J. Cancer, copyright 2011). 
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An early study examining the synergistic effects of EGFR inhibition and verteporfin-PDT was 

performed by Del Carmen et al.
73

 on an ovarian carcinoma model in nude mice. Treatment of 

tumor bearing mice with PDT followed by
 
cetuximab resulted in synergistic inhibition of tumor 

growth and an overall reduction in tumor size (9.8% of the control) as compared to verteporfin-

PDT (38.2%) or cetuximab alone (66.6%). The overall survival rate in this group was found to be 

three times higher than non-treated mice, i.e. at day 180, 3/9 mice in the combination group were 

alive compared to 0/12 in the drug only group and 1/10 in the PDT-only group, while all non-

treated mice died by day 40. The in vivo effects of administering hypercin-PDT followed by 

cetuximab in human bladder carcinoma-bearing nude mice has also been reported
76

. The results of 

this study showed strong inhibition of tumor growth in the combination therapy group, with a 

relative tumor inhibition of 93% compared to control mice, while monotherapies of PDT and 

cetuximab showed only 57.8% and 74.8% inhibition of tumor growth, respectively. Although an 

initial acceleration in tumor growth was seen one week following treatment, this was followed by 

a decrease in tumor size, eventually leading to complete tumor regression. The combination 

therapy group showed an increase in apoptosis and downregulation of EGFR expression, as well 

as inhibition of phosphorylation at most of the EGFR phosphorylation sites and downregulation 

of EGFR target genes, such as cyclin D1 and c-myc. These researchers also performed an 

additional study, applying hypericin-PDT followed by the administration of the EGFR inhibitor 

cetuximab, the VEGF inhibitor bevacizumab, or both drugs, in vitro on bladder cancer and 

HUVEC cells and in vivo on a murine bladder tumor model
58

. Although both drugs showed 

efficient inhibition of cell migration when administered alone, the combination of cetuximab and 

bevacizumab did not show a significant increase in the inhibition of cell migration. Cell invasion 

and tube formation, however, were suppressed by both drugs individually, while being 

significantly more suppressed by the combination of both drugs, even resulting in complete 

prevention of tube formation. Assessment of tumor volume in treated mice revealed that mice 

receiving combination therapies (PDT+bevacizumab, PDT+cetuximab, or 

PDT+bevacizumab+cetuximab) showed significantly greater treatment responses when compared 

to control and PDT-only treated groups. Mice treated with bevacizumab and cetuximab only 

exhibited tumor regression, but no complete cures, indicating that while anti-angiogenic drug 

therapy is somewhat effective alone, its combination with hypericin-PDT results in a much 

greater tumor response (see Fig. 5). These results support the hypothesis that the combination of 

hypericin-PDT with the angiogenesis inhibitors bevacizumab and/or cetuximab can help to 

prevent the PDT-induced angiogenic process, improving treatment efficiency and resulting in 

complete cures in tumor bearing mice.  
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Yip et al. used photochemical internalization (PCI) in order to achieve drug delivery and PDT
77

. 

PCI is a drug delivery method where endocytosed macromolecules can be directly delivered into 

the cytosol of cells and PDT can be performed upon the activation of PSs by light
78

. In this study, 

cetuximab was linked to a type I ribosome-inactivating protein called saporin (cetuximab-

saporin), thereby targeting the immunotoxin saporin to EGFR-expressing cells. Results showed 

the selective binding and uptake of the drug in EGFR-positive cells, as well as reduced levels of 

unspecific cetuximab uptake. In addition, non-conjugated cetuximab therapy alone only decreased 

cell viability by 10% at its highest concentration and showed no enhancement of cytotoxicity with 

increased doses of non-conjugated cetuximab when used in combination TPPS2a-PDT, mimicking 

the PCI protocol. Combination of cetuximab and saporin with TPPS2a-PDT resulted in a 

triplication of the cytotoxicity, due to the action of cetuximab, PDT and PCI of saporin.   

 

These studies have shown that the combination of PDT with EGF inhibition has great potential in 

the treatment of certain types of cancer. This is of particular interest as the overexpression of 

EGFR in tumor cells has been shown to be an indicator of aggressive and chemotherapy resistant 

tumors
73

. In addition, PDT has been shown to be effective against epithelial ovarian carcinoma 

that is refractory to chemotherapy and radiation therapy
79,80

 and is known to overexpress EGFR. 

Overall, these studies indicate that synergistic effects may be seen when combining individual 

 

 
Figure 5. Tumor growth inhibition by PDT, anti-angiogenesis or the combination. 

(A) The combination therapy groups of PDT + Avastin
®
, PDT + Erbitux

®
, and PDT + 

Avastin
®
 + Erbitux

®
 exhibited greater tumor response in comparison with the other groups. 

(B) Ratio of EGFR and VEGF density plotted against actin for all treatment groups (reprinted 

from Bhuvaneswari et al, Lasers in Surgery and Medicine, 2011, after receiving permission 

from the publisher).   
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monotherapies which target and affect non-overlapping pathways
73

, resulting in maximal 

treatment benefits with minimal additional side effects.  

 

Tyrosine kinase inhibitors 

Complex signaling in malignant cells and cellular heterogeneity within each tumor dictates the 

necessity of targeting multiple signaling pathways
81

. The above-mentioned strategies target only 

single growth factor receptors. There is not only a theoretical advantage of targeting multiple 

pathways, as for example, it has been demonstrated for non-small-cell lung cancer (NSCLC) that 

there is a strong relationship between the EGFR and VEGFR pathways
82

. It is thus reasonable to 

hypothesize that targeting both pathways with separate drugs would have an additive or even a 

synergistic inhibitory effect on tumor growth. With the development of small molecule tyrosine 

kinase inhibitors, it is possible to target multiple growth factor receptors by blocking their 

intracellular phosphorylation sites and, thereby, their signaling capacity. Several of these drugs 

have recieved FDA approval in the treatment of solid tumors, such as sunitinib (Sutent
®
) for the 

treatment of renal cell carcinoma. Sunitinib targets and inhibits multiple kinase pathways, among 

which are VEGFR2, platelet derived growth factor receptor (PDGFR), c-kit, FLT3 and RET. 

Sorafenib (Nexavar
®
) targets VEGFR2 and -3, PDGFR and FLT-3 and is now registered for 

treatment of advanced renal cell carcinoma and hepatocellular carcinoma. Some of these  

compounds have a narrow spectrum of action, such as erlotinib (Tarceva
®
), which more 

selectively inhibits epidermal growth factor receptor (EGFR) and is approved for NSCLC and 

pancreatic cancer. These compounds have been tested in combination with PDT to combat the 

secondary angiogenesis response in the expectation that broader receptor targeting may result in 

more robust inhibition of angiogenesis, further enhancing the therapeutic benefits of PDT.  

 

A recent study was performed by us aimed to compare the ability of different anti-angiogenic 

compounds to prolong verteporfin-PDT-induced vascular occlusion in the chicken chorioallantoic 

membrane (CAM) model
23

. In this study, the action of bevacizumab was compared with various 

clinically approved TKIs with varying spectrums of action, including sorafenib
83

, erlotinib
84

 and 

sunitinib
85

. The results of this study showed that all compounds tested were capable of inhibiting 

both physiological angiogenesis in the CAM, as well as verteporfin-PDT-induced angiogenesis, 

resulting in prolonged vascular occlusion in the treated areas. Image processing analysis of the 

treated blood vessels revealed that sorafenib induced the strongest anti-angiogenic effect, 

outperforming the other drugs at improving verteporfin-PDT. Interestingly, the morphology of 

regrown blood vessels in the PDT treated areas differed from untreated blood vessels
32

. In 

addition, there was also a clear difference in the morphology of blood vessels growing after 

http://en.wikipedia.org/wiki/Renal_cell_carcinoma
http://en.wikipedia.org/wiki/Hepatocellular_carcinoma
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treatment with the different anti-angiogenic drugs (see Fig. 6). The results of this study showed 

that the inhibitor with the broadest spectrum of action resulted in the strongest inhibition of PDT-

induced angiogenesis in the CAM. 

 

A study by Dimitroff et al.
86

 verified the action of a broad (PD166285, inhibiting c-src, FGFR-1, 

PDGFR-β and EGFR) and a narrow (PD173074, inhibiting selectively FGFR-1) spectrum 

experimental TKI in combination with Photofrin
®
-PDT, in vivo in the murine 16c breast 

carcinoma model. Independent of their spectrums of action, oral administration of either 

PD166285 (1-25 mg/kg) or PD173074 (25-100 mg/kg) generated dose-dependent inhibition of 

angiogenesis. Additionally, significantly prolonged tumor regression was achieved with daily 

doses of PD166285 (5-10 mg/kg) or PD173074 (30-60 mg/kg) following Photofrin
®
-PDT, as 

compared to Photofrin
®
-PDT alone.  

 

The use of the TKIs SU5416 and SU6668 in combination with hypericin-PDT was investigated 

by Zhou et al. in human nasopharyngeal carcinoma (NPC) bearing BALB/c athymic mice
87

. 

Single hypericin-PDT alone resulted in the increased expression of angiogenic factors, including 

VEGF, HIF-1α, COX-2 and bFGF, when compared to control mice. The combination of single 

hypericin-PDT with subsequent administration of SU6668 resulted in the best therapeutic 

 

Figure 6. Sustained photodynamic vaso-occlusion by angiogenesis inhibitors.  

(A) Fluorescence angiograms taken before (A), 48 h after Visudyne®-PDT (0.20 mg/kg 

embryo weight, λex = 420 nm, λem > 470 nm; light dose of 20 J/cm
2
 and an irradiance of 

50 mW/cm
2
, drug-light interval 1 min) alone (B), and combination therapy of PDT with 

topically administered angiogenesis inhibitors erlotinib (C) sunitinib (D), sorafenib (E), and 

bevacizumab (F). All agents were applied twice (immediately and 24 h post PDT). The 

vasculature is visualized by FITC-dextran fluorescence angiography (25 mg/kg, 20 kDa, 

λex = 470 nm, λem > 520 nm). (G) Quantifications of 2 descriptors for two concentrations of the 

drugs. Mean values are shown, error bars represent standard error of the mean. 
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response. It increased the survival rate of treated mice to 100%, as compared to 0%, 33%, 75%, 

33%, and 33% in the control, hypericin-PDT alone, SU5416 alone, SU6668 alone and PDT 

followed by SU5416 treatment groups, respectively. The better therapeutic response of SU6668 

with hypericin-PDT was, at least partially, attributed the broader spectrum of action of SU6668, 

blocking the signaling of receptors for VEGF, PDGF and FGF. An interesting observation, 

however, was that even though SU6668 was more effective at inhibiting tumor growth in 

combination with hypericin-PDT, following the arrest of anti-angiogenic treatment, control of 

tumor volume lasted much longer in the SU5416-treated mice than in SU6668-treated mice. 

These findings are supported by an in vitro study which showed that SU5416 resulted in long-

lasting inhibition of VEGFR phosphorylation and function, reducing proliferation of endothelial 

cells
88

, while similar studies did not show the same effect for SU6668. This may also help to 

explain why SU6668 was less effective than SU5416 as a monotherapy to increase the overall 

survival of treated mice.  

 

Summarizing, angiogenesis is an intricately regulated biological process, which may be more 

effectively inhibited through novel drug strategies, such as with the use of TKIs, which target 

multiple different pathways simultaneously. Even though many of these studies seem to suggest 

that the inhibition of more than one angiogenesis signal pathway could result in more efficacious 

inhibition of PDT-induced angiogenesis, it is clear that more knowledge is needed to substantiate 

this claim. This advantage, however, may in fact be a double-edged sword, as kinase inhibitors 

frequently have off-target interactions, which can result in drug related adverse side-effects and 

toxicities. For this reason, the spectrum of the drug in question must be carefully taken into 

account in order to maximize its therapeutic effects, while maintaining tolerable side effects.  

 

Non-growth factor targeted agents 

 

Matrix metalloproteinases (MMPs) 

In addition to growth factor mediated signals stimulating angiogenesis, there are many other, later 

steps in the angiogenic cascade that are amenable for intervention to improve the effects of PDT. 

First of all, the release of proteases, particularly matrix metalloproteinases (MMPs), can be 

targeted. MMPs are produced by endothelial cells in order to prepare the extra-cellular matrix for 

invasion by vascular sprouts. In addition, specifically targeting the processes of endothelial cell 

migration and proliferation provide attractive approaches for angiogenesis inhibition, as well as 

interfering with vascular maturation steps, such as the formation of the basal membrane and the 
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attraction of pericytes. MMPs are proteolytic enzymes, which are known to aid in the degradation 

of components of the extracellular matrix. They play a critical role in cancer cell invasion and 

metastasis, as well as in angiogenesis
89,90

.  

 

A variety of studies have examined the effects of PDT on MMP expression in various tumor cell 

lines and tumor models. In one such study, Du et al.
91

 performed hypericin-PDT on two 

nasopharyngeal cancer (NPC) cell lines, well differentiated HK1 cells and poorly differentiated 

CNE-2 cells, and in vivo on HK1-NPC tumors in mice. It was found that PDT increased MMP-1 

protein and mRNA expression, both in cell lines and in vivo in tumor models. A subsequent study 

by the same group 
92

 reported on the effects of hypericin-PDT on MMP-9 expression in HK1 

NPC in vitro and in vivo, reporting a downregulation in the expression of MMP-9. This study also 

reported that PDT inhibited the secretion of granulocyte-macrophage colony stimulating factor 

(GM-CSF), resulting in decreased transcriptional activity in two of its downstream proteins, 

activator protein-1 (AP-1) and nuclear factor (NF)–κB. Additionally, incubating cells in 

exogenous GM-CSF prior to PDT treatment resulted in an additional decrease in MMP-9 

production. This finding indicate that PDT-induced downregulation of MMP-9 is mediated by the 

inhibition of GM-CSF and leads to the modulation of AP-1 and NF-kB. It is interesting to note 

here that decreased activity in NF-κB has been associated with increased angiogenesis, as 

angiogenesis inhibition involves NF-κB activity
93,94

. The decreased expression of MMP-9 

following PDT has also been noted in two other studies. One study by Au et al.
95

 showed that the 

treatment of glioma cells with ALA-, Photofrin
®
- and calphostin C-PDT resulted in a reduction in 

cell migration, which was partially attributed to a reduction in MMP-9 production. The other 

study, performed by Sharwani et al.
96

, showed that PDT suppressed the production of MMP-9 in 

keratinocyte cell lines from human oral squamous-cell carcinoma (SCC). A study by Chu et al.
97

 

examined the effects of Hexyl-ALA (ALA-H)-PDT and 5-ALA-PDT on MMP expression in the 

medulloblastoma cell line TE-671, showing a small, yet significant, decrease in MMP-2 

expression and an inhibition of cell migration 24 hours post PDT, which was believed to be, at 

least partially, attributed to MMP-2 downregulation. Interestingly, this study did not report a 

change in the expression of MMP-9 in PDT treated cells.  

 

Although changes in MMP expression after PDT are not unidirectional in the sense of 

upregulation, combinations with MMP inhibitors have been performed. Ferrario et al.
98

 studied 

the effects of combining Photofrin
®
-PDT with Prinomastat

®
, an inhibitor of MMP-2 and -9, on 

mouse mammary carcinoma, mouse brain endothelial cells, mouse macrophages and human 

fibrosarcoma cells. This study showed that PDT alone increased the expression and activity of 



Angiogenesis inhibition for the improvement of photodynamic therapy 

176 

 

 

MMP-9 (as well as MMP-1, -3, and -8) 24 hours following therapy. In this study, the expression 

and activity of MMP-2, however, was not affected by PDT. In addition, PDT resulted in 

endothelial cell expression of MMP-9, as well as an influx of MMP-9 expressing inflammatory 

host cells. Administration of Prinomastat
®
 significantly improved PDT-mediated tumor response 

without affecting normal skin photosensitization. While these results may seem contradictory to 

the study by Du et al. in 2007, which showed a decrease in MMP-9 expression following PDT, it 

should be stressed that the BA mammary cells in the study of Ferrario et al. did not secrete any 

detectable levels of MMP-9, nor were they induced to do so by PDT. The increase in MMP-9 

seen in this study can be attributed to the induction of MMP-9 expression in endothelial cells and 

the influx of MMP-9 expressing inflammatory host cells
92

. Treatment with the MMP inhibitor 

Prinomastat
®
 alone reduced the rate of tumor growth, but did not result in a significant decrease in 

tumor size or long-term remissions. The combination of PDT with Prinomastat
®
 therapy, 

however, resulted in increased cure rates of 46%, compared to only 20% in PDT-only treated 

mice, indicating the therapeutic potential of combining PDT with MMP inhibiting drugs. 

 

Sufficient evidence has been acquired to indicate a pivotal role of MMPs, not only in the 

progression of many forms of cancer, but also in the initiation of the angiogenic process. 

However, the role of MMPs in the response to PDT is still not completely clarified. In fact, the 

regulation of MMPs after PDT has been controversial in literature; however several studies have 

reported a potential benefit for their combination with PDT. Additionally, the fact that many 

MMP inhibitors have failed for cancer treatment in translational development during clinical 

studies is mainly due to unacceptable adverse side effects. Therefore, MMP inhibitors should not 

be select as the first choice of adjuvant therapy to PDT. 

 

Cyclooxygenase-2 (COX-2) 

Cyclooxygenase-2 (COX-2) is another known inducer of angiogenesis, acting through the 

production of VEGF and resulting in increased vascular sprouting, migration and tube 

formation
99,100

. COX-2 functions by performing the rate limiting reaction in the conversion of 

arachidonic acid to prostaglandins (PGs). PGs are involved in the regulation of biological 

processes ranging from immune function and kidney development, to modulating platelet 

aggregation, inflammation
101

, and the induction of VEGF expression. Through these functions, it 

aids in the processes of tumor progression and metastasis
102

. More importantly, COX-2 plays a 

role in tumor growth and angiogenesis. It has been shown to be over-expressed in many cancer 

types including colon
103

, breast
104

 and lung
105

 cancers, and studies have shown that overexpression 

of COX-2 is sufficient to induce tumorigenesis in animal models
106

. The combination of PDT 
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with COX-2 inhibitors has also been examined in a variety of studies and has shown good 

therapeutic potential for increasing the efficacy of PDT treatment.  

 

Ferrario et al.
107

 examined the in vivo and in vitro effects of Photofrin
®
- and chlorine(NPe6)-based 

PDT, alone and in combination with a selective COX-2 inhibitor, NS-398 (N-(2-cyclohexyloxy-4-

nitrophenyl)-methanesulfonamide), on radiation-induced fibrosarcoma (RIF) tumors. Results of in 

vitro assays showed that PDT can effectively activate COX-2 expression in multiple cell lines. In 

addition, PDT resulted in increased levels of PGs (particularly PGE2), which were directly related 

to COX-2 activation, as selective inhibition of COX-2 with NS-398 resulted in a reduction in the 

synthesis of PGs. In vivo assays confirmed these findings showing increased activity of COX-2 in 

PDT treated mice, as measured through PGE2 levels in tumor lysates. Inhibition of COX-2 by NS-

398 resulted in the reduction of the PDT-induced increase in PGE2 production in treated tumors. 

In addition, PDT induced an increase in VEGF expression, which was inhibited in mice treated in 

combination with NS-398, indicating that COX-2 is indeed involved in the PDT-induced 

expression of pro-angiogenic molecules. Finally, PDT in combination with NS-398 resulted in a 

significant increase in tumor cures when compared to PDT alone (NS-398 alone did not affect 

tumor response), while having no significant effect on normal tissue, indicating its potential for 

enhancing the efficacy of PDT treatment with minimal added side-effects. Harvey et al. also noted 

decreased tumor weights after treatment with NPe6-PDT in single dose when combined with the 

COX-2 inhibitor NS-398 as compared to PDT alone on colon-38 tumors in mice
108

. 

 

A study by Makowski et al.
109

 examined the effects of Photofrin
®
-PDT on C-26 cells alone and in 

combination with COX-2 inhibitors NS-398, rofecoxib or nimesulide. Interestingly, treatment of 

cells or C-26 tumor bearing mice with COX-2 inhibitors prior to PDT treatment did not sensitize 

cells or tumors to PDT-induced damage. In contrast, administration of COX-2 inhibitors 

following PDT increased the antitumor effects of PDT significantly, resulting in complete cures in 

6 out of 8 mice. These results suggest that the antitumor activities of COX-2 inhibitors in 

combination with PDT are indirect, likely acting through the inhibition of angiogenesis. Ferrario 

et al.
110

 also combined Photofrin
®
-PDT with the COX-2 inhibitors celecoxib or NS-398 in the 

mouse BA mammary carcinoma model. In vitro experiments showed that combination therapy 

with celecoxib or NS-398 increased the cyctotoxic effect of PDT and increased apoptosis in the 

mouse mammary carcinoma cell line. Reduced expression of pro-inflammatory molecules 

interleukin-1β and TNF-α and increased expression of the anti-inflammatory cytokine interleukin-

10, were also noted in the combination treatment group.  
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Yee et al. studied the in vivo effects of non-curative doses of hypericin-PDT in combination with 

the COX-2 inhibitor celecoxib on NPC in vivo
111

. PDT monotherapy resulted in the hypoxia-

induced upregulation of COX-2 and HIF-1α genes and a reduction in tumor size. Tumor 

inhibition, however, was followed by tumor regrowth by 24-48 days after PDT treatment, which 

could likely be attributed to COX-2 and HIF-1α upregulation. Tumors treated with PDT and 

celecoxib showed a downregulation of COX-2, HIF-1α, and VEGF-A isoforms 165 and 121 

genes, compared to PDT-only treated tumors. Interestingly, tumors first treated with celecoxib 6 

hours after PDT showed the best control of tumor regrowth, while tumors first treated with 

celecoxib 24 hours after PDT showed no control of tumor growth, indicating that the time of 

celecoxib administration is an important factor affecting tumor response. A similar and 

confirming study was reported by Akita et al.
112

.  

 

The role of COX-2 suppression in PDT-induced angiogenesis, however, is still not completely 

understood and has been specifically investigated by many different groups. The group of 

Hendrickx investigated the pathways involved in the PDT-induced expression of COX-2, 

reporting that COX-2 regulation in tumor cells is achieved through p38 MAPK and phospholipase 

A2
113,114

. Additionally, these studies indicated that the inhibition of p38α MAPK blocked the 

release of VEGF and inhibited tumor-promoted endothelial cell migration. The combination of 

PDT with PD169316, a selective P38 MAPK inhibitor, resulted in more effective inhibition of 

VEGF synthesis than PDT in combination with NS398, a COX-2 inhibitor. Moreover, a genetic 

deficiency of p38α MAPK shifted the balance towards cell death in a manner which could not be 

reproduced by COX-2 inhibition, indicating that the targeting of p38α MAPK could surpass the 

ability of COX-2 inhibition, as it most likely also targets additional angiogenic and cell survival 

signaling pathways.  

 

The mechanisms of PDT-induced COX-2 expression, as well as the effects of COX-2 expression 

on the activation of angiogenesis and cell survival pathways, have been the topic of many studies 

over the past decades. The combination of PDT with COX-2 inhibition appears to result in 

increased efficacy through the inhibition of angiogenesis
107

. 

 

Kinase inhibitor p21 

The studies presented above describe some of the endogenous non-growth factor molecules, such 

as MMPs and COX-2, which are involved in the activation of angiogenesis following PDT and 

can be used as targets in the inhibition of PDT-induced angiogenesis. TNP-470 is one of the first 

identified non-endogenous angiogenesis inhibitors. It is a synthetic analogue of fumagillin, which 
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acts as a potent angiogenesis inhibitor through strong inhibition of endothelial cell proliferation 

and migration
115

. TNP-470 has been shown to arrest endothelial cell growth by activating P53 

through a unique mechanism in endothelial cells
116,117

. Yeh et al.
117

 found that treatment of 

endothelial cells with nanomolar concentrations of TNP-470 resulted in the accumulation of 

p21
CIP/WAF

 proteins, correlating to dose-specific inhibition of endothelial cell growth. It was 

shown that TNP-470 engaged the p53 pathway to exert p21
CIP/WAF

 -dependent G1 checkpoint 

control in endothelial cells. These findings were extended in vivo by showing that p21
CIP/WAF-/-

 

mice were unresponsive to TNP-470 in the corneal micropocket angiogenesis assay. Due to its 

potent anti-angiogenic activity, the use of TNP-470 in combination with PDT has also been 

briefly investigated.   

 

Solban et al. reported subcurative verteporfin-PDT-induced expression of VEGF in an orthotopic 

model of LNCaP prostate cancer
118

. It was shown that verteporfin-PDT followed by the 

administration of TNP-470 not only inhibited the increase in VEGF secretion, which was seen in 

PDT-only treated animals, but also reduced local tumor growth rate, tumor volume, and the 

fraction of animals with lymph node metastases
119

. Interestingly, administration of TNP-470 prior 

to PDT resulted in less effective control of tumor growth.  

 

It should be mentioned that certain anti-proliferative and cytostatic agents, such as 

chemotherapeutics, have been shown to exhibit intrinsic anti-angiogenic activity when 

administered over a long time period at low dose 
120

. These so called metronomic dosing 

schedules have been tested in clinical trials. Additionally, other experimental approaches have 

been tested in the context of PDT
121-124

.  

 

PDT combined with vascular normalization 

through anti-VEGF therapy 

There is a large body of research in the literature in regards to anti-VEGF therapy in combination 

with conventional treatment regimens, such as chemo- and radiation therapy. Tumor blood vessels 

are known to be irregularly shaped, creating uneven blood flow to different parts of the tumor. In 

addition, the capillary endothelial cells lining the inner surface of tumor capillaries are often 

discontinuous, resulting in vessel leakiness. These structural characteristics contribute to tumor 

vascular hyper-permeability, non-uniform blood flow and distribution, and high interstitial 

pressure, which together limit the effectiveness of anti-cancer chemo- and radiotherapy by 
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impairing the delivery of drugs and oxygen to the tumor site. Interestingly, anti-angiogenic 

treatments have been shown to have a temporary normalization effect on tumor vasculature
54

. 

This leads to normalization of the interstitial tissue pressure and oxygenation. Therefore, it has 

been hypothesized that the use of anti-angiogenic therapy prior to the application of these 

conventional anti-cancer strategies may result in synergistic anti-tumor activity. This may be a 

result of improved drug delivery of chemotherapeutic agents, which can penetrate deeper into the 

tumor tissue due to the lower tissue pressure. For radiotherapy, which is known to be more 

efficacious in well-oxygenized tissues, activity will increase due to normalized circulation in the 

tumor tissue
125

. PDT is also a strategy that is dependent on oxygenation of the target tissue. 

Therefore, it has been hypothesized that PDT can be more efficacious after angiostatic therapy
22

, 

as it is the case for other treatment regimens 
63,125,126

. Nevertheless, the overall and eventual effect 

of anti-angiogenic therapy is to decrease microvasculature, leading to a decrease in circulation 

and tissue oxygenation
127,128

. It is clear that a deeper understanding of the mechanisms responsible 

for the formation of abnormal tumor vasculature is required to further improve future therapeutic 

success
22

.  

 

PDT combined with Vascular Disturbing 

Agents 

Vascular disrupting agents (VDA) are a separate class of compounds, which are comprised of 

agents that target and disrupt already matured and established tumor vasculature. These agents 

cause an instantaneous vascular shutdown, leading to extensive necrosis at the tumor core
129,130

. It 

is known that VDAs act well in the tumor core, but leave cells at the rim of the tumor alive, 

probably as a result of the continuous diffusion of nutrients and oxygen from the surrounding 

tissues
131

. It has even been demonstrated that such compounds may work better on larger tumors 

than on smaller ones
132

. 

 

Siemann and Shi evaluated the antitumor efficacy of combining bevacizumab with VDAs, 

combretastatin (CA4P) or OXi4503, in a tumor model of human clear cell renal cell carcinoma, 

Caki-1
133

. This study demonstrated marked enhancement of tumor response in mice treated with 

bevacizumab in combination with either CA4P or OXi4503 in a preclinical setting, and provided 

an experimental basis for the consideration of such a treatment strategy in the clinics. 
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VDAs have previously been combined with other treatment modalities, like chemotherapy, giving 

better results than the respective single agents without increased host toxicity
134

. Mechanistically, 

vascular disruption would lead to decreased blood flow and prolonged entrapment of 

chemotherapeutic agents within the tumor mass. Unfortunately, a recently published randomized 

phase III placebo-controlled trial of carboplatin and paclitaxel with or without the vadimezan 

(5,6-dimethylxanthenone-4-acetic acid; ASA404 or DMXAA), although well tolerated, failed to 

improve frontline efficacy in advanced NSCLC
135

. However, the combination of vadimezan with 

radiotherapy gave promising results in a preclinical model
136

. 

 

There are only a few combination studies reported on VDAs and photodynamic therapy in 

preclinical models. Treatment with low dose DMXAA two hours prior to short-duration/ high 

irradiance photochlor-PDT in CT-26 colon carcinoma-bearing mice showed a synergistic 

interaction, resulting in long-term cures in 60% of treated animals
137

. Moreover, the combination 

therapy resulted in significantly less peritumoral edema than the dose of PDT monotherapy 

required for an equivalent cure rate. These results indicate that this combination has the potential 

to improve treatment efficacy and selectivity.   

 

He et al. tested the combination of verteporfin-PDT with combretastatin in SVEC4-10 mouse 

endothelial cells and found it significantly increased endothelial cell apoptosis as compared to the 

single therapy
138

. In a study on the PC-3 prostate tumor model, it was found that combretastatin 

highly enhanced tumor response to verteporfin-PDT, when both treatments were used in sub-

lethal regimens. Pretreatment with the VDA decreased the rate of blood flow in tumors, while 

making them more sensitive to verteporfin-PDT. This observation is rather counterintuitive and 

the mechanisms underlying this phenomenon remain unknown.  

 

Promising effects were obtained for the combination of verteporfin-PDT and the PI3 kinase 

inhibitor BEZ235 in SVEC4-10 mouse endothelial cells and PC-3 prostate tumor cells
139

. PI3K is 

an important enzyme involved in extracellular signal transduction. The study showed an increased 

extent of commitment to apoptotic cell death in SVEC, and slower, but increased, commitment to 

autophagy in PC3 cells following verteporfin-PDT with PI3 kinase inhibitors. This increase in 

endothelial cell death would be of interest in the context of vascular-PDT aimed at faster vessel 

ablation. A similar principle was used by Morrero et al. who combined topically applied 

vadimezan with aminolevulinic acid (ALA)-PDT
140

 in Colon26 murine colon adenocarcinoma 

bearing mice. The onset of blood flow reduction was rapid in tumors treated with both ALA-PDT 

and vadimezan. CD31-immunostaining of tumor sections confirmed vascular damage following 
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the topical application of vadimezan. Tumor weight measurements revealed enhanced tumor 

growth inhibition with combination treatment, as compared with ALA-based PDT or vadimezan 

treatment alone. In conclusion, vadimezan as a topical agent enhances treatment efficacy when 

combined with ALA-based PDT. The use of VDAs in combination with PDT provides a 

promising therapeutic strategy, which is even more supported by the finding that some of these 

compounds have intrinsic anti-angiogenic activity
141

.  

 

PDT with photosensitizers targeted 

specifically to the tumor endothelium 

Tumor angiogenesis does not only provide a target for combination therapy, but also provides an 

altered vasculature with endothelial cells that have adapted to the increased metabolic needs of the 

tumor cells. This activated tumor endothelium has an altered molecular make-up
142,143

 providing 

targets for selective delivery of drugs, including PSs
144

. Recently, the idea of selectively targeting 

the tumor vasculature, through the conjugation of PSs to antibodies or molecules which bind to 

markers of an angiogenic endothelium, was challenged. Such strategies aim to increase the 

efficacy of PDT, while reducing normal tissue toxicity
145

.  

 

ED-B domain of fibronectin 

During certain stages of embryonic development, fibronectin can be alternatively spliced to 

generate a variant that has an extra domain B, which later in life is rarely expressed and confined 

to pathological conditions, including cancer. This extra domain B (ED-B domain) of fibronectin is 

also a marker of angiogenic vasculature in tumors
146

. Antibodies targeting ED-B-fibronectin, such 

as the scFv (L19) antibody fragment, therefore can be used to selectively deliver therapeutic 

agents to angiogenic tumor endothelium. Such targeting has been confirmed by the accumulation 

of radio-labeled L19 antibody (L19(scFv)2) in glioblastoma and lung carcinomas
146

. These 

findings suggest the potential for increasing the selectivity and efficacy of PDT through direct 

targeting of PSs to markers of angiogenic tumor endothelium. 

 

This concept was tested by Birchler et al.
147

 using PSs which were chemically bound to L19 

antibodies. These conjugates were shown to selectively target neovessels in a rabbit model of 

ocular angiogenesis. In this study, ED-B-fibronectin targeted PDT resulted in complete and 

selective occlusion of neovessels, which corresponded with endothelial cell apoptosis in targeted 
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vessels, while blood vessels of the conjunctiva and other ocular structures were left unaffected
147

. 

The same group also conjugated porphyrin-based PSs to the L19 antibody in its small immune 

protein (SIP) format, SIP(L19)-PS, which is believed to have better accumulation in tumor tissue. 

These SIP(L19)-PS were used in the PDT treatment of aggressive tumors, including an SCC 

model (A431) implanted in the skin of nude mice. The results of this study showed that PDT 

using these targeted PSs had a strong anti-cancer effect, resulting in complete, long-term (100 

days following treatment) tumor eradication
148

 (see also Fig. 4). The treatment induced extensive 

hemorrhage and edema. Additionally, it was observed that natural killer cells were required in 

order to achieve complete tumor ablation, as removal of these cells resulted in a transient 

inhibition of tumor growth followed by tumor progression. 

  

Fabbrini et al. showed that intravenous injection and subsequent irradiation of the porphyrin based 

PS SnChe6 conjugated to L19 antibodies resulted in the arrest of tumor growth in mice with 

subcutaneous tumors (FE8 sarcoma, F9 teratocarcinoma and C51 colon adenocarcinoma)
149

. This 

study showed that the SIP form of the L19 antibody was more effective at targeting tumor 

vasculature than the scFv format, inducing a significant reduction in tumor mass 6 days after 

irradiation. Treating mice repetitively resulted in the stasis of tumor growth until day 20. 

Additionally, the average tumor weight in these mice was significantly lower than in mice treated 

with PSs conjugated to an antibody lacking ED-B specificity (0.04 vs 1.10 grams)
149

. These 

studies indicate that the ED-B domain of fibronectin can be used to selectively target the 

angiogenic endothelium of tumor vasculature and, more importantly, that targeted PSs can indeed 

increase the anti-tumor activity of PDT.  

 

αvβ3 integrin 

Integrins are a group of adhesion molecules, which are involved in a wide array of biological 

functions. Endothelial cells have integrins to aid in their adherence to each other and to the 

extracellular matrix. These integrins consist of an α and a β subunit, for which several different 

genes are available. Generally, integrins which contain a β1-subunit are involved in matrix 

interactions. A specific integrin, the αvβ3 integrin, which binds to tri-peptide Arg-Gly-Asp (RGD) 

containing proteins, was found to be overexpressed in angiogenically stimulated endothelial cells 

of tumors
150

. The αvβ3 integrin is believed to play a critical role in angiogenesis by mediating the 

adhesion of endothelial cells to fibronectin, fibrinogen, laminin, collagen, vWF and osteopontin, 

through their RGD-moiety
151

. Additionally, the inhibition or blocking of αvβ3 integrin, by RGD 

peptides or antibodies, results in endothelial cell apoptosis, indicating that this integrin also plays 
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a role in endothelial cell survival
152,153

. Therefore, the targeted delivery of PSs using RGD 

peptides has become a topic of interest, as it may result in the increased selectivity of PDT, with 

the possibility of additive anti-angiogenic effects due to the RGD peptide.  

 

Chen et al.
154

 investigated RGD targeted Photofrin
®
 encapsulated in a surfactant-like tetra-tail 

amphiphilic nanoparticle. The effects of the Photofrin
®
-loaded micelles were tested in vitro on 

two different cell lines, human cervix carcinoma (HeLa) and human embryonic kidney 

transformed 239 (293T), the first of which is known to over-express αvβ3 integrin. The porphyrin-

loaded micelles showed no apparent dark toxicity in HeLa cells, but showed significant 

phototoxicity upon irradiation with light. The amount of Photofrin
® 

internalized by the HeLa cells 

was shown to be much greater than that internalized by the 293T cells, suggesting the success of 

the RGD targeting ligand. Furthermore, it was shown that cell death was due to the presence of 

reactive oxygen species, and that Photofrin
®
 had accumulated in the nucleus of these cells, 

indicating successful targeted drug delivery.  

 

Integrins can also be targeted using adenovirus type 2 structural proteins, such as hexon and 

penton bases and fiber antigens, as these are known to contain the RGD peptide sequence
155

. 

Allen et al.
156

 covalently coupled such adenoviral proteins to tetrasulfonated aluminum 

phthalocyanine (AlPcS4) PSs and tested their effects in vitro and in vivo. All of the AlPcS4- 

protein complexes induced greater cytotoxicity than the unconjugated AlPcS4 PSs. Additionally, 

in vivo experiments in nude mice with EMT-6 tumors showed enhanced anti-tumor activity with 

the targeted PSs.  

 

Angiogenic blood vessels can also be targeted using the 5-mer peptide Ala-Pro-Arg-Pro-Gly 

(APRPG), which has been shown to specifically bind to angiogenic tumor blood vessels
157

. 

Ichikawa et al.
158

 reported the use of polyethylene glycol (PEG)-modified liposomes to 

encapsulate verteporfin, which were then functionalized using the APRPG pentapeptide (APRPG-

PEG-lip verteporfin). The APRPG-PEG-lip verteporfin was shown to selectively accumulate in 

vivo in the tumors of Meth-A sarcoma bearing mice to a degree which was approximately 4-fold 

higher than verteporfin delivered in non-modified liposomes. In addition, PDT using the APRPG-

PEG-lip verteporfin resulted in strong suppression of tumor growth and prolonged life in treated 

mice compared to the untargeted PEG-lip verteporfin, which resulted in a small amount of tumor 

growth suppression but no increase in the survival time of treated mice. More recently, Oku et al. 

performed a confirmatory study using these targeted nanoparticles. The results of this study 
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demonstrated that enhanced efficacy can be attained using liposomes which are targeted to 

angiogenic endothelial cells for the selective delivery of PSs
159

.  

 

Translation to the clinics 

Most of the studies discussed above describe new experimental approaches to combination 

therapies tested in vitro on cell cultures or in vivo in different mouse and animal models. The 

ultimate goal in this field of research, however, is to identify viable new treatments which can be 

translated and applied in the clinical setting. As past experience in the field of angiogenesis 

research has shown us, promising pre-clinical results in mice do not always lead to similar effects 

in clinical trials
160

. This leaves open the question of whether or not these particular approaches 

will be effective in a clinical setting and how one should go about translating pre-clinical results 

into clinical applications.  

 

Advances in research approaches have allowed for the development of genetically engineered 

mouse models, which can be made to mimic both the pathophysiological and molecular 

characteristics of human tumors
161

. This has allowed for the testing of new therapies on models 

which more accurately mimic human disease, hopefully providing results which will more 

precisely reflect their true clinical potential.  

 

Recently, two different inhibitors of angiogenesis, sunitinib and everolimus, have shown potential 

for the treatment of human PNET in phase 2 clinical trials 
162,163

. The potential of both of these 

drugs for this indication was initially predicted by promising results of preclinical studies
164

 

performed in a genetically engineered mouse model, the RIP-TAG2 model, which has similar 

features as human PNET tumors
165

. In this case, the preclinical model helped to identify not only 

a potential new therapy, but also the possible limitations of this therapy. The phase II clinical trial 

revealed a significant increase in the progression free survival of treated patients, however, a lack 

of increase in overall survival (seen thus far in the study as it is still ongoing), a limitation which 

was predicted by limitations in tumor shrinkage and long-term survival in the mouse model
163,166

. 

Additionally, preclinical models have also predicted the eventual failure of sunitinib therapy 

alone
167

, due the development of drug resistance, which is now also being seen in clinical trials
168

.  
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Back to the drawing board 

The concept of PDT, i.e. the treatment of disease through the administration of a photosensitive 

drug and the application of light, is an old idea, but nowadays is successfully implemented in a 

limited number of ocular applications. This includes the treatment of exudative age-related 

macular degeneration (AMD) or polypoidal choroidal vasculopathy (PCV), and for the treatment 

of certain cancerous and precancerous skin conditions, including basal cell carcinoma and actinic 

keratosis. The limited number of successful applications for the PDT treatment of cancer may, in 

part, be due to the local nature of the therapy making it an inappropriate form of treatment for 

disease in advanced stages, which has already progressed to multiple locations in the body. 

Additionally, treatment of early stage, localized disease is limited, as cancer is frequently not 

detected until its later stages, due to the asymptomatic nature of many early forms of cancer. 

Adding to complications associated with the local nature of PDT is the difficult, but necessary, 

requirement of achieving optimal light exposure to all parts of the tumor, including deeper tissue 

areas. This problem tends to limit the application of PDT in oncology to superficially growing 

tumors in the skin or hollow organs. It is now being realized that there may be opportunities to 

overcome some of these limitations that have precluded the development of efficient PDT-based 

anti-cancer strategies.  

 

Although PDT is largely regarded as a local treatment, several more recent studies have 

recognized that localized PDT can result in the activation of a systemic anti-tumor immune 

response, which will attack distant tumor growths
169-171

, as well as inhibiting new growths 
172,173

. 

One study showed that the PDT treatment of BCC in humans resulted in the activation of a 

systemic anti-tumor immunity to a BCC associated tumor antigen, Hip1, which was much greater 

than in patients whose lesions had been surgically removed
174

. A case study also showed the 

activation of anti-tumor immunity in the treatment of a patient suffering from a multifocal 

angiosarcoma of the head and neck, which was associated with the regression of distant, untreated 

tumors
170

. Similarly promising results have also been found to in the PDT treatment of gliomas in 

mice models
175

. Gaining a better understanding of the mechanisms and pathways involved in 

PDT-induced anti-tumor immunity may allow for the development of new treatment regiments 

which enhance this effect and may lead to more diverse oncological applications for PDT.  

 

Additionally, the recent development of new light distributing fibers and the availability of 

improved PSs with long-wavelength absorption have allowed for improved light exposure, 

particularly in deeper tissues
176

. Furthermore, for some applications, like prostate cancer, the 
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device industry has made great strides to develop methods to achieve localized light delivery deep 

in the tissue, for example with the use of multifiber technology
177

.  

 

As mentioned above, the local nature of light delivery during the administration of PDT is 

frequently incompatible with systemic disease. Increasing the selectivity of the photosensitive 

drug for neoplastic tissues is another viable method to help overcome this limitation. In this sense, 

some of the advancements in the field of PDT can be attributed to increasing knowledge in the 

field of angiogenesis research, which is providing the main opportunities for targeted delivery of 

PSs, i.e. new markers of tumor angiogenesis have been identified, to which the PS can be 

covalently linked. Thus, specific targeting of PSs to the tumor endothelium is an attractive 

approach to enhance the selectivity and specificity of PDT. New targets are continuously being 

identified, which can be used to selectively delivery PS to the tumor endothelium. This strategy 

also holds promise for the future, as this field of anti-angiogenic research has become even more 

active in recent years. Ourselves and others have identified the gene expression profile of tumor 

endothelial cells. Only a limited number of genes are overexpressed in tumor vessels, as 

compared to normal vessels and vessels in angiogenically stimulated normal tissue 

(placenta)
142,143

. These genes are currently being tested for targeted delivery, and recently obtained 

knowledge has indicated that dual targeting of particles to more than one marker of the tumor 

endothelium may result in significantly enhanced targeting capacity. For instance, it was shown 

by Kluza et al.
178

 that nanoparticles directed to galectin-1 by the angiostatic peptide anginex
179,180

 

and, simultaneously, to αvβ3 integrin by a cyclic RGD-peptide showed increased targeting 

capacity. It is consequently suggested that targeting PSs simultaneously to more than one 

endothelial cell marker can increase the anti-tumor selectivity and activity of PDT, while 

simultaneously reducing the dose of PS needed compared to non-targeted PDT
148

. Other example 

is a high-mobility group box 1 (HMGB1)
181

. We recently showed that antibody mediated 

targeting of HMGB1 is an effective strategy to prolong the PDT-induced anti-vascular effect, as 

well as to inhibit tumor angiogenesis and tumor growth. Specific delivery of PSs will lead to 

better options for selective PDT and salvation of adjacent normal tissues. Still, systemic treatment 

will be difficult, but it should be realized that many anti-cancer therapies are sufficient when 

applied locally, for instance to the surface of a given hollow organ. 

 

Finally, and probably most importantly, the secondary induction of angiogenesis by PDT is likely 

responsible for a significant reduction in the success rates of treatment. It is now realized that this 

limitation can be overcome by simultaneous treatment of the cancer with angiogenesis inhibitors, 

many of which are currently becoming clinically available. We favor the view that such a 
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combination strategy may allow for a revival in the field of PDT, leading to the development of 

effective new therapies for a number of cancers. In this spirit, we reviewed a series of efforts that 

were undertaken to give the combination of anti-angiogenesis with PDT a go (see also Table 1). 

Many of these studies were undertaken using compounds which are now known to not be the best 

inhibitors of angiogenesis. This holds intrinsic promise for further testing of combination 

therapies using newer and more successful angiostatic compounds. In this respect, it is especially 

interesting that several tyrosine kinase inhibitors (TKIs) have shown promise in combination with 

PDT. This may be due to the development of new TKIs in this vibrant field of research, which 

represent a second generation of angiostatic compounds with better activity and fewer side 

effects. Examples of such compounds are axitinib and tivozanib, and results obtained with these 

agents in combination with PDT are eagerly expected.  

 

It should be realized, however, that new combination treatments will only be efficient when 

designed in an optimal way. In order to do this, the sequencing of both therapies is an important 

issue. Although it is logical to start anti-angiogenic therapy after the PDT treatment, because of 

the proteomic angiogenesis induction following PDT, it is remarkable that little effort has been 

undertaken to test the efficacy of scheduling anti-angiogenic therapy before PDT. Here one may 

note that it has been demonstrated that anti-angiogenic therapy can normalize the vasculature in a 

tumor, resulting in less permeable vessels, reduction of hypoxia and improved blood flow
54

. This 

was found to explain the synergism of angiostasis with conventional therapies, such as chemo- 

and radiotherapy. Similar reasoning is valid for PDT, which depends on both efficient delivery of 

the PS, as well as the oxygenation of the target tissue
22

. We conclude that it is consequently also 

of extreme importance to do a systematic search for optimal sequencing of angiogenesis 

inhibition for improvement of the PDT approach.  
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Table 1 

Target 
Photo-

sensitizer 

Angiostati

c agent 
Sequence Model Observations Ref 

 

 

 

VEGF 

Hypericin Avastin
®

 PDT + AI Human 

bladder 

carcinoma 

in nude 

mice 

Leaky vasculature with 

functional alteration in 

combination PDT and 

Avastin
®
 and greater 

reduction in vessel area than 

PDT-only; decreased vessel 

area and intact vasculature in 

Avastin
®
 only group. 

61 

Photofrin
®

 Avastin
®

 PDT + AI Human 

Kaposi's 

sarcoma in 

nude mice 

Significant increase in long-

term tumor response in mice 

treated with combination 

therapy without increase in 

normal tissue toxicity. 

59 

Hypericin Avastin
®

 PDT + AI Bladder 

carcinoma 

in nude 

mice 

Significant improvement of 

tumor response in 

combination group. 

Relationship to 

downregulated expression of 

angiogenic molecules 

(VEGF, angiogen, bFGF, 

EGF and IL-6 and -8). 

60 

Visudyne
®

 Avastin
®

 AI + PDT Circumscri

bed 

choroidal 

haemangio

ma (in 

patients) 

Complete regression of the 

lesions for 6–9 month. 

63 

Visudyne
®

 Avastin
®

 AI + PDT Juxtapapill

ary retinal 

capillary 

haemangio

ma      

The single combination 

therapy of Avastin
®
 and 

PDT had a long-lasting 

effect and thus eliminated 

the necessity of further 

destruction by repeated 

PDT. 

66 

VEGFR-

1 

VEGFR-

2 

Photofrin
®

 MF1  

DC101 

PDT + AI Intracerebr

al U87 

glioblasto

ma 

Significant inhibition of 

tumor growth and increased 

long-term survival in 

combination group 

associated with decreased 

expression of angiogenic 

factors (VEGF and VWF). 

62 

 

EGF 

Hypericin Erbitux
®

 PDT + AI Ovarian 

carcinoma 

in nude 

mice 

Synergistic effect of 

combination PDT+Erbitux
®
 

therapy. 

73 

Hypericin Erbitux
®

 PDT + AI Human 

bladder 

carcinoma 

in nude 

mice 

Increased tumor response in 

combination group and 

increased apoptosis and 

down-regulation of EGFR 

expression in combination 

group. 

76 
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EGF 

VEGF 

Hypericin Erbitux
®
  

Avastin
®

 

PDT + AI Bladder 

carcinoma 

in nude 

mice 

Significant difference 

between control (no 

therapy), PDT-only and PDT 

combinations 

(PDT+Avastin
®
, 

PDT+Erbitux
®
, 

PDT+Avastin
®
+Erbitux

®
). 

58 

Protein 

Kinase 

p21 

Visudyne
®

 NP-470 PDT + AI 

AI + PDT 

Prostate 

cancer 

(LNCaP) 

Combination therapy 

inhibited PDT-induced 

increase of VEGF and 

significantly reduced tumor 

weight and volume. 

119 

VEGFRs 

PDGFR 

FGFR 

Hypericin SU5416  

SU6668 

PDT + AI 

 

Nasophary

ngeal 

carcinoma 

In BALB/c 

athymic 

mice 

Increased therapeutic 

response in combination 

therapy treated mice 

(SU6668+PDT had better 

response than 

SU5416+PDT). 

87 

c-src 

FGFR-1 

PDGFR-

β EGFR  

Hexylether 

Pyropheop

horbide 

PD166285 

PD173074 

PDT + AI 

 

Murine 

mammary 

16c tumors 

Improved overall survival 

outcome and inhibition of 

PDT-induced angiogenesis 

with both inhibitors. 

86 

 

 

COX-2 

Photofrin
®

 Rofecoxib 

NS-398 

Nimesulide  

PDT + AI 

AI + PDT 

Colon 

adenocarci

noma     

(C-26) 

Combination with COX-2 

inhibitors following PDT, 

but not prior to PDT, 

increased antitumor activity. 

109 

ALA Nimesulide PDT + AI 

 

Oral 

squamous 

cell 

carcinoma 

Combination of PDT with 

COX-2 inhibitors 

significantly reduced tumor 

growth in cell line over-

expressing COX-2. 

112 

COX-2 

VEGF  

HIF-α 

hypericin Celecoxib PDT + AI 

 

Nasophary

ngeal 

carcinoma 

Combination of PDT and 

COX-2 inhibitors resulted in 

increased tumor growth 

inhibition due to down-

regulation of COX-2, HIF-1 

and VEGF-A. 

111 

MMP-2  

MMP-9 

Hypericin Prinomasta

t 

PDT + AI 

 

Mouse 

mammary 

carcinoma 

(BA) in 

mice 

Significant increase in long-

term cures in combination 

group. 

98 

endothel

ium 

Photochlor vadimezan PDT + 

VDA 

 

CT colon 

carcinoma 

in BALB/c 

mice 

Improved efficacy and 

selectivity, and decreased 

phototoxicity over PDT 

alone. 

137 

Pl3/mT

OR 

kinase 

Visudyne
®

 Pl3/mTOR 

kinase 

inhibitor 

PDT + 

VDA 

 

SVEC4-10 

endothelial 

cells, PC-3 

prostate 

tumor cells 

Increased apoptotic 

endothelial cell death rate in 

combination group. 

136 

endothel

ium 

ALA vadimezan n.a. Colon26 

murine 

colon 

adenocarci

noma 

Increased tumor growth 

inhibition. 
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Angiogenesis inhibition for the improvement of photodynamic therapy 

200 

 

 

AI, angiogenesis inhibitor; RGD, Arg-Gly-Asp tri-peptide; VDA, vascular disrupting agent; n.a., not 

applicable 

 
 

 

 

ED-B 

fibronect

in 

SnChe6 human 

antibody 

L19 

n.a. FE8 

sarcoma 

bearing 

CD-1 nude 

mice 

Average tumor weight in 

treated mice was 

significantly lower than in 

mice treated with PS 

conjugated to an antibody 

lacking ED-B specificity. 
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αvβ3 

integrin 

 

Photofrin
®

 surfactant-

like tetra-

tail 

amphiphili

c with an 

RGD 

ligand 

n.a. HeLa 

human 

embryonic 

kidney 

transforme

d (293T) 

The amount of Photofrin
® 

internalized by the HeLa 

cells was shown to be much 

greater than that internalized 

by the 293T cells, indicating 

the success of the RGD 

targeting ligand. 

154 

AlPcS4 n.a. n.a. Nude mice 

with EMT-

6 tumors 

Enhanced PS localization 

and accumulation in the 

tumor tissue as a result of 

being targeted to the αvβ3 

integrin. 

156 

(PEG)-

modified 

liposomes 

of 

verteporfin 

n.a. n.a. Meth-A 

sarcoma 

bearing 

mice 

PDT with the APRPG-PEG-

lip verteporfin resulted in 

strong suppression of tumor 

growth resulting in 

prolonged life of treated 

mice and in vascular 

damage. 

158 

APRPG-

verteporfin 

n.a. n.a. n.a. The APRPG-PEG-modified 

verteporfin liposomes were 

shown to selectively 

accumulate in tumor tissue 

and strongly inhibit tumor 

growth upon irradiation. 

159 

5-[4-

(succinimi

de-N-

oxycarbon

yl)phenyl]-

10,15,20-

tris-(4-N-

methylpyri

dimiumyl)

porphyrin 

trichloride 

SIP(L19) n.a. F9 murine 

teratocarci

noma 

Selective in vivo localization 

around tumor blood vessels. 

The conjugate with a 

photosensitizer allows 

selective disruption of tumor 

vasculature upon irradiation, 

leading to complete and 

long-lasting cancer 

eradication. 
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